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a b s t r a c t

This work presents the synthesis and preparation of a new glass system described by the equation of (70-
x) B2O3e5TeO2 e20SrCO3e5ZnO exBi2O3, x ¼ 0, 1, 5, 10, and 15 mol. %, using the melt quenching
technique at a melting temperature of 1100 �C. The photon-shielding characteristics mainly the linear
attenuation coefficient (LAC) of the prepared glass samples were evaluated using Monte Carlo (MC)
simulation N-particle transport code (MCNP-5) at gamma-ray energy extended from 59 keV to 1408 keV
emitted by the radioisotopes Am-241, Ba-133, Cs-137, Co-60, Na-22, and Eu-152. Furthermore, we
observed that the Bi2O3 content of the glasses had a significantly stronger impact on the LAC at 59 and
356 keV. The study of the lead equivalent thickness shows that the performance of fabricated glass
sample with 15 mol.% of Bi2O3 is four times less than the performance of pure lead at low gamma photon
energy while it is enhanced and became two times lower the perforce of pure lead at high energy.
Therefore, the fabricated glasses special sample with 15 mol.% of Bi2O3 has good shielding properties in
low, intermediate, and high energy intervals.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent decades, there has been an increased need for radia-
tion shielding materials, which has attracted appropriate care in
the effort to lessen the risks that radiation poses to living organ-
isms. Employees whomight be exposed to ionizing radiation can be
seriously harmful to them owing to being impacted perhaps by
unnecessary exposures during the usage of various modern tech-
niques. This is one of the many dangers that exist with advances in
technology nuclear and radioactive technologies. A wide variety of
materials, beginning with rocks, concrete, glass, ceramic, clay brick,
urabu@utm.my (H.A. Thabit),

by Elsevier Korea LLC. This is an
slag, iron, and polymer with various additions, have been devel-
oped to be used in the field of radiation shielding [1e10].

One of the most significant parts of radiological protection is the
use of high-density compounds, which increases the amount of
radiation absorbed. This is done with the goal of reducing the
amount of radiation to which an individual is exposed. In order to
fulfill this growing demand for transparent protective materials,
unique glass systems have been developed as radiation shielding
components that may be used in a variety of compositions. Besides
the enhancement of shielding properties of the developed glass
systems, suitable optical and physical characteristics should be
considered for the developed glass systems. The optical, physical,
and structural attributes of the glass are determined by the primary
elements present in the glass composition, such as borate, phos-
phate, tellurite, and silicate [11e15].

Furthermore, the radiation shielding characteristics of glasses
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are strongly dependent on the glass density and composition of the
sample where dense glass is better than light ones for gamma-ray
protection applications.

Boro-tellurite glass hosts combines the features of borates and
tellurites thus, they are characterized by superb properties of
reduced melting temperature, thermal stability, good optical
transparency, low phonon energy, appreciable glass forming ability,
high chemical durability, rare earth solubility, and wide optical
transmissionwindow [16e19]. Hence, they are widely studied glass
material [20e22].

Currently, numerous glasses have been researched as a poten-
tially superior shielding material by numerous researchers, which
tested the potential applications of these glasses by a combination
of practical, analytical, and computing methodologies [23e26].
Different research groups have researched the impact of using
heavy metals as a replacement for Pb in radiation protection glass
[27,28]. In addition, several studies have investigated the low en-
ergy shielding range for several glasses containing some heavy el-
ements added to the glass systems. These studies concluded that
the addition of further heavy metal oxides (HMO) will improve the
density of the sample, which, in turn, will enhance the sample's
capacity to attenuate photons [29]. Minimizing the mean free path
(MFP) is another method for estimating the radiation shielding
parameters. Glasses that were produced using the melt quenching
technique showed that adding some kinds of dense materials will
decrease the MFP, which led to improvements in the radiation
protection ability of the prepared glasses [30e33].

The present work aims to fabricate a new boro-tellurite glass
system consisting of B2O3, TeO2, SrCO3, ZnO, and Bi2O3 chemical
compounds. The effect of partial replacement for B2O3 by the dense
Bi2O3 on the structural, physical, and gamma-ray shielding prop-
erties were investigated.
2. Materials and methods

2.1. Glass preparation

A series of glasses (70-x) B2O3e5TeO2 e20SrCO3e5ZnO
exBi2O3, x¼ 0%, 1%, 5%, 10%, and 15%mol have been synthesized by
melt quenching technique. The chemical raw materials of B2O3
(2.46 g/cm3), TeO2 (5.67 g/cm3), SrCO3 (3.5 g/cm3), ZnO (5.61 g/
cm3), and Bi2O3 (8.9 g/cm3), were utilized in powder formwith high
purity (99.99%, Sigma-Aldrich). The chemical powders were
weighedwith a high accuracy level (±0.001mg) using an electronic
balance and carefully combined with roughly 10 g of raw materials
in each glass specimen. All the samples were carefully mixed to
produce a uniform composition using the agate mortar. The pow-
der was melted for 60 min at 1100 �C in an aluminum crucible to
stabilize its homogeneity and eliminate air bubbles. The molten
glass was immediately poured wisely on the stainless-steel plate
prepared inside the annealing furnace and annealed at 400 �C for
24 h, then cooled gradually to reduce thermal stress and strain
induced by the heat treatment. The produced glasses were labeled
as S1, S2, S3, S4, and S5 for x ¼ 0, 1, 5, 10, and 15 mol.% of Bi2O3. The
methodical and sequential steps that were taken in order to pre-
pare the sample are shown in Fig. 1. The density (r) of the obtained
glass specimens was estimated using the traditional technique of
Archimedes using toluene as the liquid medium, and the molar
volume (Vm) was calculated and listed in Table 1.

The density (r) was calculated using Archimedes’ principle us-
ing the relation:
1735
r ¼ Wa

Wa �Wb
�rT (1)

where Wa, Wb, and rT are the weights of the glass sample in air,
toluene, and the density of toluene (z0.86 g/cm3), respectively.

The molar volume (Vm) was calculated using the relation:

Vm¼Mw

r
(2)

where Mw and r are the molecular weight and the density of the
glass sample, respectively.

2.2. Structural investigation

The influence of the partial replacement of B2O3 compounds by
Bi2O3 on the color of the fabricated glass was illustrated in Fig. 1.
The color of the fabricated samples was changed depending on the
composition of glass samples, where increasing the Bi2O3 concen-
tration causes a slight change in the visual coloration from colorless
and transparent to light brown. The mentioned transformation in
the glass colors is attributed to the reduction of Bi3þ ions to bismuth
metal (Bi) during the melting process [34].

After that, a specimen of glass was crushed into fine powder
form to investigate the structural properties through X-Ray
Diffraction (XRD). Fig. 2 reveals the synthesized XRD patterns of
these glasses as labeled from S1 to S5. The study was conducted
between 20� and 80� angles. The results appeared to be broad
humps peaks which confirm the glasses synthesized have an
amorphous [3].

The measurements of the fabricated glasses density showed an
enhancement in the sample's density from 2.90 t0 4.28 g/cm3 as
well as an increase in the molar volume increased from 31.15 to
34.95 cm3/mol with raising the Bi2O3 concentration between 0 and
15 wt%, as illustrated in Table 1.

The variation in the glass's density can be attributed to the
atomic mass of elements constituting the fabricated glass. There-
fore, the partial replacement of a low molecular weight compound
(i.e., B2O3 with a molecular weight of 69.63 g/mol) by a higher
molecular weight compound Bi2O3 (336.48 g/mol) causes an in-
crease in the molecular weight of the fabricated glass due to the
increase in the Bi3þ ions in the glass. The increase in samples
density and molecular mass is reflected in the molar volume of the
fabricated glasses where the molar volume increased from 31.15 to
34.95 cm3/mol with raising the Bi3þ ions in the fabricated samples.

2.3. Radiation shielding evaluations

TheMonte Carlo simulation N-particle transport code (MCNP-5)
[35] was applied to evaluate the average track length (ATL) of
gamma-photons inside the fabricated glass samples. The input file
that describes the simulation geometry consists of many cards,
such as cell, surface, material, source, importance, and physical
cards can be seen in Fig. 3. The cell is the main unit to build the
geometry, where each unit in the geometry should be represented
by a cell. The surface card is the card that is responsible to define
the boundaries and dimensions of each cell. Moreover, the material
card contains the synthesized glass material's elemental chemical
composition and density. The source card (SDEF card) contains the
source energy, position, emission direction, source distribution, and
probability. In the present simulation, the cutoff card was set to
stop the photon emission after 106 historical and the tally card was



Fig. 1. The graphic shows the steps and procedure for the prepared glass.

Table 1
Density, molar volume and the Weight fraction mol% of compounds for the glasses (70-x) B2O3e5TeO2 e20SrCo3 e5ZnO exBi2O3: 0 � x � 15 mol:%.

Component Composition Mol% Density (g/cm3) Molar volume cm3/mol

70B2O3e5TeO2e20SrCo3 5-ZnO- 0Bi2O3 90.30 2.90 31.15
69B2O3e5TeO2e20SrCo3-5 ZnOe1Bi2O3 94.27 3.00 31.48
65B2O3e5TeO2e20SrCo3e5ZnOe 5Bi2O3 110.13 3.41 32.28
60B2O3e5TeO2e20SrCo3-5 ZnOe 10Bi2O3 129.94 3.92 33.13
55B2O3e5TeO2e20SrCo3-5 ZnOe 15Bi2O3 149.76 4.28 34.95
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chosen to be F4 to estimate the average track length of gamma
photons (ATL). Moreover, the database used to provide the simu-
lation code with the cross-section database is ENDF/B-VI8. After
running the simulation, the ATL for gamma photons was arranged
in an output file. These output files illustrate that the relative error
in the simulation process at all g-photon energies is in the range of
±1 [36,37].

After recording the ATL for the fabricated samples at the
selected g-photon energies between 59 and 1408 keV, the ATL
values were used to evaluate the critical shielding parameters such
as linear attenuation coefficient (m, cm�1), half value layer (D0.5,
cm), lead equivalent thickness (Deq, cm), transmission factor (TF, %),
and radiation protection efficiency (RPE, %) thought the following
equations [38].

m
�
cm�1

�
¼ I
x
ln
�
Io
I

�
(3)

Io and I, refer to the total emitted photon number and pene-
trated photon number, respectively. The thickness required to
absorb half of applied g-photons is known as the half-value thick-
ness (D0.5, cm), where it is reversely proportional to the m value
according to eq (4).

D0:5 ðcmÞ¼ ln ð2Þ
m

(4)

Moreover, the transmission factor (TF) is related to I and I0 via
equation (5):
1736
TF ð%Þ¼ I
Io
� 100 (5)

The radiation protection efficiency is given by:

RPE ð%Þ¼ ðIo � IÞ
Io

� 100 (6)
3. Results and discussion

In Fig. 4, the linear attenuation coefficient, or LAC, for the newly
prepared glasses was simulated and graphed against gamma-ray
photon energy using Monte Carlo (MC) simulations. The theoret-
ical values calculated from XCOM, and the simulated LAC from the
MC simulations had high agreements with each other at all tested
energies for all the tested samples. A small difference within a
range of ±2.3 was observed between the simulated and XCOM's LAC
values.

The dependence between the linear attenuation coefficients of
the glasses and their Bi2O3 content is plotted in Fig. 5. The results
were plotted at four varying energies, and at all of these LAC
increased linearly with Bi2O3. In other words, increasing the con-
centration of Bi2O3 causes an improvement in the LAC. The slope of
the coefficients at 59 and 356 keV is much higher than at higher
energies, such as 661e1408 keV. This result indicates that the Bi2O3
content in the glasses has a much greater effect on the LAC at 59



Fig. 2. The XRD of the synthesized glass samples.

Fig. 3. The MCNP-3 geometry as illustrated in the created input file.

Fig. 4. Variation of the linear attenuation coefficient (m, cm�1) versus the emitted g-
photon energy.

Fig. 5. Dependence of the linear attenuation coefficient (m, cm�1) on the Bi2O3 inserted
ratio.

H.A. Thabit, A.K. Ismail, N.N. Yusof et al. Nuclear Engineering and Technology 55 (2023) 1734e1741
and 356 keVwhile having a less but still meaningful effect at higher
energies [39]. This trend occurs attributed to the relationship be-
tween the atomic number and the cross-section of the Photoelec-
tric effect, which is dominant at 59 and 356, and the Compton
scattering effect, which is dominant at 661e1408 keV. In addition,
this figure also demonstrates that increased photon energy lowers
1737
the LAC of the glasses for all concentrations. For example, the LAC of
the S3 glass drops from 7.31 cm�1 at 59 keV to 0.28 cm�1 at 661 keV
and 0.18 cm�1 at 1408 keV. This trend indicates that higher photons
have an easier time penetrating through the prepared glasses than
lower energy photons.

The m values for the fabricated boro-tellurite glasses reinforced
Bi2O3 compound (S1eS5) at a gamma photon energy of 661 keV
were compared to the m values for previously similar published
glasses doped Bi2O3 [40,41], as illustrated in Fig. 6. The comparison
depicts that the m values for the present work glasses are 0.217,
0.229, 0.279, 0.349, and 0.387 cm�1 for samples S1, S2, S3, S4, and
S5, respectively. The previously mentioned results showed that the
sample S1 has the lowest m values in the comparison while S2 and
S3 have m values comparable to those reported for samples BBBi0,
BBBi2.5, BBBi5, EBiBY0.05, and EBiBY0.1 with m values of 0.240,
0.247, and 0.255, 0.291, and 0.298 cm�1, respectively. Moreover, the
fabricated samples S4 and S5 have m values higher than BBBi0,
BBBi2.5, BBBi5, EBiBY0.05, EBiBY0.1, EBiBPY0.25, EBiBPY0.5,



Fig. 6. Comparison between the fabricated glasses' m values and those of previously
reported glasses reinforced with Bi2O3 compounds.
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EBiBPY1, and EBiBPY2, while S4 and S5 m values are comparable to
previously published samples BZ00 and BZ05 with m values of 0.311
and 0.368 cm�1. Fig. 6 depicts that the fabricated samples have m
values lower than that reported for samples BZ10, BZ15, BZ20,
BZ25, and BZ30 with m values of 0.435, 0.489, 0.535, 0.575, and
0.642 cm�1, respectively. The reason for high m values for the BZ
samples is the high Bi2O3 content which reaches more than 30 mol
% of the glass composition, which is reflected in the glass density
where the BZ glasses have density varied between 4.1 and 7.1 g/cm3

for glasses BZ00- BZ30, respectively.
Fig. 7 shows the effect of the Bi2O3 doping ratio on the half-value

thickness (D0.5, cm) and mean free path (l, cm) of the fabricated
glass samples at 59 and 661 keV. Both parameters have a
decreasing trend with Bi2O3. For example, at 59 keV, the D0.5 are
equal to 0.18 cm at 0 mol% Bi2O3, 0.09 cm at 10 mol% Bi2O3, and
0.05 at 15 mol% Bi2O3. Meanwhile, l values at the same energy
equal 0.25, 0.14, and 0.08 cm at the same Bi2O3 concentrations. This
trendmeans that themore Bi2O3 is added to the glasses, the smaller
or less thick the samples need to be adequately used in radiation
shielding applications. The figure also reveals that both the D0.5 and
the l increase with energy. At 0 mol% Bi2O3, D0.5 increases from
Fig. 7. Effect of Bi2O3 doping ratio on both half value thickness (D0.5, cm) and mean
free path (l, cm) of the fabricated glass samples.
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0.18 cm at 59 keV to 3.20 cm at 661 keV, while l increases from
0.25 cm to 4.61 at the same respective energies. These values
demonstrate that the thickness of the glasses needs to increase if
the material needs to absorb higher energy photons while main-
taining the same level of attenuation.

The lead equivalent thickness or Deq of the fabricated samples
are graphed against gamma-ray photon energies in Fig. 8. The Deq
of the samples generally decreases with increasing photon energy,
except for a spike in values around 97 keV. For example, S2's Deq is
equal to 33.0 cm at 97 keV, 9.8 cm at 356 keV, 5.5 cm at 661 keV,
and 4.0 cm at 1408 keV. The figure also shows that the Deq is
inversely related to the Bi2O3 content in the glasses. In other words,
the S5 glass has the greatest Bi2O3 content and the lowest Deq. This
is most evidently seen at lower energies, where the amount of
Bi2O3 in the glasses tends to have a greater impact on their
shielding ability. More specifically, at 302 keV, S1 has a Deq of
13.8 cm, while S5 has a Deq of 4.4 cm. This trend reinforces the
conclusion that increasing the Bi2O3 content in the glasses leads to
a better shielding ability for radiation shielding applications.

Fig. 9 illustrates the effect between the Bi2O3 doping ratio and
the lead equivalent thickness Deq of the fabricated glass samples.
Increasing the Bi2O3 concentration leads to a decrease in Deq, which
means that adding more Bi2O3 into the glasses leads to a better
shielding ability. This decrease in Deq values means that the
shielding ability of the prepared samples approaches the equivalent
attenuation capability of lead, making the glass more effective. At
high concentrations such as at 15 mol% Bi2O3, the Deq values range
from 2.8 to 4.2 cm, which is much lower compared to at 0 mol%
Bi2O3, where they range from 4.5 to 15.1 cm. The mentioned results
showed that the performance of lead material is four times higher
than the fabricated glass sample S5 (with Bi2O3 concentration of
15 mol.%) at low gamma photon energy while at intermediate and
high energy the performance of the fabricated glass sample S5
enhanced and became only two times less than the performance of
pure lead. Thus, the fabricated glass samples (especially S5) are
considered a suitable candidate for photon shielding at low, inter-
mediate, and high gamma photon energies.

The effect of the Bi2O3 concentration on the transmission factor
(TF) and the radiation protection efficiency (RPE) of the newly
prepared samples is graphed in Fig. 10 at 356 and 661 keV. At both
energies, TF decreases as more Bi2O3 is added to the glasses, while
RPE increases with more Bi2O3. For example, at 356 keV, the TF
Fig. 8. Dependence of the fabricated samples' lead equivalent thickness (Deq, cm) on
the emitted g-photon energy.



Fig. 9. Effect of Bi2O3 doping ratio on the lead equivalent thickness (Deq, cm) for the
fabricated samples.

Fig. 10. Effect of Bi2O3 doping ratio on both transmission factor (TF, %) and radiation
protection efficiency (RPE, %) of the fabricated samples.

Fig. 11. Dependence of both transmission factor (TF, %) and radiation protection effi-
ciency (RPE, %) on the fabricated glass thickness at g-photon energy of 604 keV.
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values decrease from 74.3% to 71.7%, 62.2%, 52.5%, and 45.4% for 0, 1,
5, 10, and 15 Bi2O3 mol%, while the RPE values are equal to 25.7%,
28.3%, 37.8%, 47.5%, and 54.6%, for the same respective concentra-
tions. Both results show that a greater Bi2O3 doping ratio correlates
with a better shielding ability. Comparing the energies themselves,
the TF values generally increase with greater energy, and the RPE
values decrease with energy. For instance, at 5 mol% Bi2O3, the TF
values are equal to 66.2% at 356 keV and 75.6% at 661 keV, and the
RPE values are equal to 37.8% and 24.4% for the same respective
energies. Thus, more photons can penetrate through the samples
when they have higher energies, while lower energy photons can
be observed by the glasses.

The TF and RPE's dependence on the glasses' thickness at
604 keV is shown in Fig. 11. The figure shows the TF and RPE of S1
and S4 to also compare the effect of the Bi2O3 content on these
parameters. First, increasing the thickness of the glasses both
lowers TF and raises RPE. More specifically, S1's TF drops from 94.5%
to 71.2% at a thickness of 0.25 cm at 1.5 cm, respectively, while its
RPE increases from 5,5%e28.8% at the same thicknesses. Similar
1739
trends can be observed for S4. Therefore, if space is available,
increasing the thickness of the glasses greatly reduces the number
of photons that can penetrate through the sample, which can
especially help against higher energy photons. Between S1 and S4,
S4 has a lower TF and a higher RPE at all thicknesses, but this dif-
ference increases with increasing thickness. Therefore, having a
greater Bi2O3 concentration also helps increase the benefit gained
from an increase in glass thickness.
4. Conclusion

A glass system with a chemical concentration of (70-x)
B2O3e5TeO2 e20SrCO3e5ZnO exBi2O3, x¼ 0, 1, 5, 10, and 15 mol. %
was fabricated in order to determine the influence of the partial
replacement of the B2O3 by Bi2O3 compounds in the fabricated
system. The first look at the fabricated samples shows a slight
change in the color of the fabricated glasses where the sample
colors became light brownwith increasing the Bi2O3 concentration
in the fabricated glass. After that, the XRD pattern affirms the
amorphous phase of the fabricated glasses. Moreover, the experi-
mental measurements for the glass density show an increase by a
factor of 47.8% by raising the Bi2O3 concentration between 0 and
15mol.%. This increase affirms also the replacement of light B2O3 by
a heavy Bi2O3 compound. The Monte Carlo simulation was utilized
to estimate the g-ray shielding parameter for the fabricated sam-
ples in the energy interval between 59 and 1408 keV. The obtained
results depict a high increase in the linear attenuation coefficient at
low gamma energy due to the predominant photoelectric interac-
tion. For example, at g-photon energy of 59 keV, the linear atten-
uation coefficient was enhanced by a factor of 237% by raising the
Bi2O3 concentration to 15 mol.%. The enhancement of the linear
attenuation coefficient decreased with increasing the g-photon
energy due to an increase in the penetration power of the g-pho-
tons with raising the photon energy. The enhancement ratio in the
linear attenuation coefficient values reduced to 50% at g-photon
energy of 1408 keV. Then the lead equivalent thickness was eval-
uated for the fabricated study where it decreased from 4.2 cm to
2.8 cm by raising the Bi2O3 concentration between 0 and 15 mol.%,
respectively. The small equivalent thickness for the fabricated
glasses (especially for the S5 sample) showed a high-performance
reach of 35% compared to the performance of pure lead at a high
g-photon energy of 1408 keV. The mentioned results showed that
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the fabricated glass S5 has a suitable shielding property to be
applied in radiation protection applications.
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