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a b s t r a c t

The novelty in the present search, the Soda-Lime-Silica (SLS) glass waste to prepare free lead glass
shielding was used in order to limit the accumulation of glass waste, which requires extensive time to
decompose. This also saves on the consumption of pure SiO2, which is a finite resource. Furthermore, the
combining of BaO with Bi2O3 into a glass network leads to increased optical properties and improved
attenuation. The UVeVisible Spectrophotometer was used to investigate the optical properties and the
radiation shielding properties were reported for current glass samples utilizing the PhysX/PDS online
software. The optical property results indicate that when BaO content increases in glass structure, the
Urbach energy DE, and refractive index n increases while the energy optical band gap Eopt decreases. The
result of the metallisation criteria (M) revealed that the present glass samples are nonmetallic (in-
sulators). Furthermore, the radiation shielding parameter findings suggest that when BaO was increased
in the glass structure, the linear attenuation coefficient and effective atomic number (Zeff) rose. But the
half-value layer HVL declined as the BaO concentration grew. According to the research, the glass
samples are non-toxic, transparent to visible light, and efficient radiation shielding materials. The Ba5
sample is considered the best among all the samples due to its higher attenuation value and lower HVL
and MFP values, which make it a suitable candidate as transparent glass shield shielding.
© 2022 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

Nuclear applications are becoming more prevalent in our daily
lives as a because of their many advantages. They are employed in
many fields, such as industry, agriculture, medicine, and radiology,
and are used to generate clean energy instead of fossil fuels.
However, there are a lot of critical side effects for patients and
employees exposed to radiation when they are exposed to high
doses of radiation, particularly ionizing radiation, such as DNA
damage and mutations. This leads to an increased risk of cancer. In
addition, when the lens of the eye is exposed to a high radiation
dose, it will cause vision loss because of corneal opacity. As a result,
men and women who get a lot of ionizing radiation in their bodies
will become sterile [1e5].

Researchers in the shielding field are interested in developing
shielding materials that will help limit the hazards of radiation.
azaalah), iskandarshah@usm.

by Elsevier Korea LLC. This is an
Lead, concrete, ceramics, and polymers are some of the best
shielding materials because they can reduce the amount of radia-
tion that gets through them, but there are some disadvantages to
their use, like that they are opaque [6e8], and [9]. Glass is a suitable
alternative to opaque shielding materials due to its several attrac-
tive features, such as nontoxicity, being cheap, being able to be
modified by adding heavy metal oxide, and the ability to let light
pass through [10e12]. Researchers working on glass shielding
materials focused on using heavy metal oxides, particularly eco-
friendly metal oxides such as Bi2O3, BaO, and others, as a modi-
fier in the glass structure to improve the ability of glass to absorb
and attenuate radiation due to the fact that these materials are very
dense, have a high effective atomic number, a high refractive index,
long infrared transmission, and are not toxic. Bi2O3 has high optical
basicity, large polarizability, and large optical susceptibility values
[13,14]. However, if more than 25% Bi2O3 is used in the glass
network, the colour turns dark brown or black [10,15]. The presence
of zinc oxide (ZnO) significantly affects the capacity for glass pro-
duction and slows the pace of crystallisation across the glass
network. El-Denglawey et al. [16] measured the linear and mass
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attenuation coefficients and other shielding parameters of glass
containing bismuth using Monte Carlo simulation and the XCOM
program. They found that the LAC and MAC values decreased as
photon energy was increased. Furthermore, Ahmad et al. [17]
investigated the radiation shielding properties of bismuth and lead
doped into SLS glasses experimentally at energies of 0.059, 0.122,
and 0.662 MeV. They discovered that the linear and mass attenu-
ation coefficients decreased as gamma energy increased. The re-
sults are consistent with a number of studies which are [18e20],
and [21].

Soda lime silica (SLS) glass is one of the types of glass with a
higher than 80% production rate in fields such as windows, table-
ware, containers, and flat glass. It has significant properties
compared to other conventional glass due to its unique properties,
such as good glass-forming nature, good electrical resistivity, and
low production costs [22]. On the other hand, there are some issues
associated with the accumulation of glass waste, which takes a long
time to decompose. To tackle the environmental problem, re-
searchers are focusing on reusing waste glass in other industries.
Kurtulus. et al. [23] and kurtulus et al. [22] employed the SLS glass
waste with variable concentrations of SrO and MoO3 in order to
make glasses shielded against radiation. Malidarre et al. [24]
fabricated glass shieldingmaterial from SLS glass wastewith Sb2O3.
Ahmad et al. [17] used the SLS glass waste as an alternating source
of SiO2 to prepare two glass systems against radiation; Bi2O3-ZnO-
B2O3-SLS and PbO-ZnO-B2O3-SLS.

The present work aims to first develop glass shielding materials
against radiation by using non-toxic materials and the SLS waste
glass as an alternative to SiO2 in order to reduce production costs,
save natural resources, and limit waste accumulation. The second
aim is to treat the brown dark of bismuth glass. The third aim is to
compute the shielding parameters theoretically in the energy range
of (0.015e15) MeV employing PhyX/PSD such as LAC, HVL, and Zeff.
The fourth goal is to calculate optical parameters such as the energy
gap in two transition cases: direct and indirect, as well as DE, n, RL,
and T.
Fig. 1. Steps in preparati
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2. Materials and method

2.1. Glass samples preparation

In our recent paper, we reported the structural properties for
these glasses and we experimentally measured some of the radia-
tion shielding parameters for these glasses. We used only three
photon energies (i.e. 59.54, 662, and 1333 keV). While, in the cur-
rent work, we extended our previous work and studied the optical
properties for the prepared glasses and we selected wide energy
range (0.015e15 MeV) and examined the radiation shielding
properties for these glasses by theoretical approach (i.e, Phy-X
software) in order to understand the attenuation features of these
glasses at low, moderate and high energy range [25]. The Soda Lime
Silica (SLS) glass wastes were used to produce silicon dioxide (SiO2).
As mentioned in the previous study [25], SLS has a SiO2 content of
74.1% and other elements. Fig. 1 offered the steps of fabrication of
the present glass samples. In the first step, the SLS waste was
crushed to become powder, and then the chemical materials, which
are detailed in Table 1, were mixed and moved from an agate
mortar to an alumina crucible. In the second step, the mixed ma-
terials were melted in the furnace at 1200 �C for 1.5 h. After that, in
the heated brass cylinder, the molten liquid was poured to start the
annealing process in the oven at 350 �C for 2 h. In the last step, the
glass samples were cooled to room temperature and polished. The
composition used to fabricate glass samples was (x) BaO (1-x)[ 0.3
ZnO 0.2 Bi2O3 0.2 B2O3 0.3 SLS] (where x are 0.01, 0.02, 0.03, 0.04,
and 0.05 mol). Glass samples thickness is 6 mm.

The radiation shielding parameters of prepared glass samples
were computed theoretically by employing Phys-X/SPD software in
the energy range of (0.015e15) MeV to investigate the ability of the
current glass samples to attenuate the radiation. The radiation
parameter formulas were explained in previous literature [26]. The
optical absorbance (A) of present glass samples was measured
utilizing a UVeVisible Spectrophotometer in the wavelength range
of 200e800 nm at room temperature. The optical absorption co-
efficient (a(n)) was calculated using Eq.(1). The other optical
on of glass samples.



Table 1
Compositions, r, and Vm of the present glass samples.

Sample Composition (mole fraction %) Р (gcm�3) Vm (cm3mol�1)

Bi2O3 ZnO B2O3 SLS BaO

Ba1 19.8 29.7 19.8 29.7 1 5.157 29.01
Ba2 19.6 29.4 19.6 29.4 2 5.161 28.99
Ba3 19.4 29.1 19.4 29.1 3 5.221 28.67
Ba4 19.2 28.8 19.2 28.8 4 5.249 28.52
Ba5 19 28.5 19 28.5 5 5.256 28.49
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properties of glass samples were calculated based on the absorp-
tion values (d), and the formulas for them are shown in Table 2 [27].

aðnÞ ¼ 2:303
�
A
d

�
(1)
Fig. 2. The linear attenuation coefficient (LAC) of fabricated glass samples against
energy.

Fig. 3. The LAC of present glass samples against BaO concentration.
3. Results and discussion

3.1. The radiation shielding analysis

The linear attenuation coefficient (LAC) of fabricated glass
samples was investigated utilizing online Phy-X/PSD software. The
LAC was dramatically reduced as photon energy rose in the low
energy zone dominated by the photoelectric effect, as seen in Fig. 2.
As energy increased in the medium and high energy zones domi-
nated by the compton effect and pair production, the LAC
decreased. Fig. 3 illustrates the relationship between LAC and BaO
concentration in fabricated glass samples at various energies.
When the BaO content in glass samples was increased, the LAC
values rose significantly in low energy areas, but the LAC values
stayed about the same in other energy areas [25].

As can be seen in Fig. 4, the HVL of the current glass samples was
calculated vs energy. According to the findings, HVL rose with
increasing photon energy, but decreased with increasing BaO
concentration. The HVL value for the Ba5 sample is lower than for
the other samples. Fig. 5 compares the HVL results of present glass
samples with other studies that have been published. It can be
mentioned that the HVL values in the present study were lower
than the HVL results in the previous studies [28e31].

The effective atomic number (Zeff) parameter may be used to
explain radiation attenuation in complex media. The Zeff values
were investigated in relation to photon energy, as shown in Fig. 6.
The results displayed that the Zeff values lowered in the energy
Table 2
The optical parameters of the fabricated glass samples.

Samples

Parameters Equation Ba1 Ba2 Ba3 Ba4 Ba5 Reff

Indirect bandgap
aðnÞ ¼ B ðhn� EoptÞn

hn

1.75 1.74 1.73 1.71 1.68 [33]

Direct bandgap 2.28 2.27 2.26 2.24 2.23
Urbach energy (DE)

aðnÞ ¼ B exp ðhn
DE

Þ 0.383 0.388 0.391 0.392 0.448 [34]

Refractive index (n) n2 � 1
n2 þ 2

¼ 1�
ffiffiffiffiffiffiffiffiffi
Eopt
20

r
2.853 2.858 2.864 2.874 2.890 [35]

Molar refractive indesx Rm
Rm ¼

hn2 � 1
n2 þ 2

�
Vm

20.432 20.448 20.475 20.499 20.504 [36]

Metallisation criterion (M)
M ¼ 1� Rm

Vm

0.296 0.295 0.294 0.292 0.290 [37]

Reflection loss RL
RL ¼ �n� 1

nþ 1

�2 0.295 0.296 0.298 0.300 0.303 [5]

Transmition (T)
T ¼ 2n

n2 þ 1
0.544 0.543 0.541 0.539 0.535 [38]
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Fig. 4. The half value layer of fabricated glass samples against energy.

Fig. 5. The comparison of the HVL results of current work with previous studies.

Fig. 6. The effective atomic number of fabricated glass samples against energy.

Fig. 7. The effective atomic number of fabricated glass samples versus BaO content.
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range between (20e80) keV, then elevated to their maximumvalue
at 100 keV. Due to the photoelectric effect, which is prominent in
this energy range and is inversely proportional to E3.5. The Zeff is
quickly reduced in the Compton region, which extends from
150 keV to 1 MeV. At above 1.5 MeV, the Zeff was slightly increased
with photon energy due to pair production dominating. Fig. 7 il-
lustrates the relationship between Zeff and BaO concentration. The
result showed that increases in the amount of BaO made Zeff values
drop a little in the photoelectric regions, but in the pair production
and compton regions, they went up [32].
3.2. The optical analysis

The optical absorption spectra of the BaO doped glass network
were measured and referred to in Fig. 8 within the wavelength
range of 200e800 nm. The results indicate that in the UV region,
the absorption was very strong and the absorption edge was not a
sharp peak. This indicates that the glass network is in an amor-
phous state. This result corresponds with the XRD analysis in
4711
previous research (see Fig. 9) [25]. Furthermore, the absorption
edge was slightly transferred toward a higher wavelength when
increasing the BaO content in glass samples due to the glass rigidity
decreasing [34,39]. Fig. 10 displays the energy optical bandgap
(Eopt) for direct and indirect transitions of the synthesized glass
samples. The Eopt values were reduced for both direct and indirect
transitions when the BaO concentration was increased. It can be
seen that the Eopt for direct transition was larger than for indirect
transition. Due to the BaO modifier, the glass network has become
less ordered, increasing the number of non-bridging oxygen atoms
[27].

The absorption edges frequently follow the Urbach rule (DE) of
amorphous materials because of the disordered structures. Table 2
displays the DE values of the present glass samples, which increase
from 0.383 to 0.448 eV. This result shows an increasing number of
defects. BaO in the glass network converts the weak bonds to de-
fects. Therefore, the glass network stability is reduced [40,41]. The
refractive index (n) based on the indirect optical band gap for
current glass samples is reported in Table 1. The n values were
increased from 2.853 to 2.889. The refractive index and the optical



Fig. 8. UV-VIS absorption spectra for prepared glass samples.

Fig. 9. XRD patterns of BaBiZnB-SLS glass samples [25].

Fig. 10. Direct and indirect band gaps of the synthesized glass samples.

Fig. 11. Refractive index and indirect optical band gap of the synthesized glass
samples.
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band gap energy have an inverse relationship as illustrated in
Fig. 11. The molar refraction (Rm) was calculated and the results are
shown in Table 2. Rm values were increased from 20.43 to
20.50 cm3/mol as the BaO concentration rose as a result of the
formation of non-bridging oxygen and the glass structure was
altered [42]. The metallisation criterion (M) of the present samples
was measured. The M results were less than 1, positive, and were
lowered from 0.296 to 0.290 as BaO content was increased. This
indicates that the present glass samples are insulators (non-
metallic). It can be explained using Herzfeld's suggestion in the
Metallisation of Condensed Matter Theory. He proposed that in the
Lorentz-Lorenz equations, the refractive index becomes infinite
when Rm/Vm ¼ 1. If the glass materials have a condition Rm/Vm � 1,
theywill havemobile electrons, and glass materials are predicted to
be metallic. However, the glass materials are predicted to be an
insulator if Rm/Vm < 1 [43,44]. Fig. 12 displays the relationship be-
tween reflection loss (RL) and transmission (T) of the fabricated
4712
glass samples. It can be noticed that the relationship between RL
and T is inversed as BaO content is increased.
3.2.1Conclusion
The melt quenching process was used to create five glass sam-

ples that can be used to protect against radiation. The glass
compositionwas (x) BaO (1-x) [ 0.2 B2O3 0.3 SLS 0.3 ZnO 0.2 Bi2O3 ].
SLS waste glass, which included 74.1% of SiO2 and other contents,
was employed in glass shielding as an alternate supply of silicon
dioxide. The radiation parameter results showed that as the photon
energy was increased, the linear attenuation coefficient values and
the effective atomic number values decreased while the half value
layer were raised. The HVL value of a Ba5 sample is lower than that
of the prepared glass samples and heavy metal glasses, which have
been published. The optical properties results indicate that when
the BaO concentration was raised, the Eopt values decreased in both
cases: direct and indirect, while the refractive index values
increased from 2.853 to 2.890 and the Urbach values raised from
0.383 to 0.448. Based on these findings,it is possible to conclude



Fig. 12. Reflection loss and transmission of the synthesized glass samples.
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that the current glass can be used as a radiation shielding material
due to its achieving the desirable properties of a glass shield: being
nontoxic, passing visible light well, and attenuating radiation in the
different energy regions. Also, using SLS glass waste saves natural
minerals such as pure SiO2 and reduces the accumulation of the
amount of glass waste that takes a long time to decompose.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgment

The authors appreciate Universiti Sains Malaysia (USM) for the
research facilities. Appreciation also goes to the Ministry of Higher
Education, Malaysia, for the financial support towards this research
under the Fundamental Research Grant Scheme with project code
FRGS/1/2019/STG07/USM/02/19 and project ID 17443 (203/PFIZIK/
6711769).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2022.08.009.

References

[1] Mengge Dong, Suying Zhou, Xiangxin Xue, Xiating Feng, M.I. Sayyed, Mayeen
Uddin Khandaker, D.A. Bradley, The potential use of boron containing re-
sources for protection against nuclear radiation, Radiat. Phys. Chem. 188
(2021), 109601.

[2] Salavadi Stalin, D.K. Gaikwad, M.S. Al-Buriahi, Ch Srinivasu, Shaik
Amer Ahmed, H Ozan Tekin, Syed Rahman, Influence of bi2o3/wo3 substitu-
tion on the optical, mechanical, chemical durability and gamma ray shielding
properties of lithium-borate glasses, Ceram. Int. 47 (4) (2021) 5286e5299.

[3] Haifa A. Al-Yousef, Mohammed Alotiby, M.Y. Hanfi, B.M. Alotaibi,
K.A. Mahmoud, M.I. Sayyed, Y. Al-Hadeethi, Effect of the fe2o3 addition on the
elastic and gamma-ray shielding features of bismuth sodium-borate glass
system, J. Mater. Sci. Mater. Electron. 32 (6) (2021) 6942e6954.

[4] Badriah Albarzan, Mohamed Y. Hanfi, Aljawhara H Almuqrin, M.I. Sayyed,
Haneen M. Alsafi, K.A. Mahmoud, The influence of titanium dioxide on
silicate-based glasses: an evaluation of the mechanical and radiation shielding
properties, Materials 14 (12) (2021) 3414.

[5] O. Agar, M.I. Sayyed, H.O. Tekin, Kawa M. Kaky, S.O. Baki, I. Kityk, An inves-
tigation on shielding properties of BaO, MoO3 and P2O5 based glasses using
MCNPX code, Results Phys. 12 (2019) 629e634.
4713
[6] Mengge Dong, Xiangxin Xue, Yang He, Liu Dong, Chao Wang, Zhefu Li, A novel
comprehensive utilization of vanadium slag: as gamma ray shielding material,
J. Hazard Mater. 318 (2016) 751e757.

[7] Muhammad Khairi Azri Roslan, Mohammad Ismail, Ahmad Beng Hong Kueh,
Muhammad Rawi Mohamed Zin, High-density concrete: exploring ferro bo-
ron effects in neutron and gamma radiation shielding, Construct. Build. Mater.
215 (2019) 718e725.

[8] J�an Kru�zel�ak, Andrea Kvasni�c�akov�a, Klaudia Hlo�zekov�a, Ivan Hudec, Progress
in polymers and polymer composites used as efficient materials for emi
shielding, Nanoscale Adv. 3 (1) (2021) 123e172.

[9] Mengge Dong, Xiangxin Xue, Yang He, Zhefu Li, Highly cost-effective shielding
composite made from vanadium slag and boron-rich slag and its properties,
Radiat. Phys. Chem. 141 (2017) 239e244.

[10] Thair Hussein Khazaalah, Iskandar Shahrim Mustafa, Hanan Al-Ghamdi, Azhar
Abdul Rahman, M.I. Sayyed, H Almuqrin Aljawhara, Mohd Hafiz Mohd Zaid,
Rosdiyana Hisam, Muhammad Fadhirul Izwan Abdul Malik, Nabasu Seth Ezra,
et al., The effect of wo3-doped soda lime silica sls waste glass to develop lead-
free glass as a shielding material against radiation, Sustainability 14 (4) (2022)
2413.

[11] M.I. Sayyed, Shams A.M Issa, H.O. Tekin, Yasser B. Saddeek, Comparative study
of gamma-ray shielding and elastic properties of BaOeBi2O3eB2O3 and
ZnOeBi2O3eB2O3 glass systems, Mater. Chem. Phys. 217 (2018) 11e22.

[12] AM Issa Shams, Mahmoud Ahmad, Tekin Ho, Yasser B. Saddeek, M.I. Sayyed,
Effect of bi2o3 content on mechanical and nuclear radiation shielding prop-
erties of bi2o3-moo3-b2o3-sio2-na2o-fe2o3 glass system, Results Phys. 13
(2019), 102165.

[13] M.I. Sayyed, Kawa M Kaky, M.H.A. Mhareb, Alyaa H. Abdalsalam,
Nouf Almousa, Ghada Shkoukani, Mohamed A. Bourham, Borate multicom-
ponent of bismuth rich glasses for gamma radiation shielding application,
Radiat. Phys. Chem. 161 (2019) 77e82.

[14] M.G. Dong, M.I. Sayyed, G. Lakshminarayana, M Çelikbilek Ersundu,
A.E. Ersundu, Priyanka Nayar, Mahdi Ma, Investigation of gamma radiation
shielding properties of lithium zinc bismuth borate glasses using xcom pro-
gram and mcnp5 code, J. Non-Cryst. Solids 468 (12e16) (2017).

[15] M Çelikbilek Ersundu, A.E. Ersundu, M.I. Sayyed, G. Lakshminarayana,
S. Aydin, Evaluation of physical, structural properties and shielding parame-
ters for k2oewo3eteo2 glasses for gamma ray shielding applications, J. Alloys
Compd. 714 (2017) 278e286.

[16] A. El-Denglawey, MH Zakaly Hesham, K. Alshammari, AM Issa Shams,
Tekin Ho, Waheed S AbuShanab, Yasser B. Saddeek, Prediction of mechanical
and radiation parameters of glasses with high bi2o3 concentration, Results
Phys. 21 (2021), 103839.

[17] Nor Syuhada Ahmad, Iskandar Shahrim Mustafa, Ishak Mansor, Muhammad
Fadhirul Izwan bin Abdul Malik, Nur Ain Nabilah Razali, and Sufiniza Nordin.
Gamma ray shielding characteristic of biznbo-sls and pbznbo-sls glass, Mater.
Res. Express 5 (5) (2018), 055203.

[18] Dalal Abdullah Aloraini, M.I. Sayyed, Aljawhara AH. Almuqrin, Ashok Kumar,
Thair Hussein Khazaalah, Sabina Yasmin, Mayeen Uddin Khandaker, S.O. Baki,
Preparation, radiation shielding and mechanical characterization of
pboeteo2emgoena2oeb2o3 glasses, Radiat. Phys. Chem. (2022), 110254.

[19] Thair Hussein Khazaalah, Iskandar Shahrim Mustafa, Dalal Abdullah Aloraini,
Rosdiyana Hisam, Mohd Hafiz Mohd Zaid, M.K. Halimah, M.I. Sayyed,
Muhammad Fadhirul Izwan Abdul Malik, Aljawhara H Almuqrin, Nabasu Seth
Ezra, et al., Investigation of optical properties and radioactive attenuation
parameters of doped tungsten oxide soda lime silica sls waste glass, J. Mater.
Res. Technol. 19 (2022) 3355e3365.

[20] Mengge Dong, Suying Zhou, Xiangxin Xue, M.I. Sayyed, Daria Tishkevich,
Alex Trukhanov, Chao Wang, Study of comprehensive shielding behaviors of
chambersite deposit for neutron and gamma ray, Prog. Nucl. Energy 146
(2022), 104155.

[21] Mengge Dong, Suying Zhou, Xiangxin Xue, Xiating Feng, Yang He, M.I. Sayyed,
Daria Tishkevich, Alex Trukhanov, Nouf Almousa, Upcycling of boron bearing
blast furnace slag as highly cost-effective shield for protection of neutron
radiation hazard: an innovative way and proposal of shielding mechanism,
J. Clean. Prod. 355 (2022), 131817.

[22] Recep Kurtulus, Taner Kavas, Investigation on the physical properties,
shielding parameters, glass formation ability, and cost analysis for waste
soda-lime-silica (sls) glass containing sro, Radiat. Phys. Chem. 176 (2020),
109090.

[23] Recep Kurtulus, Taner Kavas, K.A. Mahmoud, Iskender Akkurt, Kadir Gunoglu,
M.I. Sayyed, Evaluation of gamma-rays attenuation competences for waste
soda-lime glass containing moo3: experimental study, xcom computations,
and mcnp-5 results, J. Non-Cryst. Solids 557 (2021), 120572.

[24] Roya Boodaghi Malidarre, Feride Kulali, Aysun Inal, Oz Ali, Monte Carlo
simulation of a waste sodaelimeesilica glass system containing sb2o3 for
gamma-ray shielding, Emerg. Mater. Res. 9 (4) (2020) 1334e1340.

[25] Thair Hussein Khazaalah, Iskandar Shahrim Mustafa, M.I. Sayyed, Mohd Azhar
Abdul Rahman, Hafiz Mohd Zaid, Rosdiyana Hisam, Muhammad
Fadhirul Izwan Abdul Malik, Nabasu Seth Ezra, Hayder Salah Naeem,
Nuridayanti Che Khalib, Development of novel transparent radiation shielding
glasses by bao doping in waste soda lime silica (sls) glass, Sustainability 14 (2)
(2022) 937.
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