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Abstract

In this research, local content of glass waste, pure powdered boron oxide and bismuth
oxide as starting materials were utilized for fabrication of glasses. These glasses will
serve as safer substitutes to lead blocks/lead glasses and concretes in radiation
shielding in industries, research institutes and medical diagnostic centers. The main
objective of this work is to study the physical, structural and radiation shielding
properties of the glasses. For the glass fabrication, a conventional melt-quenching
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technique and chemical compositional formula xBi203-(100-x) [50SLS-50B203],
where x = 0, 1, 2, 3, 4, 5 wt% were utilized. Various measurements and September 14, 2026
characterizations such as density measurement and X-ray diffraction (XRD) were First Published Online

carried out to study the structural and physical properties of the glasses. The gamma
shielding measurements were carried out using Nal (TI) detector gamma spectrometer
using a Cs-137 point source with photon energy 0.662 MeV. The density value
increased from 2.264847 to 2.401604 gcm=. The XRD spectral pattern showed the
amorphous nature of the glasses. The LAC and MAC values ranged between 0.0624
t00.1277 cm™ and 0.0276 to 0.0532 cm?/g. Other gamma radiation shielding efficiency
parameters studied include Half Value Layers (HVL), Mean Free Path (MFP), Tenth
Value Layer (TVL), Permeability Factor (PF) and Radiation Protection Efficiency
(RPE).
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Introduction

Different types of ionizing radiation such as charged
particles, neutron, and y/X-rays release from the natural
background radiation sources such as cosmic rays,
internal radiation, and terrestrial radiation or from man-
made radiation sources such as chemical reactions,
nuclear weapons, and nuclear reactors[ 1-5]. On the other
hand, many vital applications ranging from medical
practices to industrial research were affected by
development of artificial radiation sources [6].
Radiation shielding glasses have been one of the major
areas of focus of glass experts in recent years, owing to
their transparent nature and ability to attenuate gamma
and x-ray electromagnetic waves[7—10]. There are
different materials considered for radiation shielding
applications. The most prominent one is the lead which
is a heavy metal that is considered toxic, then tiles and
concrete materials, which on the other hand degrade and
are not transparent [11].

Different researchers have synthesized variety of
compositions of glasses in an attempt to achieve efficient
and effective gamma and x-ray shielding. Among them
include the work of Elsaman ef al. [12], where PbO—
MoOs—V,0s glasses were synthesized and radiation

shielding properties were studied. Abdelgawad et al. [13]
utilized Cement Bypassed Dust (CBD) to synthesize
glass with of composition B,03;-BiO3— V,05—Na,O -
(CBD) for radiation shielding application. Bhavya et al.
[14] synthesized a system of B,O3—TeO,—BiO3—BaO—
Gd»03/CeO; glasses and studied the radiation properties.
Azuraida et al. [10] synthesized and studied the radiation
shielding characteristics of barium boro-tellurite (BaO-
B»0;-TeO») glass system. Alomairy et al. [15] presented
a study on the synthesis and the study the radiation
shielding properties of Nd,O3; doped PbF>—TeO>—WOs.
Mahmoud et al. [5] used both the experimental and
theoretical approach in studying the radiation shielding
and mechanical properties of SiO>—Li,O—CdO-Gd,0s—
Er,O3 glasses synthesized using melt-quenching
technique. In another study, Al-Buriahi et al. [16]
synthesized a system of TeO,—CaF>—B,03—CaO glasses
and investigated the radiation shielding characteristics of
the glasses theoretically using Phy-X and Geant4
simulations tools. These studies investigated the
radiation shielding properties of their respective glass
composition via determination and analysis of
parameters such as linear attenuation coefficient (LAC),
Tenth Value Layer (TVL), Mass Attenuation Coefficient
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(MAC), Half Value Layer (HVL), Mean Free path (MFP)
and others.

In this work, local content of SLS glass waste, pure
powdered boron oxide and bismuth oxide as glass
starting material were utilized as safer substitutes to lead
blocks/glasses and concretes in radiation shielding in
industries, research institutes and medical diagnostic
centers. The main objective of this work is to investigate
the shielding efficiency of the synthesized glasses.
Various measurements and characterizations such as
density measurement and the X-ray diffraction (XRD).
In addition, the study also includes gamma radiation
shielding properties of the glasses through the
measurement of Linear Attenuation Coefficient (LAC),
Mass Attenuation Coefficients (MAC), Half Value
Layers (HVL), Mean Free path (MFP), Permeability
Factor (PF) and Radiation Protection Efficiency (RPE).

Q

energy 662 keV and activity 0.9965 mCi was used for
testing the radiation shielding effectiveness of the
prepared glasses. The radiation attenuation experiment
was conducted with a 32 cm source to detector (SSD)
distance using lead collimators with 1.5 mm and 0.5 mm
apertures to reduce scattered radiation [17]. Background
radiation and the initial intensity (I,) were measured
before placing each sample between the collimators. The
attenuated intensity (I) was then measured for 60
seconds, with each measurement repeated ten times
using a Ludlum survey meter (Model 2241) = 0.01 mm
accuracy [17]. After background correction, the mean

values of I, and I were used to plotIn (170) against sample

thickness. The linear attenuation coefficient (u) was
obtained from the slope of the plot and subsequently used
to determine other shielding parameters.

Materials and Methods Results and Discussion

Experiments

A series of bismuth soda lime silica borate glass
compositions were selected according to the following
empirical formula, xBi,03-(100-x)[S0SLS-50B,0s],
where x=0, 1, 2, 3, 4, 5 wt%. The starting materials were
chemical reagents grade Bi,Os3, B>O3; and SLS. 30 g of
the chemicals were weighed using an electronic digital
balance (+0.0001 g) and mixed for 30 min in a crucible
to achieve homogeneity. A pre-heating process was
carried out in the first furnace for 1 h at 400 °C to remove
excess moisture content. Then transferred to a second
electric furnace and melted (at 1100 °C for 3 h). The melt
was quenched in a pre-heated cylindrical shape stainless
steel split mold and annealed in the first furnace preset at
400 °C for 1 h to minimize thermal shock. The
synthesized glass samples were properly polished with
different grades of silicon carbide paper (1500, 1200, 800
and 400 mesh) to achieve require thickness,
transparency, parallel, and flat surface. Thickness of the
glass samples were measured using Vernier caliper.
Finally, some proportions of the glass samples were
crushed to a fine powdered using pestle and mortar for
XRD analysis.

Experimental gamma radiation attenuation measurement
was carried out using a lead equivalent thickness (LET)
set up. A cesium-137 (137Cs) point source with gamma

Density

Figure 1 and Table 1 respectively present the variations
of density and the values for Bi»O3 doped SLS borate
glasses. The density value increased from 2.264847 to
2.401604 gecm as the bismuth oxide composition
increased from 0 to 5 %.

The glasses density was determined using equation (1) as
presented by Umar et al. [18]

Wair

Psample = Pwater (1)

Wwate‘r
Density increase in glasses are usually associated with
either substitution of lighter atomic elements with
heavier ones, decrease in interstitial spaces between
atoms and/or increase in bond networking between the
atoms [18-23]. In the case of our glasses, the density
might be a result of increase in the overall molar mass of
the glasses without a corresponding increase in volume
as BiO3 composition increases in the glass network.
Another reason is that the BiOs increase in the
composition might have increase the glass network
connectivity by acting as a glass former instead of a
modifier. Bismuth oxide acts as network former in some
compositions and as modifier in some other
compositions [24, 25].

Table 1: Batch formulation, sample thickness, (cm) and density (gem™) of Bismuth oxide doped SLS borate

nga:lslf[s)le 50 SLS (g) 50 B:03(g) Bi2O3(g) Total (g) Thickness (cm) Density (gem™)
0 15 15 0 30 0.633 2.264847
1 14.85 14.85 0.3 30 0.512 2.330667
2 14.70 14.70 0.6 30 0.557 2.34224
3 14.55 14.55 0.9 30 0.628 2.350857
4 14. 40 14.40 1.2 30 0.596 2.401604
5 14.25 14.25 1.5 30 0.641 2.409941
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Figure 1: Density variation against Bi2Os % composition of Bi2O3 doped SLS borate glasses
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Figure 2: XRD patterns for Bi2Os doped SLS borate glass system

XRD analysis

Figure 2 presents the XRD spectral pattern for the
bismuth oxide doped SLS borate glasses recorded at
room temperature, over 20 position between 20 to 80
degrees. At lower scattering angles of 20° < 20 < 30, the
pattern showed a broad diffusion, indicating the
existence of a long-ranged disorder. This indicates the
absence of crystalline phase, confirming the amorphous
nature of the glasses [26, 27]. It can be seen that the
broad hump continued to become more broader with
increase in the Bi»Os. This increase in the broadening of
the hump indicates that the glasses becomes more
amorphous than crystalline as the bismuth oxide
composition is increased [27, 28].

Radiation shielding parameters

Table 2 and Fig. 3 respectively present the values and
variation of linear attenuation coefficient as a function of
Bi,03 % composition. The LAC value increased from
0.0624 to 0.1277 cm! as the Bi;O; % composition
increased from 0 to 4 % and the dropped down to 0.1258
cm™! when the composition rose to 5 %. The LAC was
determined by measuring the intensity of gamma rays
from a Cs-137 source after passing through given
thickness of the glass sample.
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Table 2: Initial radiation intensity, (L), final radiation
intensity (I), sample thickness (x), linear attenuation
coefficient (LAC) and mass attenuation coefficient
(MAC) of Bi203 doped SLS borate glasses

BI:O Int;nsn Int(;nsnt LAC (lzln?z(gj
-1
% (Io) (I) (cm) (cm ) 1)
0 14.46 13.9 0.633  0.062 0.0276
4
1 14.46 13.86 0.512 0.082  0.0355
8
2 14.46 13.7 0.557 0.096 0.0414
9
3 14.46 13.46 0.628 0.114  0.0485
1
4 14.46 134 0.596 0.127  0.0532
7
5 14.46 13.34 0.641 0.125 0.0522
8
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Figure 3: LAC variation against Bi2O3 % composition
of Bi2Os doped SLS borate glasses

The LAC was determined using equation (2) as presented
by Aliyu et al. [24]. It predicts the possibility or
probability of photon interaction per unit length of a
material, and it is expressed in cm™! [29].

1, (1
LAC () = ~In (E) Q)
Where: p is the LAC, I and I, are the gamma radiation

intensity after passing through the sample and before
passing through the sample and x is the sample thickness

The initial rise in the value of LAC with increasing
population of Bi atoms in the network which falls in line
with submission of Geidam et al. [1] that suggested that
more heavy atoms concentration increases LAC value
for glasses.

The MAC values and variation with Bi,O3 %
composition in Bi;O3 doped SLS borate glasses. The
value rose from 0.0276 to 0.0532 cm?g! and decreased
down to 0.0522 as the Bi,O3 % composition increased
from 0 to 4 % and up to 5 %, respectively.
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Figure 4: MAC variation against Bi2O3 %

composition of Bi2O3 doped SLS borate glasses

The MAC (u,,) was determined using equation (3) as
presented by Thakur et al. [21]

i = up™* )

The MAC of a material describes it’s photon penetration
and interaction inside the material [30].

The increase in the u,, value with the increase in Bi,O3
% composition suggests that with more Bi ions added to
the composition, the glasses’ attenuation power becomes
higher [31].

Table 3: Half value layer (HVL), tenth value layer
(TVL), mean free path (MFP), permeability factor
(PF) and radiation protection efficiency (RPE) of
Bi2O3 doped SLS borate glasses

Bi;O; HVL TVL MFP PF RPE
% (cm) (cm) (em) (%) (%)
0 11.1086  36.9021  16.0264 96.1273  3.8728
1 8.37418 27.8184 12.0814 95.8506 4.1494
2 75096 23.7550 10.3167 947441  5.2559
3 607414 201779 876313 93.0844 6.9156
4 542634 180259 7.82856 92.6694 7.3306
5 551119 18.3078 7.95096 92.2545 7.7455

12
11 -

HVL (cm)

Bi,O, % Composition

Figure 5: HVL variation against Bi2O3 % composition
of Bi2O3 doped SLS borate glasses
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The values and variation of the HVL against the Bi>O3 %
Composition are presented in Table 3 and Fig. 5,
respectively. The value showed a decreasing pattern from
11.1086 to 5.42634 cm and then increased to 5.51119 cm.
The HVL was determined using equation (4) as presented
by Deng et al. [32] as follows;

in2

HVL = - 4

Decrease in HVL indicates an increase in the probability
of the occurrence of Compton scattering and thus
suggesting more shielding ability of the glasses. The
reported increase in the value as the BiOz %
composition to 5 % might be due to increased interstitial
spaces between atoms resulting in a decrease in density
and thus the HVL [31, 33].

Figure 6 presents the graph of tenth value layer (TVL)
versus Bi»O3; % composition and the values are contained
in Table 3. This parameter represents the material’s
thickness that is needed to bring down the intensity of
radiation to one-tenth of the original value before passing
through the material [34].

40 4

354

30

TVL (cm)

20 L
\ P—

15 —r

Bi,0, % Composition

Figure 6: TVL variation against Bi2O3 % composition
of Bi2Os doped SLS borate glasses

The TVL values are determined using equation (5) as
presented by Vadavathi et al. [30],

TVL = In10

(&)

The TVL value decreased from 36.9021 to 18.0259 cm
as the Bi,03; % composition increased from 0 to 4 % and
increased to 18.3078 cm when the Bi,O3 % composition
rose to 5 %. The initial decrease in the TVL indicates an
increase in the shielding performance of the glasses with
Bi ions concentration increase, while the decrease
indicates otherwise [35].

The values and variation of MFP with BiO3 %
composition are presented in Table 3 and Fig. 7,
respectively. The value decreased from 16.0264 to
7.82856 cm as Bi,O3 % composition increased from 0 to
4 % and in then increased to 7.95096 when the Bi>O3 %
composition was raised to 5 %. The MFP is a very
important parameter that defines the distance traveled by

Lafia Journal of Scientific & Industrial Research, 4(2)

a photon between successive collisions within the glass
network structure [36].

MFP values were determined using equation (6) as
presented by Rammah et al. [37];

1
MFP =~ (6)

The decrease in the MFP value with the increase in Bi**
ions concentration in the glass structure increases the
chances of photon to particle collision and decreases the
chances of photon penetration through the glasses [38].

16 u

14 -

MFP (cm)

Bi,0, % Composition

Figure 7: MFP variation against Bi2O3 % composition
of Bi2Os doped SLS borate glasses
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Figure 8: PF variation against Bi2O3 % composition
of Bi2Os doped SLS borate glasses

The permeability factor as a function of BiO3 %
composition is presented in Fig. 8 and the values in Table
3. It is a parameter that represents the gamma radiation
transmission ability of the glass at Cs-137 energy of 662
KeV [39].

The permeability factor (PF) is determined using
equation (7) as presented by Al-jubbori et al. [39];

PF (%) =~ X 100 (7)
0

I,
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The PF value decreased from 96.1273 to 92.2545 % as
the Bi»O3 % composition increased from 0 to 5 %. This
increase in the PF values translates to increase in the
shielding efficiency due to the addition of more heavier
Bi** ions that cover up more interstitial spaces within the
glass network [34, 39].

8.0

75 /
7.0 /

6.5
6.0
5.5 1
5.0
4.5 4

4.0 4 /

35 T T T T T T

Radiation Protection Efficiency (%)

Bi,0, % Composition

Figure 9: RPE Variation against Bi:Os %
Composition of Bi2O3 doped SLS Borate Glasses

Q

Radiation protection efficiency values are presented in
Table 3 and the variation against Bi>O3 % composition in
Fig. 9. It represents the percentage of radiation intensity
shielded over the total incident radiation intensity.

The RPE values were determined using equation (8) as
follows [39];

RPE (%) = (1 - i) X 100 (8)

The RPE value increased from 3.8728 to 7.7455 % with
increase in the Bi,03 % composition from 0 to 5 %.

Comparative density LAC, MAC and HVL data from different glasses
Table 4: Camparison between density, MAC, LAC and HVL for various compositions of glasses containing

Bi2O3
o Density MAC LAC HVL

Composition (gem?) (em’g!)  (cm™) (cm) Reference
xBi,0;-(1-x)B,0s, Bi,03=25 %, E =662 keV 5.543 0.0985 - 1.27 [7]
(55 —x) B,05 -15 Bi,0; -5 V,05 -25 Na,O -x (CBD) for Bi,O5 =15 %, E =59.5 2.650 0.931 2.395 - [13]
keV
xY,0;-15Li,0-15Zn0-5Bi,0;- (65-x)P,0s 2.9407 - - - [40]
B,0;-Bi,03-Na,0-Zn0-La,0; for Bi,03 =5 % & La,03 =1 %, E = 3000 keV 3.235 - 0.120 - [35]
xBi,0;-(100-x)[50SLS-50B,05] for Bi,O3 = 5 %, E = 662 keV 2.4099 0.0522  0.1258 5.5112  Present

Table 4 presents a table comparing the values the density,
MAC, LAC and HVL of variety of glass composition to
the present glasses. It can be shown that glasses with
higher concentration of BiO; results in higher glass
density which consequently produced higher shielding
efficiency in terms of LAC, MAC and HVL.

Conclusion

Radiation shielding properties of bismuth oxide doped
SLS borate glasses synthesized using melt-quenching
technique was studied in this paper. The objective was to
ascertain the shielding efficiency of the SLS waste-based
glasses. The physical and structural properties of the
glasses were studied using density measurement and
XRD analysis. The XRD spectra revealed no sharp peaks
and suggested the glasses were all amorphous in nature.
The LAC and MAC values ranged between 0.0624 to
0.1277 cm™, and 0.0276 to 0.0532 cm?g™!. Other gamma
radiation shielding efficiency parameters studied include
Half Value Layers (HVL), Mean Free Path (MFP), Tenth
Value Layer (TVL), Permeability Factor (PF) and
Radiation Protection Efficiency (RPE).
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