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Abstract

New glasses composed of 70B,05 - 5SiO; - 10Li,O - (5-x)PbO - 10ZnO - xBi,0Os, with x = 0.0:5 mol%, were produced using the melt-
quenching method. The density increased from 2.67 to 2.94 g/cm® as 5 mol% of PbO was replaced with Bi,Os. The theoretical investigation
and comparison with corresponding simulated findings generated from Geant4 simulation have been conducted for the attenuation
characteristics of glasses coded from Bi-0.0 to Bi-5.0. As the quantity of Bi** ions in the glass's structure rises, the linear attenuation
coefficient (LAC) values progressively rise for all applied energies. Half value layer (HVL) drops as Bi,Os is substituted for PbO. The MFP
values at 0.3 MeV were 2.667, 2.485, 2.326, 2.193, 2.090, and 2.005 cm for Bi-0.0, Bi-1.0, Bi-2.0, Bi-3.0, Bi-4.0, and Bi-5.0, respectively.
Indirect optical gap (Eopg) decreased from 3.072 V to 2.919 eV and direct optical band gap (Eopg) varied from 3.359 eV to 3.170 eV as the
amount of Bi** ions in the glass's structure increased. The Urbach energy value increases from 0.476 eV to 0.540 eV as the amount of Bi,Os in
the glass's lattice increases. Transmittance Coefficient (T), Molar Refraction (R,,), Molar Polarizability (a.,), and Optical Refractive Index are
all estimated parameters that rise with increasing the amount of Bi,Oj3 in the glass's lattice. As the amount of Bi** ions increase in the glass's
lattice, the Metallization Criterion, Optical Electronegativity (3"), and Nonlinear Refractive Index (n,) calculations show decreasing values.
Mechanical moduli values grew steadily as PbO components were replaced with Bi,Os, reaching a glassy composite called Bi-3.0 before
gradually declining once more. The glass system is recommended as a photon attenuation shielding material.

Keywords: linear attenuation coefficient; density; Urbach energy; optical band gap; Mechanical moduli.

1. Introduction

A form of radiation known as "ionizing radiation" is strong enough to ionize atoms by removing strongly bonded electrons
from them. This phenomenon can result in a variety of biological and chemical effects on living things as well as materials.
ITonizing radiation encompasses various forms of radiation, including beta and alpha particles, X-rays, and gamma rays.
However, gamma-rays have a wide range of medical uses, including cancer therapy, whereas X-rays are frequently employed
to photograph human tissue and diagnose injuries [1-3]. Because of the harmful impact radiation has on biological systems,
protecting against artificial radiation sources as well as the level of natural radiation found in nature is an extremely essential
topic that should never be neglected [4-6]. It is important to identify exactly the characteristics of radiation that are invisible to
our senses, the ways in which it might interact with matter, and the possible scattering situations that can emerge from these
interactions at various energy levels. Using specialized materials with proven and tested shielding qualities that are suitable
for a given type of radiation makes radiation protection easier to carry out.

There are various forms of radiation shields, such as concretes, alloys, clays, glasses, and more [7-9]. Lead is another
common material used as a radiation barrier [10-12]. Glass is one of these materials that has been utilized a lot in literature
lately since it is inexpensive, easy to fabricate, and has the special quality of being transparent [13—16]. The main advantage
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of borosilicate glasses over concrete materials is their exceptional radiation shielding behavior, which can be achieved by
including metal oxides such as PbO, Bi,0;, ZnO, and BaO [17, 18]. Radiation blocking capacity is enhanced when a material
has a greater atomic number because of a greater probability of photon interactions with the material [19]. Lead oxide glasses
are traditionally considered the best radiation shielding materials due to their favorable physicochemical properties. On the
other hand, alternative heavy metal oxide (Bi,O3;) with a similar radiation shielding capacity has been produced in place of
PbO, which is avoided due to its toxic nature [20].

This work examined the physical, mechanical, optical, and radiation shielding properties of borosilicate glasses doped with
Li,0, ZnO, and varied amounts of Bi,Os, and PbO.

2. Experimental

2.1 Preparation of samples

The melt-quenching method was used in the production process of glasses made of 70B,05 - 5SiO, - 10Li,O - (5-x)PbO -
10ZnO - xBi,0;, with x = 0.0:5 mol% and constant step, in order to ensure the highest level of perfection in the final product.
An electronic scale with 0.001 g precision was used to balance the oxides at the beginning of the process, using the oxides
with the highest AR grade. Various components have to be ground into tiny pieces with an agate mortar in order to produce a
uniform mixture. After all the ingredients had been thoroughly combined, the crucible containing mixture was heated in a
muffle furnace at 1100°C for one hour. After that, a steel mold was placed in an annealing furnace and heated to 300°C for the
duration of the annealing process. The stainless steel mold was filled completely with the melted glass. This mold containing
samples was annealed for three hour at 300°C. The goal of the annealing process is to reduce internal stress. After two hours,
the ambient temperature was allowed to return to normal before the samples were carefully removed for further analysis. The
photograph of synthesized specimens was given in Table 1.

The density values derived from the Archimedes principle and the subsequent formula are presented in Table 1 based on the
following formula:

Wy = WLiquid )
where Wy, and Wyq,iq refer to the sample weight in air and liquid, respectively (the used liquid was xylene, and its density is
PLiquia = 0.863 glem’).

pglass = X IoLiquid M

Table 1: Samples code, glass composition, photograph, density, molar volume, oxygen packing density (OPD), and oxygen
molar volume (OMV) of the prepared 70 B,0;-5 SiO,-10Li,0-(5-x) PbO-10ZnO -xBi,O;with x = 0.0, 1, 2, 3, 4, and Smol%
lasses.

Sampl Sample composition Photograp | Densit | molar oxygen oxygen
e code h of Y P volume packing | molar
samples (g.cm’ density, volume,
%) OPD oMV

Bi-0.0 70B,05-5Si0,-10Li,0-5PbO -10ZnO 2.67 26.3221 | 96.87678 10.32239

Bi-1.0 | 70B,05-58i0,-10Li,0-4PbO -10ZnO-1Bi,0; 274 | 265354 | 96.85175 | 10.32506

Bi-2.0 | 70B,0;-5Si0,-10Li,0-3PbO -10Zn0O-2Bi,0; 2.81 26.73808 | 96.8656 10.32358

Bi-3.0 | 70B,0;-5Si0,-10Li,0-2PbO -10Zn0O-3Bi,0; 2.87 27.02474 | 96.57818 10.35431

Bi-4.0 | 70B,05-5Si0,-10Li,0-1PbO -10Zn0-4Bi,0; 291 27.48729 | 95.6806 10.45144

Bi-5.0 70B,0;-55i0,-10Li,0-10Zn0O-5Bi,05 2.94 28.03231 | 94.53376 | 10.57823
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3. Result and discussion
3.1 Physical properties
Table 1 and Fig. 1 demonstrate that sample density increases as bismuth content increases. The main reason for this increase
is that the lighter PbO molecules (M=223.2 g/mol) have been replaced by denser Bi,O; molecules (M= 465.96 g/mol). There
is a structural change caused by the addition of heavier Bi** ions to the glass network because there are many oxygen ions
available in the structure. The following relation can be used to determine the molar volume, which provides an image of the
interstitial space found in the glass structure:

V. = M Wglass (2)

m
P glass

where Myygqss 18 the glass's molecular weight.

Table 1 and Figure 1 also display the computed molar volume (V) values. When more Bi,0Os is added to the glass samples,
their molar volume increases. This is because the bond lengths of Bi,O (ranging from 2.16 to 2.79 A) [21] have larger radii
than those of PbO (ranging from 2.34 to 2.37 A) [22], which results in more free volume in the glass network. As a result, the
glass structure becomes less densely packed and more open as non-bridging oxygen's (NBOs) form [23, 24].

T T T T T T
2.95 -
-m- Density L 28.0
2.90 -m- Molar volume =
(=]
) -27.6 &
£ 2.85 p
3 S
N c
- | -27.2
.'Z‘ 2.80 ?D
2 o
8 2751 -268 3
3
2.70 - o
-26.4
2.65 -
T T 26.0

0 1 2 3 4 5
Bi,0, content, mol%

Figure 1: Variation of density and molar volume of glass samples as a function of Bi,O; molar content.

The dependence of oxygen packing density (OPD) and oxygen molar volume (OMV) on Bi-ions percent is shown in Table 1
and Fig. 2. When Bi,0; is gradually added to the prepared glasses, OPD values first appear to alter slightly before quickly
declining, indicating a development in non-bridging oxygen (NBO) atoms within the glass's internal molecular structure [25].
The OMYV value increased in opposite trend with OPD value. This behavior can be explained based on the dual role of Bi,O3
acting both as network modifier initially and then as network former due to its higher concentration [26].
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Figure 2: Oxygen molar volume (OMYV) and oxygen packing density (OPD) as a function of Bi,O; molar percent the in glass samples.

3.2 Shielding characteristics

The attenuation parameters of glasses coded from Bi-0.0 to Bi-5.0 have been investigated theoretically using Phy-x software
[27], and compared with corresponding simulated results obtained from Geant4 simulation [28, 29]. The linear attenuation
coefficient or LAC represents the absorption and scattering probability through path length of absorbed material. Table.2
shows the values of two results from 0.03 to 15 MeV and the deviation (Dev, %) of each two corresponding values for
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discussed glass samples. The maximum deviation (M.D) observed between the two software was 2.75% for the Bi-2.0 sample
at 5 MeV, and this is evidence of the extent to which the results match despite the difference in samples and energies. The
M.D of Bi-0.0 was 2.11% at 0.30 MeV, the M.D of Bi-1.0 was 2.11% at 4.0 MeV, the M.D of Bi-3.0 was 2.01% at 4.0 MeV,
the M.D of Bi-4.0 was 1.83% at 0.03 MeV and the M.D of Bi-5.0 was 1.80% at 0.10 MeV. One of the characteristics of the
LAC its value decreases with the increase in energy falling on the material, and this is consistent with Table 2. For example,
sample B-2.0 has 26.343 cm™" at lowest discussed energy (0.03 MeV), while has 0.085 cm™ at highest discussed energy (15.0
MeV). With the amount of PbO gradually replaced from 0 to 5 mol% by Bi,Os, the LAC values gradually increases for all

applied energies and the values of Bi-5.0> Bi-4.0> Bi-3.0> Bi-2.0> Bi-1.0> Bi-0.0 and that is clear in Fig.3.

Table 2: The LAC values at different energies by the Phy-x software and Geant4 simulation results in addition, the relative

deviation between them.

LAC, cm™
Bi-0.0 Bi-1.0 Bi-2.0

Energy,  prvx  Geams D2V EROTEY o Geant4  Dev,% "% phyx  Geantd  Dev, %
MeV % MeV MeV
003 16920 16751 101  0.03 18952  18.644 1.65 0.03 26343 25.970 1.44
0.04 7.941 7876 082 0.4 8907 8.821 0.98 0.04 12425 12275 1.22
0.05 4.489 4449 091 005 5.031 4.997 0.69 0.05 7.005 6.936 1.00
0.06 2.873 2905  -L11 006 3213 3.154 1.88 0.06 4.446 4.417 0.67
0.08 1.509 1517 -0.54  0.08 1.673 1.640 2.02 0.08 2.266 2252 0.63
0.10 2.255 2252 011 010 2.624 2.577 1.85 0.10 3.990 3.956 0.86
0.15 0.988 0.976 126 015  1.123 1.108 1.32 0.15 1.616 1.591 1.58
0.20 0.614 0.604 164 020 0.681 0.674 1.09 0.20 0.925 0.914 1.21
030 0375 0367 C2.11) 030 0402 0.400 0.67 0.30 0499  0.494 0.99
0.40 0.292 0.289 122 040 0.308 0311 078 0.40 0.362 0.360 0.78
0.50 0.250 0249 027 050 0.6l 0.258 1.30 0.50 0.298 0.301 -0.97
0.60 0.223 0.221 072 0.60 0231 0.235 -1.67 0.60 0.259 0.264 -1.88
0.80 0.189 0.190 -088  0.80 0.195 0.195 -0.11 0.80 0214 0.211 1.57
1.00 0.167 0.164 165 100 0.172 0.174 -1.22 1.00 0.187 0.185 111
1.50 0.134 0.132 103 150 0.138 0.136 1.08 1.50 0.148 0.148 0.07
2.00 0.116 0.116 033 200 0.119 0.117 1.86 2.00 0.129 0.127 1.48
3.00 0.096 0.096 082  3.00 0.099 0.097 2.06 3.00 0.108 0.108 0.40
4.00 0.086 0.085 073  4.00 0.089 0087 Ca11) 400 0.098 0.096 168
5.00 0.080 0.079 1.82 500 0.083 0.082 1.58 5.00 0.092 0000 C275)
6.00 0.076 0.075 083 600 0.079 0.078 1.22 6.00 0.089 0.087 1.28
8.00 0.072 0.071 099 800 0.075 0.074 1.94 8.00 0.085 0.084 0.94
10.00  0.070 0.069 193  10.00 0.073 0.072 1.08 10.00 0.084 0.083 1.92
1500  0.069 0.068 172 1500 0.073 0.072 0.68 15.00 0.085 0.085 1.07

Bi-3.0 Bi-4.0 Bi-5.0

Energy, Phy-x Geant4 Dev,  Energy, Phy-x Geant4 Dev, % Energy, Phy-x Geant4 Dev, %
MeV % MeV MeV
003 22930 22517 183 003 2469 24253 (183 )  0.03 24.696  24.661 0.14
004 10799 10615 173 0.04 11640  11.442 1.73 0.04 11.640 11516 1.08
0.05 6.093 5.996 162 005 6565 6.487 120 0.05 6.565 6.675 -1.64
0.06 3.877 3.826 133 006 4172 4.133 0.93 0.06 4.172 4.201 -0.70
0.08 1.994 1.956 192 008 2135 2.106 1.38 0.08 2.135 2.146 049
0.10 3.351 3.294 173 010  3.680 3.634 127 0.10 3.680 3.615 Q80D
0.15 1.387 1.373 098  0.15 1.505 1.526 -1.38 0.15 1.505 1.483 1.53
0.20 0.813 0.807 074 020 0871 0.879 091 0.20 0.871 0.859 1.35
0.30 0.456 0465  -1.99 030 0478 0.485 -1.38 0.30 0.478 0.472 1.32
0.40 0.339 0341  -0.64 040 0351 0.346 1.49 0.40 0.351 0.351 0.07
0.50 0.282 0.279 138 050 0291 0.288 1.02 0.50 0.291 0.287 1.34
0.60 0.248 0246 074  0.60 0254 0.252 0.93 0.60 0.254 0.252 0.95
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0.80 0.207 0.205 0.64 0.80 0.211 0.207 1.87 0.80 0.211 0.210 0.58
1.00 0.181 0.178 1.85 1.00 0.184 0.186 -0.78 1.00 0.184 0.182 0.97

1.50 0.145 0.142 1.85 1.50 0.147 0.147 -0.19 1.50 0.147 0.145 1.32
2.00 0.125 0.124 0.85 2.00 0.127 0.126 1.04 2.00 0.127 0.126 0.96
3.00 0.105 0.103 1.74 3.00 0.107 0.105 1.25 3.00 0.107 0.107 -0.49
4.00 0.094 0.093 2.01 4.00 0.096 0.095 0.97 4.00 0.096 0.095 1.45

5.00 0.088 0.087 1.63 5.00 0.090 0.090 0.73 5.00 0.090 0.091 -0.99
6.00 0.085 0.084 0.64 6.00 0.087 0.086 1.10 6.00 0.087 0.086 1.43
8.00 0.081 0.080 1.64 8.00 0.083 0.082 1.62 8.00 0.083 0.082 1.21

10.00 0.080 0.079 1.03 10.00 0.082 0.081 0.92 10.00 0.082 0.081 1.23
15.00 0.069 0.069 0.74 15.00 0.083 0.084 -0.76 15.00 0.083 0.083 0.44

100

10

LAC, cm™!

0.1

0.01 0.1 1 10
Energy, MeV
Figure 3: The LAC of Bi-x.0 glass composites at different variety of energies (x=0,1,2,3,4 and 5).

The absorption peak formed by the nearly total absorption of energies 80 and 81 keV within the absorbing material is shown
in Fig. 3 and indicates that the k-edges of Pb and Bi are important in the attenuation process. This peak also has an impact on
the rest of the energies. Due to the dominance of the photoelectric reaction at low energies (the probability of complete
absorption of the incident photons), the LAC values were as high as possible. However, as the energy increased, the effect of
the photoelectric interaction also decreased and the effect of Compton scattering (i.e., the probability of scattering increased)
appeared [30,31]. The pair production effect (the possibility of the incident photons escaping increases) starts to emerge when
the Compton scattering effect gradually increases, reaching an energy of 1.02 MeV. This causes the LAC values to fall as
indicated in Fig. 4.
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Figure 4: The LAC values at different energies, a) from 0.03 to 0.1 MeV, b) from 0.15 to 1 MeV and ¢) from 1.5 to 10 MeV.

Subtracting the density from the linear attenuation coefficient yields the mass attenuation coefficient, which is the attenuation
of the material without the impact of density. Fig.5 shows the MAC of present glasses from 0.015 to 15 MeV. The variation of
MAC with gamma-ray energy showed the same behavior. For example, at 0.3 MeV (300 keV), the values of MAC were
0.140, 0147, 0.153, 0.159, 0.164, and 0.170 cm” g for Bi-0.0, Bi-1.0, Bi-2.0, Bi-3.0, Bi-4.0, and Bi-5.0, respectively. This
indicates that the MAC values increased when PbO was replaced with Bi,O;. At high energies from 1.0 MeV and above, the
MAC values stay constant for all studied glasses. In glasses at 3.0 MeV, we find that the MAC value is constant and does not
change when Bi,O; is substituted for PbO. This is approximately equivalent to 0.050 cm’g” due to their k-edges are almost
identical.

The thickness, or HVL, as a function of energy required to reduce the gamma-line intensity to half of its starting value is
plotted in Figure 6. This thickness rises gradually with the increase of the applied energy for all the glass studied. However,
when PbO is replaced with Bi,O;, as shown in Fig. 6, this thickness decreases. The HVL at low energies such as 0.06 MeV
was 0.241, 0.216, 0.195, 0.179, 0.166 and 0.156 cm for Bi-0.0, Bi-1.0, Bi-2.0, Bi-3.0, Bi-4.0 and Bi-5.0, respectively. The
HVL at intermediate energies such as 0.60 MeV was 3.113, 2.996, 2.886, 2.795, 2.727 and 2.673 cm for Bi-0.0, Bi-1.0, Bi-
2.0, Bi-3.0, Bi-4.0 and Bi-5.0, respectively, while at high energies such as 2 MeV was 5.979, 5.815, 5.659, 5.531, 5.445 and
5.381 cm, respectively. From an environmental perspective, it is necessary to lower the PbO content and create a glass
material with a higher attenuation because lead is known to be hazardous to both the environment and human health.
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e
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<
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Energy, MeV
Figure 5: The MAC of present Bi-glass composites from 0.015 to 15 MeV.
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Figure 6: The HVL of present Bi-glass composites from 0.015 to 15 MeV.

As seen in Fig. 7, the MFP of the glass composites ranging from Bi-0.0 to Bi-5.0 was evaluated at various energies. In
general, when photon energy increased, the MFP was enhanced. MFP was decreased from 0.012 cm for the Bi-0.0 to 0.008
cm for the Bi-5.0 sample at 0.015 MeV and from 0.663 cm for the Bi-0.0 to 0.441 cm for the Bi-5.0 sample at 0.08 MeV. The
MEFP values for Bi-0.0, Bi-1.0, Bi-2.0, Bi-3.0, Bi-4.0, and Bi-5.0 at energy of 0.3 MeV were 2.667, 2.485, 2.326, 2.193, 2.090,
and 2.005 cm, respectively. Also, the average path distance traveled by a 1 MeV photon between two successive collisions
was 6.003, 5.826, 5.660, 5.521, 5.427 and 5.354 cm for Bi-0.0, Bi-1.0, Bi-2.0, Bi-3.0, Bi-4.0 and Bi-5.0, respectively.

In Figure 8, the tenth thickness layer, or TVL, or the thickness needed to lower the gamma-line intensity to 90% of its initial
value, was shown against photon energy. As observed in Fig. 8, this thickness steadily increases as the applied energy for all
the glass under study increases. However, this thickness reduces when PbO is replaced with Bi,O;. The TVL at low energies
has great data: for Bi-0.0, Bi-1.0, Bi-2.0, Bi-3.0, Bi-4.0, and Bi-5.0, the values at 0.05 MeV were 0.513, 0.458, 0.413, 0.378,
0.351, and 0.329 cm, respectively. This means that the lowest thickness required to reduce the photon intensity to 90% of its
starting value is approximately 3.30 mm. The TVL increased at intermediate energies because of the increased probability of
photon interaction. For instance, for Bi-0.0, Bi-1.0, Bi-2.0, Bi-3.0, Bi-4.0, and Bi-5.0, the TVL at 0.50 MeV was 9.224, 8.826,
8.462, 8.155, 7.924 and 7.735 cm, respectively, while at high energies like 1 MeV, it was 13.823, 13.416, 13.032, 12.496, and
12.329 cm, respectively.

The present results were compared with different commercial glasses [32] and other published work [33] related to this study
as reported in Table.3. The comparison shown in Table 3 shows that the glass system studied in this paper represents an
alternative to previously published and applied glass types such as RS-253-G18 and NB-BaO and is applicable as transparent
shielding materials.

MFP, cm

0.01

0 2 4 6 8 10 12 14 16
0.01 0.1 1 10
Energy, MeV

Figure 7: The MFP of present Bi-glass composites from 0.015 to 15 MeV.
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Figure 8: The TVL of present Bi-glass composites from 0.015 to 15 MeV.
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Table 3: Comparison of the attenuation coefficient of the studied samples with other published and commercial samples

-1
References Glass code LAC, cm VL, om
0.1MeV_ | 0.6MeV | 1.5MeV 0.1 MeV 0.6MeV | 1.5MeV
RS-253-G18
Commercial 0.580 0.203 0.130 1.194 3.408 5.334
glasses [32] RS-360 8.704 0.356 0.187 0.080 1.946 3712
NB-MoO3 1.076 0.229 0.145 0.644 3.027 4.784
P“blls[g;‘} work | NB-BaO 2482 0.246 0.150 0.279 2.822 4.627
NB-ZnO 0.601 0.218 0.140 1.153 3.178 4.967
Bi-0.0 2.255 0.223 0.134 0.307 3.113 5.178
Bi-1.0 2.624 0.231 0.138 0.264 2.996 5.038
Bi-2.0 3.990 0.259 0.148 0.174 2.673 4.668
Present work T
Bi-3.0 3351 0.248 0.145 0.207 2.795 4795
Bi-4.0 3.680 0.254 0.147 0.188 2727 4723
Bi-5.0 3.680 0.254 0.147 0.188 2.727 4723
3.3 Optical properties

Figure 9 displays the UV-Vis-NIR absorbance spectra of the produced samples. The absorbance increases significantly as the
percentage of Bi** ions increased, and the absorption edge shifted towards a higher wavelength. All specimens exhibited
strong absorption peaks in the UV region from 200 to 400 nm, after 400 nm there is no absorption peaks for all the sample in
the visible and NIR zones indicating their high transparency. The changes in the inner structures of the resulting glass block
networks is consistent with the red color shift in the absorbing edge toward higher wavelengths as the concentration of Bi**

ions increased.

As seen in Figure 10, the primary absorbing edge of the sample glasses' optical absorption coefficient (a) is situated in the
area between 3.3 and 3.65 eV. We notice that a rise in Bi** ions result in a rise in (o) and shifting in the absorption edge
towards lower photon energy. Energy band gap of glass materials (Eqgg) has importance for determining their optical
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applications. Also, variations in the optical gap values are linked to the structural alterations based on the stoichiometry [34-
36]. Based on Davis-Mott relation the energy gap can be assessed as [37,38]:

(ahv)" = B (hv — Egge) (3)
Where Eqpg is the optical band gap energy, B is a constant and n have values 1/2,2,3, and 3/2 based upon the inter-band
electronic transition.

—Bi-0.0
~—— Bi-1.0
—Bi-2.0
——Bi-3.0
——— Bi-4.0
——— Bi-5.0

Absorbance (au)

T T T T T T 1
300 400 500 600 700 800 900
Wavelength (nm)

Figure 9: Displaying of the UV-Vis-NIR absorbance spectra of the glass samples
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Figure 10: The variation of absorption coefficient (a) for glasses treated with varying amounts of Bi,O; with photon energy.

The band gap energies for all the samples are found in Figs. 11 and 12 by plotting (ahv)'*

and (ahv)? against the photon
energy at (ahv)'”? = 0 and (ahv)? = 0, where the linear portions are extrapolated to the x-axis for estimating the values of the
direct and indirect optical band gaps, which are listed in Table 4. The values of the indirectly and directly band gaps decrease
when the percentage of Bi** increase from 0.0 to 5.0 mol%. The decrease in the energy gap of the bandwidth ranges from
5.306 eV for specimen Bi-0.0 to 5.027 eV for specimen Bi-5.0 for direct transitions and ranges from 5.096 eV for specimen
Bi-0.0 to 4.651 eV for specimen Bi-5.0 for indirect transitions. Increasing Bi**ions cause this red-shift in the absorption edge

due to internal structural changes [39].

Egypt. J. Chem. 68, No. 12 (2025)



412 Gharam A. Alharshan et. al.

40

Bi-0.0
Bi-1.0

<4 > 0 n

43hn)*0.5 (eV/em)*0.5

T T
2.8 3.0 32 3.4 3.6 3.8

Energy (eV)

Figure 11: Plot of (ahv) '* against hv (Tauc’s plot) for the prepared glass samples.
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Figure 12: Plot of (ahv) * against hv (Tauc’s plot) for the prepared glass samples.

Table 4: Optical parameters of the borosilicate glass doped with Bi,O;.

Sample code

Parameters Bi-0.0 Bi-1.0 Bi-2.0 Bi-3.0 Bi-4.0 Bi-5.0
Direct bandgap (eV) 3.359 3.236 3.196 3.192 3.178 3.170
Indirect bandgap (eV) 3.072 3.049 2.971 2.945 2.935 2.919
Urbach Energy(Ey) 0.476 0.487 0.501 0.513 0.526 0.540
Refractive index(n) 2.306 2.336 2.345 2.347 2.350 2.352
Molar refraction (R,,) 15.535 15.862 16.049 16.228 16.530 16.872
Molar polarizability (o) X 107> 6.162 6.291 6.366 6.437 6.556 6.692
Electronic polarizability(a.) X 107>° 3.340 3.370 3.80 3.381 3.385 3.387
Reflection loss (Ry) 0.156141  0.160423 0.161852 0.161996 0.162501  0.162791
Transmittance coefficient (T) 0.729893 0.723509 0.721389 0.721176 0.720428 0.719999
Metallization Criterion (M (E,) 0.409 0.402 0.3998 0.3995 0.3986 0.3981
Metallization Criterion (M(n)) 0.409 0.402 0.3998 0.3995 0.3986 0.3981
the permittivity(e) 5.320 5.458 5.504 5.509 5.525 5.535

the optical dielectric constant (&) 4.320 4.458 4.504 4.509 4.525 4.535
Optical electronegativity (x") 9.028 8.698 8.591 8.580 8.542 8.520
linear dielectric susceptibility (x'') 0.343 0.354 0.3586 0.3590 0.3603 0.3610
third-order 1i i ibility 2.343 2.142 2.079 2.073 2.052 2.039

o) X 1072

nonlinear refractive index (n;) X 10 '° 6.381 5.759 5.567 5.548 5.482 5.44

n
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The link between the optical energy (hv) and the optical absorption coefficient (o) at lower photon energies is provided by
Urbach's function. The Urbach energy, or Ey, can be computed [40] using the following formula:

Ina = lnan+g—u 4)

Where E, represent the band tail width and o, is a constant. E, values derived from the inverse value of the slope obtained
from the graphs of In (o) against (hv) (shown in Fig. 13). The Urbach energy (E,) values (shown in Table 4) were found to rise
from 0.448 eV to 0.668 eV with changes in the mol.% of Bi** ions, this is consistent with the value discovered for amorphous
semiconductors (0.046 — 0.66 eV). The rise in calculated Urbach energy caused by increasing the amount of Bi,O; is
attributed to defecting in structural of the resulting glass block networks, also it an indication of the evolution of structural
distortions in the examined glasses.
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Figure 13: Plot of (In o) against hv for the prepared glass samples under examination

The refractive index (n) that illustrates the interactions between electromagnetic radiations with various materials can be
calculated according to the Dimitrov and Sakka formula by using the optical energy gap, E,, [41]:
n?-1 _ Eg
n2+2 © ~20 )
The refractive index of the borosilicate glasses (values of n are presented in table 4) was enhanced from 2.306 to 2.352 with
increasing of Bi,O; content from 0 to 5.0 mol%. Non-bridging oxygen bonds are created when Bi,O; is incorporated into the
glass network as a modifier. These non-bridging oxygen ions have a high polarizability, which raises the refractive index [42].
The following formulas were used to determine the molar refractivity (R,), molar polarizability (a,,), and electronic
polarizability (a,):[43-45]

n?-1
R =[5 1V (©)
_ 3XRp
m = 4x N4 (7)
_ 3(n?-1)
de = 4TIN4(n?+2) ®

where N, is Avogadro's number and V,, is the volume of a molar (Table 4 shows the values of R, a,,, and a.). The exact
relationship between molar polarizability and molar refraction can be seen in the Lorentz-Lorentz relation, which represents
the number of electrons corresponding to the applied field. The increase in molar polarizability and molar reflectivity values
can be linked to the quantity of non-bridging oxygen molecules because the rising NBO provides a substantial number of
extra oxygen molecules to the glass network, boosting molar polarizability [42]. We note the values of a, are increased by
enhancement the percentage of Bi,O; content in the glass network.

The reflection loss (Ry) and transmission coefficient (T) values of all the prepared glass samples are listed in Table 4 and
computed [43,46] accordance with the following relations:

-1
R, = (75)? ©9)
2n
T = il (10)

By increasing Bi,O; content each of the reflection loss values and transmission coefficient values increase, this increment is
correlated to the increasing in the refractive index values, in which a higher refractive increases the Fresnel reflection loss at
the interface of the glass. We note that, the changes in R are relatively small, implying that, borosilicate glasses with doped
Bi,0; remain good optical transparency as we see from the higher values of transmittance coefficient (T). The observed
increase in refractive index and reflection loss with Bi,O; doping are consistent with the modifier role of Bismuth oxide in the
glass lattice [42].

The optical energy-based metallization criteria (M(E,)) given from the relation: [47]
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= (B
M(Eg) = |52 (1
While the metallization criterion (M(n)) based on refractive index can be obtained using [47] the following formula
n?-1
Mo=1-f)

Metallization Criterion (M) demonstrates both the metallic and nonmetallic character of the substance values of Bi,Os-doped
borosilicate glasses, when M approaches approximate value 1 the material exhibits roughly an insulator behavior, and when
M approaches approximate value 0 exhibits a metallic behavior [48]. As we see from the values of (M) as listed in Table 4,
the addition of Bi,O; reduced M(E,) and M(n) values in the present glass samples from 0.409 to 0.398. .
Depending on the values of the refractive index each of the permittivity (¢) and the optical dielectric constant (¢ ) can be
determined by the following equations [49].
&£ =n? (13)

g'=n?-1 (14)
The obtained values of € and &" are listed in Table 4, we notice that the values of permittivity €, and the optical dielectric
constant ,&", increase with the increase in Bi,O; content. Because Bi,O; causes network defects, an increase in glass
disordering and produces NBO, it acts as a modifier in the present glass network [42].

The optical electronegativity ()*) obtained from the formula [50]:
X" =2.688E, (15)
The linear dielectric susceptibility (") calculated from the formula [50]:

-1
== (16)

The third-order nonlinear optical susceptibility (x°) determined by using the formula [51].

3 _ A
X = (4m)*(n—1)* an

Where A = 1.7 x10 "' (for 3 © in esu). The values of linear dielectric susceptibility (x' ) rises from 0.343 to 0.361 due to
increment in NBOs and refractive index (n) with the addition of Bi,O; content, while the other parameters optical
electronegativity (y') and nonlinear optical susceptibility (x’) are decreased from 9.028 to 8.520 and from 2.343 x 107" (esu)
t0 2.039 x 107" (esu) respectively. The dropping in the values of (") and (y’) is agreement with the drop in the values of the
band gap when Bismuth content rises. NBOs increase in response to variations in the optical band gap (Eg), which is
proportional to each of (y) and (y°).

The relationship between the third-order nonlinear susceptibility y° and the nonlinear refractive index (n,), which depicts the

interactions between intense electromagnetic radiations and different materials, is given by (n, expressed in esu) [51]:
21

n, = (5) 23 (18)
The decreasing in the values n, in good agreement with the drop in the values of (x") , (1), and the band gap energy and

attributed to the increasing in NBOs.

3.4 Mechanical results

The elastic-mechanical factors were calculated by using the values of dissociation energy per unit volume (G,) and packing
density (PD) of the oxides according to Makishima—Mackenzie’s theory [52]. The packing density was obtained by
calculating the ratio of XV x; and V,,, where V; is the packing factor for each chemical in the glass composite (determined by
calculating the ionic radii of the components) and x; represent the mole fraction, while V, is the molar volume of the glass
composite as shown in Table.5. The G, of current glasses gradually increased from 33.26 to 33.58 kJ/cm® when replacing PbO
with Bi,O3 from 0 to 5 mol%, because the G, of bismuth oxide is higher than that of lead oxide, as well as the packing factor
of Bi,04(26.1 cm®/mol) is higher than the packing factor of PbO (11.1 cm’/mol).

From these values and mechanical equation in the above section, the elastic-mechanical moduli (Young’s (E), bulk (K), shear
(S), longitudinal (L)) were calculated and reported in Table.5 and plotted in Fig.14. The four moduli showed the same
behavior, where the moduli values gradually increased with the replacement of PbO contents with Bi,O; until the glassy
composite Bi-3.0 (containing 3 mol% of Bi,O3 and 2 mol% of PbO) and it is gradually declined again. The main reason is the
PD values equal 0.516, 0.518, 0.519, 0.519, 0.516 and 0.516 cm*mol for Bi-0.0, Bi-1.0, Bi-2.0, Bi-3.0, Bi-4.0 and Bi-5.0,
respectively. For example, the Young’s modulus (E) values was 34.34, 34.50, 34.68, 34.75, 34.59 and 34.34 GPa,
respectively, which means that adding the two oxides by equal proportion gives improving the mechanical properties of the
sample. On the other hand, glass sample Bi-0.0 (which does not contain Bi,O;) gives almost the same elastic-mechanical
properties as sample Bi-5.0 (which does not contain PbO). From Fig.14, it turned out that the lowest modulus of the four
parameters was the shear modulus (S), where the highest values were for Bi-3.0, with 14.10 GPa, while the largest result was
for the Young modulus, the maximum for the same glass sample was 34.75 GPa, followed by the longitudinal modulus with a
maximum value of 32.23 GPa.
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Figure 14: The elastic moduli (Young, Bulk, shear and longitudinal modulus) of the present glass composites.
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Fig.15 indicates Poisson's ratio, whose value ranges from 0.231 to 0.233, meaning that there was a small change of 0.002.
This means that the glass samples did not differ with the exchange during the elongation process, while the micro-hardness
values gradually increase. This indicates that the samples will be harder with the replacement of PbO with Bi,0;, where their
values range from 2.502 to 2. 531GPa, as shown in the Figure.
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Figure 15: The Poisson ratio and the micro-hardness of the present glass composites.

7 -
_/
—
= \

Glass composites

2535

2.530

2.525

2.520

2515

d9) ssaup.eyololin

2510 3

(

2.505

2.500

Table 5: Mechanical results of Bi-0.0-Bi-5.0 coded glass composites.

Glass Code Vu (cm3/m01) E (GPa) K (GPa) S (GPa) L (GPa)
Bi-0.0 26.32 34.34 21.27 13.95 31.73
Bi-1.0 26.53 34.50 21.43 14.01 31.93
Bi-2.0 26.7 34.68 21.61 14.07 32.16
Bi-3.0 27.02 34.75 21.66 14.10 32.23
Bi-4.0 27.4 34.59 21.42 14.05 31.96
Bi-5.0 28.03 34.34 21.08 13.98 31.56

4. Conclusions

The new glasses made of 70B,0; - 5SiO; - 10Li,O - (5-x)PbO - 10ZnO - xBi,0;, where x = 0.0:5 mol% are created using
melt-quenching process. By replacing 5 mol% of PbO with Bi,Os, the density increased from 2.67 to 2.94 g/cm’. For the
samples Bi-0.0, Bi-1.0, Bi-2.0, Bi-3.0, Bi-4.0, and Bi-5.0, the corresponding (MAC) values were 0.140, 0147, 0.153, 0.159,

Egypt. J. Chem. 68, No. 12 (2025)



416 Gharam A. Alharshan et. al.

0.164, and 0.170 cm? g'l. For Bi-0.0, Bi-1.0, Bi-2.0, Bi-3.0, Bi-4.0, and Bi-5.0, the corresponding TVL values at 0.05 MeV
were 0.513, 0.458, 0.413, 0.378, 0.351, and 0.329 cm. When the amount of Bi** jons in the glass structure rose, the band gap
of optical energy (directly as well as indirectly) reduced, but the Urbach energy increased due to structural defects in the
resultant glass. It has also been demonstrated that increasing non-bridging oxygens (NBOs) by adding Bi** ions raise the
dielectric constant (g), optical dielectric constant (g"), and index of refraction (n). The other optical characteristics, like x*, X 3
and n, optical, also decreased. When PbO contents were replaced with Bi,O3, mechanical moduli values gradually ascended
until they reached the glassy composite Bi-3.0, which contains 2 mol% PbO and 3 mol% Bi,03, at which point they gradually
decreased once more.
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