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Sodium diborate glasses containing cadmium and lead oxides were fabricated by the melt
annealing technique. Lead oxide was introduced at the expense of cadmium oxide to
enhance its elastic and shielding properties. The density of the lead-free glass increased
from 2.137 g/em’ to 3.330 g/em’ after replacing cadmium oxide with lead oxide. The
density values were used to investigate the elastic properties of glass using the Makishima-
Mackenzie model. In addition, the Phy-X/PSD code was used to simulate the shielding
properties of such glasses at different photon energies ranging from 0.005 to 15 MeV.
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1. Introduction

Many noteworthy physical and chemical properties are associated with glass, such as its
high density, remarkable light transparency, remarkable corrosion resistance, and compositional
versatility. Furthermore, glass can be produced using a range of techniques. The addition of heavy
metal oxides, in particular lead oxide (PbO), to oxide glass formers produces glass that is stronger
and has remarkable optical, structural, physical, and shielding properties [1-4]. In contrast to other
oxide glasses like silicate (SiO,) and phosphate (P,0s), borate (B,O;) is thought to be a feasible
glass former when it comes to radiation shielding design.

Lead is a noteworthy material in optical fields and radiation shielding applications due to
its high density (11.34 g/cm’) [5, 6]. Lead-containing glasses have tunable mechanical, chemical,
and optical properties as well as good neutron, gamma, and X-ray attenuation, according to
Abouhaswa et al. [7]. Several studies have been conducted to verify the shielding effectiveness of
lead glasses, in which the structural elements of the glasses have been modified by adding various
transition metal oxides to suit particular application scenarios. Kaur and Singh [8] examined the
shielding properties of borate glass that contained lead and aluminum oxides. Similar to this, a
study on lead borate glass was carried out by Abouhaswa et al. [7], who added La as an additive
for shielding. Furthermore, the shielding qualities of zinc borate glass containing lead oxide were
investigated by Ghamdi et al. [9].

The current study looked into the sodium borate cadmium glass system with varying lead
oxide concentrations at the expense of cadmium oxide. The glass density was experimentally
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determined to derive the elastic properties via the Makishima-Mackenzie model. For every glass
sample, the Phy-X/PSD simulation was used to evaluate radiation shielding parameters. The mass
and linear attenuation (MAC and LAC) values were used to calculate and interpret the different
shielding parameters in terms of the PbO content.

2. Experimental

The formula for the glass nominal used in this study is 20Na,0—40B,0;—(40-x)CdO-
xPbO, where x = 0, 10, 20, 30, and 40 mol%. Borax salt is the source of Na,O and B,O;, while
PbO is derived from Pb;O,, and CdO has been purchased in its original form. Every chemical is
99%. After the batch was weighed, it was melted for two hours at 1250 ‘C in an electrical furnace.
Samples that were melted were poured into a specially prepared graphite mold to form the glass
sample. The glass density was ascertained using Archimedes' principle, wherein the glass was
measured for weight suspended in air () and immersed in xylene (7).

3. Methodology and computation methods
3.1. Density and molar volume

The measured density (D..,) was carried out using the Archimedes principle. This
calculation was performed using the following equation [10]:

Dexp(g/cm?) = x 0.863 D

Wy =W,

The molar volume (V,,) of the glass sample was derived by employing the given equation,
which involved the measured glass density (D..,) and the average molecular weight of the sample
(M,,) [11].

Vm (CmS/mOl) = th/Dexp (2)

3.2. The elastic parameters
The mechanical parameters, namely Young's modulus (E), bulk modulus (K), shear
modulus (G), Poisson's ratio (s), and the hardness value (H,), can be evaluated through the
utilization of the packing ratio (V) and the unit volume of dissociation energy (G;), as expressed
by the following equations [12-19]:
2 Vix;
2 Mix;

V, = Deyp X 3)

where the packing density parameter (V) is expressed in cubic centimeters per mole. The ratio of
the metal oxide in mole fraction (x;) is determined, and the molecular weight of the element (M) is
denoted. The product of the molecular weight (M;) and the mole fraction (x;) is represented as
Y. M;x;, which corresponds to the molecular weight of the glass (M,,,).

E =836V, Z Gix; 4)
K = 10v2 Z Gix; (5)
30V2 Z c 6
102V, — 14,7 ®)
c=05-(7.2Vp)7" (7)

H,=G/6.78 (3)
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3.3. Shielding parameters simulation

Photon Shielding and Dosimetry (PSD) is a web-based software application that can be
accessed at https:/phy-x.net/PSD [20]. PSD facilitates the calculation of various radiation
parameters. The parameters covered in this study consist of linear and mass attenuation
coefficients (LAC, MAC), half and tenth value layers (HVL, TVL), mean free path (MFP), and
effective atomic number (Z.). The software has the capability to produce data pertaining to
shielding parameters within the energy range of 1 keV to 100 GeV. The subsequent equations are
employed for the computation of the radiation parameters [21-24]:

LAC (cm™) = MAC x D 9)
HVL (cm) = 0.693/LAC (10)
TVL (cm) = 2.303/LAC (11)

MFP (cm) = 1/LAC (12)

ou WS (MAC),
G L g EAGIAC), (13)

l

In the given equation, N, denotes Avogadro's number, ¢, and ¢, are the atomic and
electronic cross sections, 4; and Z; symbolize atomic weight and number of an element i, and f;
signifies the fraction of element i.

3. Results and discussion

3.1. The glass density and the elastic parameters

The density (D,,) of a sodium borate glass with a 40% cadmium oxide composition was
determined to be 2.137 g/em’. Subsequently, when the cadmium oxide (CdO) replaced lead oxide
(PbO), the D,,, raised to 3.33 g/cm The relationship between the D,,, and the PbO content is
illustrated in Flg 1. The rise in D,,, values may be attributed to the replacement of low-density
CdO (6.95 g/cm’) with high-density PbO (9.53 g/cm’). The density values of these glasses exhibit
a lower magnitude compared to the findings reported by Yasser B. Saddeek [25]. The
measurements indicated a density of 2.377 g/cm’ for sodium diborate glass and 4.060 g/cm’ for
the 20 Na,0—40 B,0;—40 PbO glass composition [25].
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Fig. 1. The correlation between the glass density and molar volume and the glass composition.
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In contrast, it was observed that the molar volume of the glass exhibited a decrease as the
PbO content increased. Specifically, the molar volume (¥,,) decreased from 43.311 c¢m’/mol at 0
PbO to 39.565 cm’/mol at 40% PbO. This decrease suggests that structural modifications occur in
these glasses as a result of the substitution of CdO with PbO and alterations in the concentration of
glass network constituents, such as BO; and BO, structural units. Table 1 presents the data relating
to the molecular weight (M,,), D.,, and V,, for various compositions of sodium borate glass.

Table 1. The values of some physical and mechanical parameters, such as average molecular weight
(M,,), glass density (D.,), molar volume (V,,), Young's modulus (E), bulk modulus (K), shear
modulus (G), Poisson's ratio (o), and the hardness value (H,).

0 PbO 10 PbO_ | 20PbO | 30 PbO | 40 PbO
M, () 92.534 102.340 | 112.143 | 121.950 | 131.752
D, (g/cm’) 2.137 2.360 2.883 3.244 3.330
V, (cm/mol) | 43311 43364 38.897 37597 | 39.565
E (GPa) 53.720 54.153 60.324 61.982 | 58.154
K (GPa) 33.678 35.201 44.963 48910 | 44.894
G (GPa) 21.763 21.773 23.631 24.050 | 22.686
= 0.235 0.244 0.277 0.289 0.282
H, (GPa) 3.210 3211 3.485 3.546 3.346

The elastic properties of the current glasses are contingent upon their composition and
structure. As illustrated in Fig. 2, the elastic parameters exhibited a positive trend with increasing
PbO content up to 30%, followed by a slight decrease at 40% PbO. Specifically, the £ increased
from 53.719 GPa to 58.154 GPa as the PbO rose from 0 to 40 mol%. Similarly, the bulk modulus
and shear modulus increased from 33.678 GPa to 44.394 GPa and 21.763 GPa to 22.687 GPa,
respectively. Additionally, the Poisson's ratio and hardness values increased from 0.235 to 0.282
and from 3.210 GPa to 3.346 GPa, respectively, with an increase in PbO content. Notably, the
glass sample containing 30 mol% PbO exhibited the highest elastic parameter values, as shown in
Table 1. The elastic properties of the present glass samples were found to be superior to those
documented in the literature for Bi,Os-PbO-B,05:Sn0, glass [26]. Specifically, the Young’s
modulus (£) demonstrated a notable improvement, increasing by a factor of 1.92. Additionally, the
bulk modulus (K) exhibited a substantial increase of 2.38 times, while the shear modulus (G)
experienced a significant enhancement of 1.85 times [26]. Furthermore, the present dataset
exhibits elevated values in comparison to those documented in the CuO—CaO—B,0;—PbO glass
[27]. Nevertheless, the aforementioned parameters exhibit lower values compared to the ones
documented in CdO—PbO-ZnO-B,0;-Si0, glass [28].
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Fig. 2. Dependence of the elastic parameters on the glass composition: (a) Young's (E), bulk (K),
and shear (G) moduli. (b) Poisson s ratio (o) and the hardness value (H,).
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3.2. The shielding characteristics

3.2.1. The Mass attenuation coefficient

The MAC can be derived by utilizing the values of the LAC as specified in equation (9).
The LAC values corresponding to various types of glasses are provided in Table 2. Fig. 3 depicts
the relationship between the MAC and the incident photon energies across various glass
compositions. The dependence of MAC curves is contingent upon the specific photon energy
regime, namely the photoelectric (PE; 0.005 MeV-0.1 MeV), Compton scattering (CS; 0.1 MeV—
12 MeV), and pair production (PP; >12 MeV) regimes [5, 18, 29-34]. A notable pattern observed
in the behavior of MAC (mass attenuation coefficient) is a significant decrease in MAC values
within the PE (photoelectric effect) region. This decrease is found to be correlated with the photon
energy (E,””). The observed change in the surface area of the 0 pbO glass sample was significant,
decreasing from 264.354 cm?/g to 0.825 cm?/g, as the photon energy was raised from 0.00589
MeV to 0.1 MeV. Upon further increasing the photon energy to 10 MeV, the mass attenuation
coefficient (MAC) exhibited a decrease to 0.029 cm’/g (the partial cross section is inversely
proportion to the photon energy). Subsequently, in the pair production (PP) region at 15 MeV, the
MAC experienced a slight increase to 0.03 cm?/g (the partial cross section is related to the log (E,).

Table 2. Some values of the linear attenuation coefficient (LAC) of Na,0O—B,0;—CdO—-PbO glasses
at different photon energies.

Photon Energy (MeV) LAC (cm™)
0 PbO 10 PbO 20 PbO 30 PbO 40 pbO
0.00589 564.9248 670.8300 866.0745 1019.0842 1086.8778
0.01381 57.6619 111.7811 184.7214 253.5120 300.5727
0.025 11.6779 32.5815 59.5250 85.6645 104.4097
0.05 10.4985 11.8415 14.7027 16.7785 17.4617
0.08 3.0683 3.5226 4.4348 5.1174 5.3737
0.1 1.7655 4.0734 7.1035 10.0089 12.0525
0.3 0.2786 0.4340 0.6567 0.8587 0.9871
0.5 0.1899 0.2442 0.3328 0.4072 0.4468
0.723 0.1536 0.1832 0.2374 0.2800 0.2987
1 0.1289 0.1481 0.1867 0.2156 0.2261
1.173 0.1183 0.1344 0.1679 0.1924 0.2006
1.275 0.1132 0.1280 0.1594 0.1822 0.1895
1.333 0.1106 0.1249 0.1553 0.1773 0.1842
1.408 0.1076 0.1212 0.1505 0.1717 0.1783
1.5 0.1042 0.1173 0.1455 0.1658 0.1721
2 0.0908 0.1024 0.1271 0.1449 0.1505
2.506 0.0825 0.0935 0.1167 0.1336 0.1391
3 0.0771 0.0879 0.1102 0.1267 0.1325
4 0.0703 0.0814 0.1031 0.1196 0.1259
5 0.0667 0.0781 0.1000 0.1168 0.1237
10 0.0627 0.0768 0.1013 0.1211 0.1307
15 0.0645 0.0809 0.1085 0.1312 0.1428

The incorporation of lead oxide (PbO) into the glass structure results in an elevation of the
MAC values. At a photon energy of 0.00589 MeV, the MAC exhibited a 7.5 timed increase when
the PbO ratio was 10%. Furthermore, the MAC increased to 23.5 times its initial value when the
glass was devoid of CdO content, with a PbO ratio of 40%. Similar patterns of behavior were
observed across various energy ranges. Moreover, the spectra of MAC exhibit certain edges that
suggest the presence of absorption edges corresponding to the following:

i- The L; absorption edge of lead (Pb) was detected at 0.01304 MeV.

1i- The L; absorption edge of lead (Pb) was detected at 0.01586 MeV.

iii- The K absorption edge of Cadmium (Cd) was observed at 0.02671 MeV.

iv- The K absorption edge of lead (Pb) was determined at 0.088 MeV.
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Fig. 3. The mass attenuation coefficient (MAC) at different photon energies for
cadmium sodium diborate glass containing lead oxide.

3.2.2. The half and tenth value layers
HVL and TVL are utilized as metrics to assess a material’s behavior to attenuate incident

photon energies 50% and 10% of their original values, respectively. Fig. 4 illustrates the change in
the HVL and TVL across glasses within distinct photon energy ranges.
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Fig. 4. The half and tenth value layers (HVL and TVL) at different photon energies
for different glass compositions.

In the context of the PE region, it is observed that both the HVL and the TVL exhibit
reduced magnitudes. Consequently, it can be inferred that any of the presently available glasses are
capable of effectively attenuating radiation intensity to a minimum level or within the safety
threshold. To illustrate, the HVL for the free PbO glass (0 PbO) was measured to be 0.0123 mm at
an energy of 0.00589 MeV, and 4 c¢cm at an energy of 0.1 MeV. Within the context of the CS
regime, it is observed that the HVL exhibits an upward trend as the energy of photons increases.
Specifically, at an energy level of 10 MeV, the HVL reaches a value of 11 cm. However, a slight
reduction is observed at 15 MeV, resulting in an HVL of 10.75 cm. This decrease could be related
to the pair production (PP) process. The presence of PbO resulted in a reduction in HVL values,
with a reduction of 48% when compared to the free PbO sample at 0.00589 MeV, 0.6 mm at 0.1
MeV, and 5.3 cm at 10 MeV for 40% PbO. The similar behavior is observed for the TVL behavior,

as the TVL can be calculated directly from the HVL.
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3.2.3. The mean free path and the effective atomic number

MEFP pertains to the average distance traversed by atoms, molecules, or photons, prior to
undergoing substantial alterations in its trajectory, energy, or other characteristics.

Shielding technology typically favors a lower value of the MFP. As depicted in Fig. 5, the
MFP was observed to be approximately 0.02 ml within the lower range of photon energies,
particularly in the photoelectric (PE) region. This measurement was obtained for the 0 PbO sample
within the energy from 0.00589 MeV to 0.00654 MeV. Subsequently, the MFP increased to 5.7
mm at energy of 0.1 MeV. The MFP within the CS region exhibited a significant increase,
reaching 7.76 cm at 1 MeV and 16 cm at 10 MeV. Additionally, the inclusion of lead oxide (PbO)
in the network made a decrease in the MFP values within the PE and CS regions. Hence, the
inclusion of PbO enhances the shielding characteristic observed in these materials.

—— 0 PbO

0.01 0.1 ] 10
Photon energv. E (MeV)

Fig. 5. The dependence of the mean free path (MFP) on the photon energies for the studied glasses.

The behavior of the glasses in terms of the Z. is illustrated in Fig. 6. The observed
samples exhibit a range of Z,; values at lower photon energies, spanning from 0.00589 MeV to 0.1
MeV. In the region beyond the photoelectric (PE) effect, there was a significant decrease in the
effective nuclear charge (Z.) from 32.075 to 18.467, corresponding to an increase in energy from
0.1 MeV to 15 MeV for the sample of lead oxide (PbO). Nevertheless, the introduction of PbO
into the glass led to an increase in the Z.; values at specific energy levels. Specifically, the Z;
values increased from 37.3 to 62.82 at an energy of 0.00589 MeV, from 32.075 to 71.51 at 0.1
MeV, from 12.65 to 19.47 at 1 MeV, and from 18.47 to 33.346 at 15 MeV, as the PbO content
varied from 0 to 40%. Therefore, the Z,; values are impacted by the lead oxide contents.
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Fig. 6. The effective atomic number (Z,y) of the current glasses at different energies.
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4. Conclusion

The present study involved the successful preparation and investigation of glasses
containing cadmium sodium diborate, with a cadmium content of 40 mol%. The investigation
encompassed an analysis of the glasses' density, elastic, and shielding properties. The
incorporation of PbO into the host network was achieved by substituting the CdO component. The
incorporation of PbO into the glass network resulted in an enhancement of these parameters,
leading to increased hardness values and Poisson's ratios. The Phy-X PSD software was utilized to
predict and simulate the shielding parameters. These glasses exhibit a shielding effect against
photons, X-rays, and gamma rays. The glass composition containing 40 mol% PbO exhibits a
relatively high effective atomic number of 71.51 at an energy level of 0.1 MeV.
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