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Abstract

:

The process of melt quenching is utilized in the preparation of the PbO-TeO2-MgO-Na2O-B2O3 glasses. The effect of PbO and B2O3 on the physical, structural, and radiation shielding properties of present glasses have been presented in this study. As the lead concentration rises, both the density and the molecular weight rise, climbing from 3.283 to 3.923 g/cm3 and from 105.638 to 128.675 g, respectively. The utilization of PbO as an alternative to B2O3 contributes to an increase in the overall number of at-oms, which in turn contributes to an increase in the molar volume. The XRD spectra show that the samples are amorphous. The different bending and stretching vibrations of the bonds present in the samples are shown by the FTIR spectra. The mass attenuation coefficient (MAC), linear attenuation coefficients (LAC), half-value layers (HVL), and effective atomic number (Zeff) were calculated using Phy-X software within the energy range 0.284–2.506 MeV. These obtained verdicts advocate that pre-pared Pb4 glass containing the highest concentration of PbO showed supreme shielding ability comparing the rest of the pre-pared glasses. According to these results, it can be said that PbO and B2O3 are the weighty additive composites for glass composition in the interest of radiation shielding.
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1. Introduction


Recently, there have been significant advances in materials science and nuclear science. A significant portion of the research, in particular, has been focused on experimental fields, such as the development of improvements in laser devices and radiation shielding.



Several glass systems are used in various applications such as solid-state lasers, optical switches, color displays, optical waveguides, nuclear diagnostics in the medical field, and radiation monitoring [1,2,3]. In addition, people are frequently exposed to hazardous radiation such as γ and X in various fields such as nuclear power plants, cancer centers, examination centers, and some examination laboratories. To avoid dangerous and harmful radiation, proper storage and protection are important and essential [4,5,6]. For a certain level of safety during the use and exposure to these rays, (ICRP) the International Commission on Radiological Protection has approved what is called these radiations.



Depending on the type and strength of radiation, different types of heavy concrete such as barite, magnetite, and serpentine were previously used to protect people from harmful radiation. Although concrete can be designed flexibly, it also has its disadvantages, such as requiring more space, high water content, opacity to visible light, and easy cracking [7,8]. The water content in concrete greatly affects its density and strength. The absorption of radiation by concrete makes it hotter when there is no water in it. Due to its many advantages, such as the low coefficient of thermal expansion, transparency to visible light, small footprint, non-toxicity, and low cost, glass can be used efficiently to overcome the disadvantages of concrete in shielding materials from harmful ionizing radiation [9,10,11,12,13]. For a material to serve as a shield, it should have an adequate and suitable thickness to attenuate the incident radiation from the source. To achieve an acceptable degree of luminescence in the electromagnetic spectrum, borate oxide glasses have been found to be very suitable hosts for rare earth ion doping. Other important properties such as refractive index, rare earth ion solubility, glass density, and glass transition temperature can also be increased [14].



Due to its higher atomic number (Z = 82), lead improves the ability to attenuate γ-radiation. Mechanical strength, thermal stability, and network strength are desirable requirements for radiation attenuators.



Attributed to these noteworthy features of glasses, researchers have invented a suitable glass system by adding numerous composites to improve the ionizing radiation shielding. A few noteworthy works have been abridged here. In 2021, Alotaibi et al. have examined an innovative glass system TeO2–CdO-PbO-B2O3. The addition of PbO instead of B2O3 on these studied glass systems enhanced the shielding ability as well as reduced the transmission factor. Moreover, the increase in the amount of PbO and the enhancement of sample thickness reduced the transmission factor (TF) [15]. During the next year, Fidan et al. studied the arch on the TeO2-BaO-B2O3-PbO-V2O5 glass systems. The enhancement of mol% of BaO decreased the intensity of the EPR spectra. Obtained results advocated that researched glass systems showed a capable possibility for the shielding of gamma, neutron, proton, and alpha radiation. BaO revealed the utmost reflective compound among the researched glasses, considering albedo parametric value [16]. In 2019, Sayyed et al. studied the glass systems with the composition of (50 + x) PbO–5 WO3–5 BaO–10 Na2O–(30-x) B2O3. Sample Pb50B30 showed more radiation attenuation ability due to gaining a greater effective atomic number by holding the higher amount of PbO [17]. In 2020, Singh et al. assessed Al2O3-PbO-B2O3 glass systems and obtained an outcome that the greater amount of WO3 is of utmost apt for shielding against gamma radiation as well as elastic constants and VHN [18]. In 2022, Aboud et al. calculated the γ-radiation shielding characteristics of (70-x) B2O3-10BaO-10Bi2O3-10CdO-xPbO glasses. Their obtained results showed that glass holding the supreme quantity of PbO revealed the best shielding efficiency [19]. In the same year, Showahy et al. researched on the radiological, mechanical, and structural traits of the (72.5-X) B2O3–20Bi2O3–7Al2O3–0.5CuO–x PbO (0 ≤ x ≤ 12 mol%) glass systems. Studied glass samples’ XRD spectra didn’t make clear crystalline peaks. The enlarged quantity of PbO on the worked glass systems lessened Young’s modulus, as well as the longitudinal ultrasonic velocity. The growing amount of PbO content on these worked glass systems increased the mass attenuation coefficient; moreover, lessened the half-value layer [20]. Furthermore, in that year, Geidam et al. explored the structural features of bismuth oxide containing lead-free silica boro tellurite glass systems (Bi2O3–SiO2–B2O3–TeO2). A greater amount of bismuth displayed terrific shielding properties against gamma radiation. The raises of mol% of Bi2O3 exposed nonlinear variation for the molar volume and density values [21]. In this work, the effect of PbO and B2O3 on the physical, structural, and radiation shielding properties have been studied of PbO-TeO2-MgO-Na2O-B2O3 glass systems.




2. Materials and Methods


The melt quenching method was used in the production of PbO-TeO2-MgO-Na2O-B2O3 glasses [22,23]. The AR-grade PbO, TeO2, MgO, NaOH and H3BO3 chemicals of Loba brand were procured from Laboratory Instruments and Chemicals at Ambala Cantt, Haryana, India. On an electronic scale with a resolution of 0.001 milligrams, high-purity chemicals were measured and recorded. In order to get a combination that was consistent throughout, it was first combined in an agate mortar and then heated in a muffle furnace for thirty minutes at 980 °C. In an annealing furnace, a graphite mold kept at 400 °C that had been filled with the molten mixture for two hours. After turning off the furnace, the samples were cooled to room temperature. The photographs of the samples that were made are shown in Figure 1. For the purpose of determining the samples’ densities, the Archimedes principle was used [24,25]. The amount of the chemical composition of the glass systems (PbO-TeO2-MgO-Na2O-B2O3) has been given in Table 1.



Using a copper source and a proportional detector, XRD spectra were obtained using the PAN analytical X-Pert Pro powder.



The spectra were collected using a Thermo Nicolet 380 FTIR spectrophotometer with a wavelength range of 4000 to 400 cm−1.




3. Results and Discussion


3.1. Physical Properties


It was observed that the density and molecular weight increased from 3.283–3.923 (g/cm3) and 105.638–128.675 (g) as lead concentration increased (Table 2). This increasing behavior may have been due to the replacement of boron atoms, which had a smaller atomic mass (10.811 u) with a higher atomic mass of lead (207.2 u) [26]. The substitution of PbO in place of B2O3 also increased the total number of atoms, which in turn increased the molar volume [27]. The ion concentration increased from 3.743–6.426 (×1021 ions cm−3) with lead content. Average boron separation decreased from 3.766–3.473 (×10−8 m) with lead oxide. The polaron radius and interionic distance decreased from 2.595–2.167 (×10−8 m) and 6.441–5.379 (×10−8 m) with the increase in ion concentration. Both these factors depended on the ion concentration. As the number of ions per unit volume increased, both these parameters decreased. Field strength increased from 4.455–6.387 (×1015 cm2). which was due to the decrease in Pb-O bond distance and increase in Pb-O bond strength [28].




3.2. Structural Properties


To further understand their amorphous character, the XRD plots of the glasses are shown in Figure 2. The lack of prominent peaks implied that all the samples were amorphous.



The recorded FTIR spectra are shown in Figure 3. The major band at ~670 cm−1 in the lower wavenumber region was observed, which attributed to the bending vibrations of O-B-O bond and stretching vibrations of Te-O bonds in TeO4 units [29]. The other intense band was observed in mid wavenumber region at ~1000 cm−1, which clearly indicated the presence of stretching vibrations of B-O bonds in BO4 tetrahedra [30]. The two strong bands were observed at ~1235 cm−1 and 1365 cm−1 due to asymmetric stretching vibration of B-O bonds from the ortho borate group and vibration of BO3 units [31,32]. The low wavenumber region band 600–800 cm−1 was due to the bending vibrations of B-O-B groups [33]. The mid-wavenumber region band 800–1200 cm−1 was attributed to the B-O stretching vibration of BO4 units in tri, tetra, and penta borate groups. The high wavenumber region band 1200–1600 cm−1 confirmed the presence of B-O stretching vibration of polymerized BO3 unit [34].




3.3. Radiation Shielding Study


Figure 4 plots the MAC of the investigated glass systems against increasing energy. The MAC of the tested samples was mainly affected by two factors: the energy of the incoming radiation and the concentration of PbO and B2O3. Focusing on the first factor, the maximum MAC values occurred at 0.284 MeV, and were equal to 0.252, 0.274, 0.293, and 0.310 cm2/g for Pb1 to Pb4, respectively. The MAC values then rapidly decreased to 0.183, 0.196, 0207, and 0.217 cm2/g for the same respective glasses as energy increased to 0.347 MeV. From this, we concluded that an increase in the energy of the incoming photons led to a decrease in the MAC values of the glasses. This trend was important as it indicated that the glasses were effective radiation shields against low-energy photons, with a decrease in performance when exposed to higher energy radiation. Regarding the second aforementioned factor, the Pb4 sample had the greatest MAC values at all energies, followed by Pb3, and so on, with Pb1 having the smallest MAC values. Since the Pb4 glass, which had the highest concentration of PbO, also has the highest MAC values, this correlation led to the conclusion that the glass with high amounts of PbO had a high MAC value. In other words, increasing the amount of PbO in the glass systems led to more interactions between the incoming photons and the atoms of the material, so more photons were absorbed or scattered by the glass being blocked from penetrating through the material.



The linear attenuation coefficients (LAC) of two glasses, Pb1 and Pb4, were calculated (Figure 5). These two samples were chosen since they had the lowest and highest PbO concentration, which allowed us to investigate the impact of changing the PbO concentration of the glasses on their LAC values. The figure illustrated that Pb4′s LAC was greater than Pb1′s LAC at all tested energies. These results reinforced the idea that adding PbO to the glasses led to the photons interacting with the glasses with a higher probability, enhancing their attenuation capabilities. From these results, it could be reasoned that high-density glass had a desirable attenuation performance, and thus it was recommended to use a high PbO concentration when preparing a glass system for radiation shields. Additionally, the figure also showed the impact of energy on the LAC values of glasses with varying PbO content. More specifically, at 0.284 MeV, in the low energy range, Pb4′s LAC was almost double Pb1′s. At 0.511 MeV, in the middle energy range, Pb4′s LAC was 1.3 times Pb1′s, and at 1.173 MeV, in the high energy range, Pb4′s LAC was 1.2 times Pb1′s. These results indicated that the advantage of a higher PbO concentration was more pronounced at lower energies, and as energy increased, this advantage became less recognizable.



Figure 6 illustrated the relationship between the Zeff and the energy of the incoming photons. As the PbO concentration increased, the Zeff values increase, as B (Z = 5) was replaced with Pb (Z = 82). More specifically, the respective Zeff values of Pb1 and Pb4 were equal to 26.21 and 37.72 at 0.284 MeV, 22.14 and 32.22 at 0.347 MeV, and 13.78 and 19.00 at 1.333 MeV. Furthermore, at low energies, the probability of the incoming photons interacting with the glasses was higher than at higher energies, since Zeff was high at low energies, and this probability decreased as energy increased, leading to a smaller Zeff at higher energies (0.826–2.506 MeV).



Figure 7 graphs the HVL of the glasses as a function of the PbO content. At 0.284 MeV, adding 15 mol% PbO to the glass system (from 20 to 35 mol%) reduced the HVL from 0.837 cm to 0.570 cm. In other words, adding 15 mol% PbO cut the thickness of the glass needed in half. The same trend could be observed at 0.347 MeV, where the glass with 20 mol% PbO had an HVL of 1.153 cm, while the glass with 35 mol% PbO had an HVL of 0.814 cm, a reduction by a factor of 0.7.



Figure 8 demonstrated the effect of PbO content on the TVL of the glasses at 0.284 MeV. Similar trends could be observed at other energies, which was why only this specific energy was chosen. At this energy, the TVL for Pb1 was equal to 2.780 cm, while the TVL for Pb4 was equal to 1.893 cm. This result confirmed the conclusion from the previous figure that increasing the PbO led to the TVL values decreasing by a factor of 0.68 at 0.284 MeV.





4. Conclusions


The effect of PbO and B2O3 on the physical and structural properties of PbO-TeO2-MgO-Na2O-B2O3 glasses have been presented in this study. As the lead concentration rises, both the density and the molecular weight rise, going from 3.283 to 3.923 g/cm3 and from 105.638 to 128.675 g, respectively. Increased lead content results in an increase in ion concentration from 3.743 × 1021–6.426 × 1021 ions/cm3 per unit volume. The utilization of PbO as an alternative to B2O3 contributes to an increase in the overall number of atoms, which in turn contributes to an increase in the molar volume. According to the XRD spectra, the materials have an amorphous structure in their natural state. The FTIR spectra provides the information on the numerous bending and stretching vibrations that are exhibited by the bonds present in the samples. the substances being analyzed. The MAC, LAC, TVL, and Zeff were calculated. The maximum MAC values occurred at 0.284 MeV, and are equal to 0.252, 0.274, 0.293, and 0.310 cm2/g for Pb1 to Pb4, respectively. The MAC values then rapidly decreased to 0.183, 0.196, 0207, and 0.217 cm2/g for the same respective glasses as energy increased to 0.347 MeV. The MAC results demonstrated that increasing the amount of PbO led to more interactions between the incoming photons and the atoms of the material, so more photons were absorbed or scattered by the glass, being blocked from penetrating through the material. From the HVL results, we found that adding 15 mol% PbO to the glass system reduces the HVL at 0.284 MeV from 0.837 cm to 0.570 cm. The shielding parameters showed that prepared Pb4 glass, which had the highest concentration of PbO showed supreme shielding ability comparing the rest of the prepared glasses.
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Figure 1. Picture of PbO-TeO2-MgO-Na2O-B2O3 samples. 
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Figure 2. XRD plot of the PbO-TeO2-MgO-Na2O-B2O3 samples. 
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Figure 3. FTIR plot of the PbO-TeO2-MgO-Na2O-B2O3 samples. 
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Figure 4. The relation between the MAC and the energy for the Pb1, Pb2, Pb3, and Pb4 glasses. 
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Figure 5. The LAC for Pb1 and Pb4 glasses. 
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Figure 6. The Zeff for the Pb1, Pb2, Pb3, and Pb4 glasses. 
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Figure 7. The HVL for the Pb1, Pb2, Pb3, and Pb4 glasses as a function of PbO. 
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Figure 8. The TVL of the Pb1, Pb2, Pb3, and Pb4 glasses at 0.284 MeV. 
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Table 1. Compositional amount of the PbO-TeO2-MgO-Na2O-B2O3 glasses.






Table 1. Compositional amount of the PbO-TeO2-MgO-Na2O-B2O3 glasses.





	
Glass Code

	
Mol% of the Chemicals Present in the Sample

	
Density (g/cm3)




	
PbO

	
TeO2

	
MgO

	
Na2O

	
B2O3






	
Pb1

	
20

	
10

	
10

	
10

	
50

	
3.283




	
Pb2

	
25

	
10

	
10

	
10

	
45

	
3.484




	
Pb3

	
30

	
10

	
10

	
10

	
40

	
3.680




	
Pb4

	
35

	
10

	
10

	
10

	
35

	
3.923
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Table 2. Physical properties of the glasses.






Table 2. Physical properties of the glasses.





	
Properties

	
Glass Samples




	
Pb1

	
Pb2

	
Pb3

	
Pb4






	
ρ (g/cm3)

	
3.283

	
3.484

	
3.68

	
3.923




	
M (g)

	
105.6

	
113.3

	
120.99

	
128.68




	
Vm (cm3)

	
32.18

	
32.53

	
32.88

	
32.80




	
N (×1021 ions/cm3)

	
3.743

	
4.628

	
5.495

	
6.426




	
Vmb

	
32.18

	
29.57

	
27.40

	
25.23




	
<dB-B> × 10−8 (m)

	
3.77

	
3.66

	
3.56

	
3.473




	
rp × 10−8 (m)

	
2.595

	
2.42

	
2.28

	
2.17




	
ri × 10−8 (m)

	
6.441

	
6.00

	
5.67

	
5.379




	
F × 1015 (cm2)

	
4.46

	
5.132

	
5.754

	
6.387




	
OPD

	
65.26

	
61.49

	
57.79

	
54.88
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