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a b s t r a c t

The radiation shielding properties of telluro-borate glasses have a great importance in

nuclear industry. This work focused on the study of the glasses of the (70-x)B2O3e5TeO2

e20SrOe5ZnO-xBi2O3 (with 0 � x � 15%mol%) system, which have been synthesized by the

melt-quenching route. The scanning electron microscope (SEM) analysis showed no

agglomeration on glassy surfaces, which confirmed the amorphous state. The thermal

differential analysis (DTA) showed that the glass transition temperature (Tg) decreased

from 589.90 �C to 529.51 �C with replacing B2O3 mol% by Bi2O3 mol%. The mechanical

properties of these glasses have been evaluated by investigation of the parameters, such as

the bulk modulus (K), the Young's modulus (E), the shear modulus (S), the longitudinal

modulus (L), and the Poisson coefficient, which are changed by Bi2O3 doping. The radiation

shielding properties of these prepared glasses have been evaluated, and we reported the

effective atomic number (Zeff) at 0.511 MeV. The results showed that the glass with x ¼ 15%

has the highest Zeff. We found that the Zeff is almost doubled when the concentration of

Bi2O3 is increased from 0 mol% to 15 mol%. The findings provide a deeper understanding of

the thermal, mechanical, and shielding properties of glass and have potential applications

in areas such as construction and radiation protection.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1 e Density and physical image for the glass
samples.

Sample code Density (g/cm3) The physical image

S1 2.90

S2 3.00

S3 3.41

S4 3.92

S5 4.28
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1. Introdcution

Glass is a material that is frequently used for the purposes of

radiation shielding, and scientists are constantly looking

into new methods for producing glasses that are more effi-

cient [1]. In this regard, due to their great density and effi-

ciency at absorbing gamma photons, lead-based glasses are

presently the most frequently employed materials for radi-

ation protection [2,3]. However, research and development

efforts are currently underway to design and test novel ma-

terials that have the potential to increase shielding effec-

tiveness while also reducing weight. These advancements

are essential for enhancing the protection and safety of

personnel who are subjected to ionizing radiation in a variety

of different sectors [4e8]. Glass is an essential component in

the development of a wide variety of new technologies, due

to the fact that it possesses a rare combination of qualities,

such as durability, transparncy, and a low cost of production.

Optical fiber communication, solar panels, touchscreens, the

automobile sector, architecture, healthcare, radiation pro-

tection, and the production of energy are some examples of

applications for glasses [9e14]. Glass's thermal characteris-

tics, such as its glass transition temperature, crystallization

temperature, and melting temperature, are key factors in

influencing the effectiveness, safety, and efficiency of glass

applications and products. These characteristics are impor-

tant for comprehending the behavior patterns of glass

products under different thermal and environmental factors

in addition to their design, optimization, and processing.

Investigating the thermal properties of glasses can open up

new possibilities for their usage in a variety of applications

and support the development of innovative glass-based

products [15e19].

On the other hand, the durability and dependability of

glass products in a variety of applications are significantly

influenced by themechanical properties of glass, notably their

elastic moduli and hardness. The shaping, cutting, and pol-

ishing of glass all depend on the mechanical qualities of the

glass being processed, and these properties play a significant

role. Knowing about these characteristics can assist in

improving the quality of glass products as well as the re-

quirements under which they are processed by optimizing the

conditions [20e22].

The analysis of the thermal, structral, and mechanical

properties of radiation shielding glasses can provide

extremely helpful insight and understanding into the

behavior and capabilities of these materials under a wide

variety of different situations. With the use of this knowledge,

radiation shielding glass processes can be made more effi-

cient, safety and dependability can be ensured, and new and

better radiation protection products can be developed for a

range of applications [23e27].

In this paper, we prepare new borate glasses with different

concentrations of Bi2O3. The addition of Bi2O3 to borate glasses

has a number of advantages, including greater thermal sta-

bility, increased radiation shielding, and enhanced mechani-

cal characteristics, making it a crucial component in many

applications. When it comes to radiation shielding applica-

tions, Bi2O3 is chosen over PbO due to the fact that it is less
hazardous, has a higher density, is cost-effective, is readily

available, and is less harmful to the environment. In com-

parison to PbO, the substance Bi2O3 has a lower impact on the

surrounding environment.
2. Materials and methods

2.1. Glass preparation

By using the melt quenching approach, a number of glasses

with formulas (70-x)B2O3e5TeO2e20SrOe5ZnO-xBi2O3,

x ¼ 0%, 1%, 5%, 10%, and 15% mol have been obtained, as

explained in previous studies [28]. S1, S2, S3, S4, and S5 were

the designations given to the created glasses for x ¼ 0, 1, 5,

10, and 15 mol% of Bi2O3. Using the classic Archimedes

method and toluene as the liquid medium, the density (r) of

the produced glass specimens was computed as shown in

Table 1.
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2.2. Morphology study

With the aid of an energy dispersive X-ray spectroscopy (EDX)

analyzer-equipped scanning electron microscope (SEM), all of

the prepared glasses were examined. The EDX allows for an

approximate estimation of the elemental elements contained

in the examined glasses. A 5.00 kV electron beam was used to

acquire the microstructures at a magnification of 10 kV.

2.3. The differential thermal analysis DTA

The differential thermal analysis DTA is a critical technique

for glassy materials, as it indicates the temperature at which

the material transitions from a rigid, glassy state to a flexible,

rubbery state, which enables us to understand the underlying

thermal transition processes. In this regard, the DTA discloses

more information on the thermal stability of glass during the

manufacturing process and identifies potential issues such as

defects, impurities, or variations in composition that can

affect the thermal properties, including heat capacity,

enthalpy, and temperature dependence of the thermal tran-

sitions. This information can be used to understand the un-

derlying mechanisms of thermal transitions and optimize the

processing and performance of glass materials. The Perki-

nElmer and Pyris Diamond (TG/DTA) instrument was used to

perform a differential thermal analysis to determine the glass

transition temperature Tg. In this experiment, 20 mg of the

powdered glass sample was heated in a platinum pan at a rate

of 10 �C per minute between 30 and 1000 �C.

2.4. Mechanical properties

Mechanical testing helps to ensure that the glass produced

meets the required specifications and standards for strength

and durability. Due to the use of glass in various applications

such as building construction, automotive, and consumer

goods. Testing the mechanical properties helps to ensure that

the glass will not fail under normal conditions and will not

pose a safety risk to people and property. In this regard, by

understanding the mechanical properties of glass, engineers

can optimize the design of glass components and structures,

improving their performance and reliability. For example, the

hardness test can determine its resistance to scratching,

abrasion, and other forms of surface damage. Testing the

hardness of glass helps to ensure that it will retain its

appearance and functionality over time. For a specific pur-

pose, such as radiation protection or optical components, we

need glass materials, which depend on the hardness of these

materials. Moreover, calculating the elastic modulus is

necessary to determine how hard glass samples are.

Herein, a suitable method of studying mechanical prop-

erties of small volume materials is via indentation hardness,

where a fixed load on the diamond indenter is applied and

measured using a microscope. Vickers hardness is the most

widely used among several geometry indenters in hardness

testing. The diamond pyramid hardness number HV is the

ratio of the applied load (P) to the contact surface area (a2)

(see Eq. (1)). Low load hardness testing was conducted and a

load levels of 50 N with dwell period of 20s at room temper-

ature [29].
HV ¼ P
a0a2

(1)

Where a0 is an indenter constant of 2.157, the present exper-

iment used a diamond pyramid indenter.

The period of pulse reception display was evaluated for

longitudinal velocity (VL) and shear velocity (VS) [30].

This relationwas used to obtain the ultrasonic velocity (see

Eqs. (2) and (3)).

VL ¼2d
Dt

(2)

VS ¼2d
Dt

(3)

Where d is the glass thickness and Dt is the period gap.

The elastic modulus is expressed using Cauchy relation:

L¼ rV2
L (4)

(L) denotes a homogeneous isotropic material.

G¼ rV2
s (5)

G represents shear resistance.

Bulk modulus (K) represents hydrostatic pressure

incompressibility.

K¼3L� 4G 3 =3 (6)

Young modulus describes the uniaxial proportionality of

stress and strain.

E¼2ð1þ sÞG (7)

The Poisson's ratio identifies the ratio of axial strain to

radial strain [30].

s¼ L� 2G
2ðL� GÞ (8)

Poisson's ratio s was analyzed via Eq. (8).
3. Results and discussion

3.1. Scanning electron microscope (SEM) analysis

The prepared glasses, labelled S1, S2, and S5, are analyzed by

scanning electron microscopy (SEM) to determine the surface

morphology of the glasses. The obtained surface photographs

by scanning electron microscopy (SEM) corresponding to the

three glasses (S1, S2, and S5) are shown in Fig. 1(aec). The SEM

photographs show the surface morphology of the three

glasses analyzed (S1:1 mm, S2: 5 mm, and S5: 1 mm). From the

comparison of the SEM photographs, the corresponding sur-

faces for these three glasses are characterized by smooth

surfaces without any clusters [31,32]. So, these obtained SEM

photographs conform to the amorphous state that was stud-

ied by X-ray diffraction patterns by exposing a broad peak of

the studied glasses [28]. Furthermore, it observed similarities

among all sample profiles. The bismuth oxide-doped glasses

showed a similar morphology, too.

Fig. 1. SEM images of S1, S2 and S5 glass samples

respectively.
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3.1. B. energy-dispersive X-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy (EDX) is used to eval-

uate the concentrations of the elements present in the pre-

pared glasses. Fig. 2(d-f) shows the X-ray spectra produced by
Fig. 1 e SEM images of S1(a), S2(b) and S5(c) glass samples

(please replace these SEM photo by other of glasses).
the EDX analysis of the glasses S1(d), S2(e), and S5(d). From

Fig. 2(d-f), it is observed that all EDX spectra reveal that the

glasses are free from contamination since only the expected

constituents are present (O, B, Bi, Te, Sr, and Zn). The atomic

and weight data for several elements acquired from the EDX

analyses are listed in Table 2. However, the intensity corre-

sponding to each peak for each element in the EDX spectra

changed from composition to composition, which means that

the intensity of each element depends on its concentration

[33,34].

3.2. Differential thermal analysis

The differential thermal analysis was investigated to study

the prepared glasses of the (70-x)B2O3e5TeO2 e20SrOe5ZnO

exBi2O3 system, with (x ¼ 0% (S1), 1% (S2), 5% (S3), 10% (S4),

and 15 mol% (S5)). Fig. 3 (S1eS5) shows the thermograms

recorded in the temperature range 40e1000 �C, corresponding
to the glasses S1 and S5. These thermograms depict three

important parameters: glass transition temperature (Tg),

crystallization temperature (Tc), and melting temperature

(Tm), which strongly depend on the chemical composition of

the prepared glasses. Thanks to the evolution of the values

corresponding to these parameters (Tg, Tc, and Tm) (see Table

3), it can study the influence of Bi2O3 content replacing B2O3

content in the glassy framework. Tg is slightly reduced from

589.90 �C (S1) to 529.51 �C (S5) when 1 mol% Bi2O3 content is

inserted into the glassy framework. It is widely known that

the glass transition temperature is a structurally sensitive

characteristic that depends on the bond strength, degree of

cross-link density, and packing density [35]. Through the

insertion of Bi2O3 into the glass-network, the BieO bonds

(DHf298 ¼ 343 Kj/mol) replace BeO the bonds (DHf298 ¼ 806 Kj/

mol) [36]. It was expected that once Bi2O3 replaced B2O3, the Tg

would decrease, and the experimental data conformed to this

expectation (see Fig. 4 and Table 3). In addition to the slight

decreasing of the parameters, crystallization temperature (Tc),

and melting temperature (Tm) went from 737.74 �C (S1) to

733.20 �C (S5) and from 895.05 �C (S1) to 862.56 �C (S5),

respectively. Decreasing the values of these thermal param-

eters (Tg, Tc, and Tm) can be associated with replacing the

BieO bonds with ones that are less rigid than BeO bonds. On

the other hand, R.S. Kundu еt аl. Found that the Tg values of

glasses in the 60TeO2�xBi2O3�(30-x)B2O3e10ZnO system,

where 0 � x � 20 mol%, decrease as the Bi2O3 content in-

creases. This decrease in Tg with bismuth content may be

attributed to two possible reasons: firstly, there could be a

change in the structure of TeO2 in the glass compositions

studied here; secondly, the oxygen packing density could be

reduced, indicating that the structure becomes more loosely

packed. A loosely packed structure requires less internal en-

ergy for chainmobility, which is necessary for glass transition.

As a result, incorporating Bi2O3 into the glass framework

signifies the creation of more macromolecular chains that

are more open in nature. This, in turn, causes a reduction in

Tg [37].

In addition, it can follow the impact of Bi2O3 on the struc-

tural stability of these obtained glasses by determining the

parameters HR and Trg, which are calculated by Eqs. (9) and

(10):

https://doi.org/10.1016/j.jmrt.2023.04.082
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Fig. 2 e EDX spectra of the glasses S1 (d), S2 (e), and S5 (f).
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HR ¼ Tc � Tg

T � T
(9)
m c

Trg ¼ Tg

Tm
(10)

The values corresponding to the calculated parameters, HR

and Trg, are summarized in Table 3. Additionally, a variety of

methods are used to examine the level of glass stability based

on the Tg, Tc, and Tm characteristic temperatures acquired

from DSC curves. Sakka and Mackenzie [36,38], examined the

glass thermal stability of several compounds using the ratio

Tg/Tm. Furthermore, the glass criterion [T ¼ (Tc-Tg)] is an

important measurement that provides information on glass

stability and glass production capacity [39]. A more con-

strained crystallization process is implied by a higher value of

DT. Hruby devised the Hr criterion, Hr ¼ DT/(TmeTp), using the

aforementioned typical temperatures. Where the value of Hr
Table 2 e Elemental compositions in glasses S1, S2, and S5 ob

Element Atomic number Atomic weight S1

(Wt.%)

O 8.00 16.00 57.10

B 5.00 10.81 31.90

Bi 83.00 208.98 0.80

Sr 40.00 87.62 9.20

Zn 30.00 65.38 0.50

Te 52.00 127.60 0.40

Total 99.90
provides details on the likelihood of glass formation. Accord-

ing to Fig. 4 and Table 3, the thermal stability parameters (DT

and HR) rise as the Bi2O3 content rises. Materials with higher

values (DT: from 147.84 �C to 203.69 �C and HR: from 0.94 to

1.57) of these factors typically have greater glass thermal

stability because they enable the prediction of glass-forming

ability. Elsewhere, the parameter Trg may not explain the

stability in this case of these glasses because it varies

inversely (from 0.66 to 0.61) with the parameters DT and HR

(see Table 3 and Fig. 5). Finally, the calculated parameters'
values are affected by the stability (DΤ and HR), which in-

creases with increasing Bi2O3 content in the glassy network

[40]. This allows us to use these glasses containing the Bi2O3

content as good radiation shields (see the next section on the

radiation shielding). In addition, the thermal analysis of the

obtained glasses could offer good information about their

mechanical state (see the mechanical properties section).
tained from EDX analyses.

S2 S5

(At.%) (Wt.%) (At.%) (Wt.%) (At.%)

53.75 54.60 49.96 31.94 69.93

44.45 36.10 48.89 4.60 14.92

0.06 4.80 0.34 41.70 7.00

1.58 3.30 0.55 14.70 5.88

0.12 1.20 0.27 1.20 0.64

0.05 0.00 0.00 5.90 1.62

100.00 100.00 100.00 100.00 100.00

https://doi.org/10.1016/j.jmrt.2023.04.082
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Fig. 3 e Plots of Differential Thermal Analysis DTA of

prepared glasses S1 and S5.

Fig. 4 e Variation of the glass transition temperature (Tg)

as a function xBi2O3 mol%.

Fig. 5 e Evolution of the thermal parameters: HR and DT as

a function of Bi2O3 content.
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3.3. Mechanical properties

Glass mechanical properties are affected by microstructure

and phase crystalline assembly [41]. Glass hardness is

commonly interpreted as resistance to abrasion and

scratching [42]. Glass properties vary significantly with

chemical composition [43]. Microscopic cracks or surface

layer defects determine glass strength [44]. Glass has

exceptional properties such as high resistance, hardness,

and low toughness fracture, which have numerous techno-

logical applications in house construction, bridge construc-

tion, and medicine (biocompatibility, prosthetic dentistry)

[45].
Table 3 e Determinate thermal parameters (Tg, Tc, Tm,
HR, Trg, and DΤ) of the glasses S1, S2, S3, S4, and S5.

glasses S1 S2 S3 S4 S5

parameters

Tg ± 2 (�C) 589.90 585.90 561.97 542.98 529.51

Tc ± 2 (�C) 737.74 736.11 735.60 706.89 733.20

Tm ± 2 (�C) 895.05 888.50 875.47 868.15 862.56

HR 0.94 0.98 1.24 1.02 1.57

Trg

DT ± 4 (�C)
0.66

147.84

0.66

150.21

0.64

173.63

0.62

163.91

0.61

203.69
The pressure needed to remove the vacant space in glass

and reflect the glass network's distortion is known as micro-

hardness. Glass's free space is reduced by applying high hy-

drostatic pressure, leading to a denser glass structure [46].

The Vickers hardness does not change linearly with the

Bi2O3 level, as demonstrated in Fig. 6 and Table 4. That is,

regardless of the Bi2O3 composition, the hardness changes

significantly while its value remains essentially constant. It

found that the harness value increased from 2.422 Gpa (S1) to

2.989 Gpa (S4), then it decreased to 1.420 Gpa (S5) as the con-

centration of Bi2O3 content increases from 0 (S1) to 15 (S5) mol

%. The increase in hardness, Hv, might due to change of

structural units from TeO4 to TeO3 with the formation of non-

bridging oxygen atoms that results in decreasing of

compactness of the glass network. But the decreasing in

harness could be associated to decreasing the formation of

non-bridging oxygen atoms [47].

The proportion of transverse to longitudinal strain gener-

ated under a tensile force is known as Poisson's ratio. Fig. 7

illustrates the variation of the Poisson's ratio as a function of

the Bi2O3mol%. As shown in Table 5, with the increase in Bi2O3

https://doi.org/10.1016/j.jmrt.2023.04.082
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Fig. 6 e Hardness against Bi2O3 content (mol%).

Fig. 7 e Poisson ratio against Bi2O3 content (mol%).
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concentration from 0 (S1) to 15 (S5) mol%, Poisson's ratio un-

dergoes a decrease from 0.1684 (S1) to 0.1096 (S2), an increase

from 0.1096 (S2) to 0.3204 (S3), and another decrease from

0.3204 (S3) to 0.0973 (S5). Crosslink density is known to impact

Poisson's ratio values, indicating whether the glass structure

has high or low cross-link density. Furthermore, changes in

bonding type from covalent to ionic or vice versa and the

average cross-link density of the glass can affect Poisson's
ratio values [47e49].

Table 5 presents the longitudinal and shear ultrasonic

velocity variations at room temperature for glasses with a

composition of (70-x)B2O3e5TeO2e20SrOe5ZnO-xBi2O3, while

Fig. 8 provides a visual representation of the data. The longi-

tudinal ultrasonic velocity (VL) shows a decreasing trend from

5111.11m/s (S1) to 5111.11m/s (S4), while the shear ultrasonic

velocity (VS) initially increases from 3700.44 m/s (S1) to

3783.78 m/s (S2), followed by a decline to 3305 m/s (S4).

However, at the composition S4 (x ¼ 10 mol%), both the

longitudinal and shear ultrasonic velocities begin to rise,

leading up to the composition S5 (x ¼ 15 mol%). The glass

structure experiences a significant change upon the addition

of Bi2O3, which is reflected in the difference in the ultrasonic

velocities of the glass network [49]. The reduction in ultrasonic

velocities is associated with a decrease in the rigidity of the

glass, which is caused by the addition of Bi2O3, resulting in a

shift of structural units from TeO4 to TeO3 and the formation

of non-bridging oxygen atoms (NBOs), leading to the glass

network becoming sparsely packed [46]. Additionally, the

decrease in longitudinal and shear ultrasonic velocities may

be attributed to the increase in the oxygen molar volume,

which causes a weakening of the glass structure [50].
Table 4 e Vickers hardness of the synthesized glasses system

Glass sample Hardness D1±0

S1 2004.50 ± 24 0.03

S2 2116.50 ± 19 0.02

S3 2126.40 ± 26 0.02

S4 2273.77 ± 23 0.02

S5 1153.20 ± 35 0.05
It is advantageous to have a solid understanding of the

elastic moduli of glassy materials for the process of drawing

glass. Naturally, the elastic moduli of the examined glasses L,

G, and E increased in value from 99.58 to 113.06 GPa,

39.71e50.44 GPa, and 92.79e110.69 GPa, respectively,

whereas K's elastic moduli decreased from 46.63 to 45.81 GPa.

The variation of L, G, E, and K of the current glasses as a

function of Bi2O3 concentrations is shown in Fig. 9. The

glasses being studied show a variation in their elastic

moduli. Specifically, the longitudinal modulus, L, decreases

from 99.58 Gpa (S1) to 90.72 Gpa (S3) and then increases to

113.06 Gpa (S5). The shear modulus, G, increases from 39.71

Gpa (S1) to 42.95 GPa (S2), then decreases to 23.97 Gpa (S3),

and then increases to 50.44 Gpa (S5). Similarly, the bulk

modulus, K, decreases from 46.63 Gpa (S1) to 40.69 GPa (S2),

then increases to 58.76 Gpa (S3), and then decreases to 45.81

Gpa (S5). Young's modulus, E, shows an increase from 92.79

to 95.32 GPa (S2), followed by a decrease to 63.30 Gpa (S3), and

then an increase to 110.69 Gpa (S5). The changes in elastic

moduli can be attributed to the structural unit of the glass

changing from TeO4 to TeO3 with the formation of non-

bridging oxygen atoms. This change in rigidity is respon-

sible for the observed increase or decrease in the elastic

moduli of the glass samples. The differences between

longitudinal modulus, L, and shear modulus, G, can be

attributed to changes in volume due to compressions and

expansions that are involved in longitudinal strain, whereas

no change in volume occurs in shear strain [46,47,51].

3.5. Radiation shielding study

When analyzing the ability of a substance to protect against

ionizing radiation, the effective atomic number (Zeff) of the
.

.001 D2±0.0013 HV(Gpa)

0.031 2.422 ± 0.102

84 0.0281 2.638 ± 0.122

58 0.0261 2.840 ± 0.141

49 0.0248 2.989 ± 0.156

18 0.0522 1.420 ± 0.035
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Table 5 e The Ultrasonic velocities, elastic moduli and poison's ratio in S1eS5 glasses.

Glass Codes Ultrasonic velocities Elastic Moduli Poison ratio

VL (m.s�1) VS (m.s�1) L GPa G GPa E GPa K Gpa s

S1 5859.87 3700.44 99.58 39.71 92.79 46.63 0.1684

S2 5714.29 3783.78 97.96 42.95 95.32 40.69 0.1096

S3 5157.89 2651.30 90.72 23.97 63.30 58.76 0.3204

S4 5111.11 3305.79 102.40 42.84 97.71 45.29 0.1404

S5 5139.66 3432.84 113.06 50.44 110.69 45.81 0.0973

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 4 : 4 3 5 3e4 3 6 34360
substance is one of themost important factors to consider. For

the prepared glasses, we evaluated the Zeff at 0.511 MeV. We

used Phy-X software to determine the Zeff at this energy [52].

We plotted the Zeff for the investigated glasses at 0.511 MeV in

Fig. 10. The Zeff of the investigated glasses appears to increase

as the concentration of Bi2O3 increases from 0 mol% to 15 mol

%. This suggests that the glass with x ¼ 15% has the highest

Zeff. The reason for this trend is likely due to the higher atomic

number of Bi (83) compared to that of B (5), which suggests

that the introduction of Bi2O3 into the glass composition re-

sults in an increased average atomic number of the glass

network. This increase in Zeff may reflect a higher density of
Fig. 8 e Shear and longitudinal velocities against Bi2O3

content (mol%).

Fig. 9 e Elastic moduli variation with Bi2O3 content (mol%).
electrons in the glass, resulting in enhanced absorption of

radiation at 0.511 MeV, as seen in Fig. 10. Overall, the results

suggest that the addition of Bi2O3 can significantly affect the

atomic structure of glasses, which could have important im-

plications for their physical and optical properties. The nu-

merical values of the effective atomic number (Zeff) for the

glasses with x ¼ 0 and x ¼ 15 mol% are 11.97 and 22.31,

respectively, indicating a significant increase in Zeff with

increasing concentration of Bi2O3. Based on the observed in-

crease in Zeff from 0 to 15 mol%, it can be inferred that the Zeff

will roughly double its initial value if the concentration of

Bi2O3 is further increased from 0 to 30 mol%. The observed

increase in Zeff may also reflect an increase in electron density

in the glass, which could have important implications for the

glass's physical and optical properties. This suggests that the

Zeff glass sample has the potential for enhanced radiation

shielding and might be exploited to develop novel radiation

shielding glasses.

In Fig. 11, we compared the Zeff for these glasses at

0.511 MeVwith B2O3eBi2O3ePbOeAl2O3eCuO glasses [53]. The

glasses selected for the comparison in this figure contain

20 mol% of Bi2O3. Also, they contained PbO, which is a heavy

metal oxide. The 20 mol% of Bi2O3 and the PbO can increase

the Zeff for the B2O3eBi2O3ePbOeAl2O3eCuO glasses, howev-

er, we found that, from our glasses, the sample with 15 mol%

of Bi2O3 has almost the same Zeff as the sample with a

composition of 66.5B2O3e20Bi2O3e6PbOe7Al2O3e0.5CuO.
Fig. 10 e The effective atomic number of the investigated

glasses at 0.511 MeV.
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Fig. 11 e The effective atomic number of the investigated

glasses at 0.511 MeV in comparison with

B2O3eBi2O3ePbOeAl2O3eCuO glasses.

Fig. 13 e The effective atomic number of the investigated

glasses at 0.511 MeV in comparison with SrOePbOeB2O3

glasses.
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Also, the Zeff for the glass with a composition of 72.5B2O3-

e20Bi2O3e7Al2O3e0.5CuO is 20.04, which is close to the Zeff for

our glass with 15 mol% of Bi2O3 which is 19.05.

In Fig. 12, we compared our glasses to those of glasses

containing high concentrations of BaO (40e46 mol%) [54]. By

comparing the characteristics of these glasses, we can gain

insights into how the addition of Bi2O3 affects the shielding

properties of the glass network. It is well known that BaO is a

heavy metal oxide and that using it in glasses can result in

glasses with relatively high Zeff. Among our glasses, the

sample with 5 mol% of Bi2O3 has a close Zeff with the glass

containing 42 mol% of BaO from the CaF2eBaOeP2O5 glass

system. Also, from our glasses, the two samples with 0 and
Fig. 12 e The effective atomic number of the investigated

glasses at 0.511 MeV in comparison with CaF2eBaOeP2O5

glasses.
1 mol% of Bi2O3 have a lower Zeff than all the CaF2eBaOeP2O5

glasses. However, when we used 10% and 15%mol% Bi2O3, we

obtained glasses with a higher Zeff than the CaF2eBaOeP2O5

glass system. Overall, this analysis helps to place the findings

of our investigation into a broader context and highlights the

unique properties of our Bi2O3-containing glasses.

In Fig. 13, we compared our current glasses in terms of Zeff

with borate glasses, which contain 10e30 mol% of PbO [55].

Our prepared glasseswith 0mol% and 1mol% of Bi2O3 showed

a close Zeff with 20SrOe10PbOe70B2O3. Also, our glass sample

with 5 mol% shows a close Zeff with 10SrOe20PbOe70B2O3.

10SrOe20PbOe70B2O3 glasses contain 20 mol% of PbO (which

is a toxic compound). From our glasses, the glass with 5 mol%
Fig. 14 e The effective atomic number of the investigated

glasses at 0.511 MeV in comparison with glasses

containing Bi2O3 and PbO.
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of Bi2O3 has the same Zeff as the glass with 20mol% of PbO. So,

we can use a glass sample with the same effectiveness in ra-

diation protection but containing Bi2O3 instead of PbO, so we

can reduce the environmental issues of the lead. On the other

hand, the same degree of radiation safety efficiency can be

obtainedwhile lowering the possible environmental impact of

lead by substituting Bi2O3 for PbO in the glass composition.

Radiation shielding can be accomplished in a way that is less

harmful to the environment if Bi2O3 is used rather than lead

oxide.

In Fig. 14, we showed the comparison between the Zeff for

our glasses and that other glasses containing Bi2O3 and PbO

[56]. All of our glasses showed better radiation shielding

properties than 25PbOe10Al2O3e65B2O3 and 5Bi2O3-

e10PbOe20B2O3e65SiO2 glasses. Among our samples, the

glass with 10 mol% Bi2O3 showed a higher Zeff than

40PbOe10Al2O3e10B2O3e40SiO2. Also, the glass in this inves-

tigation containing 10 mol% of Bi2O3 showed higher Zeff than

50PbOe10Al2O3e40SiO2.
4. Conclusion

Bismuth-doped telluro-borate glasses were synthesized to

study their structural, thermal, mechanical, and radiation-

shielding properties. The morphology studies confirmed the

amorphous state by showing no agglomeration on the glassy

surfaces. The glass transition temperature (Tg) was found to

decrease from 589.90 �C to 529.51 �C with increasing the Bi2O3

content from 0 mol% to 15 mol% as a result of the BieO bonds

(DHf298 ¼ 343 Kj/mol) replacing BeO bonds (DHf298 ¼ 806 Kj/

mol). The mechanical parameters, like the Vickers hardness,

the longitudinal modulus (L), the shear modulus (S), the

Young's modulus V, and the bulk modulus (K), have been

evaluated for studying the influenceof theBi2O3 content on the

mechanical properties of present glasses. The ultrasonic ve-

locities decreased as the concentration of Bi2O3 increased. The

Phy-Xsoftwarewasused toevaluate the radiationpropertiesof

the current glasses. We compared the Zeff in the current

glasses with those in other glasses containing different HMOs.

From the comparisons, we reached the conclusion that we can

use a glass sample with the same effectiveness in radiation

protection but containing Bi2O3 instead of PbO, so we can

reduce the environmental issues of the lead.
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