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ABSTRACT

The glasses of the 20Li2O–35Li2WO4–(15-x)TiO2–xBi2O3–30P2O5 system with

0 B x B 15 mol% have been prepared using the melt quenching route. X-ray

patterns confirmed the amorphous state of the prepared glasses, and the SEM

image showed no agglomeration. The structure of these obtained glasses was

analyzed by examining the density and molar volume measurements. It was

found that the density increased from 3.873 g/cm3 at LWTBP-0 (x = 0 mol%) to

4.740 g/cm3 at LWTBP-15 (x = 15 mol%). But for the molar volume, this is

characterized by an increase in molar volume from 39.282 cm3/mol at LWTBP-0

(x = 0 mol%) to 44.317 cm3/mol at LWTBP-15 (x = 15). Additionally, the oxygen

packing density value decreased from 86.554 mol/L (LWTBP-0) to 80.104 mol/

L (LWTBP-15), but the oxygen molar volume value increased from 11.553

cm3/mol (LWTBP-0) to 12.484 cm3/mol. This is because the amount of Bi2O3 in

the glassy structure increased from x = 0 mol% (LWTBP-0) to x = 15 mol%

(LWTBP-15). Also, the structure of the prepared glasses has been investigated

through infrared spectroscopy, and the band positions and functional groups

have been confirmed for the framework phosphates. The radiation shielding

properties of the glasses have been analyzed by Phy-X software. The obtained

results showed that the maximum mass attenuation coefficient (MAC) values

are observable at the energy of 0.284 MeV and are equal to 0.215, 0.247, 0.273,

and 0.294 cm2/g for LWTBP-0, LWTBP-5, LWTBP-10, and LWTBP-15, respec-

tively. The sample with the composition 20Li2O–35Li2WO4–15Bi2O3–30P2O has

the highest MAC at 0.284 MeV. The half-value layer (HVL) at 0.284 MeV
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decreased from 0.830 to 0.498 cm due to the increase in the Bi2O3 content from 0

to 20 mol%.

1 Introduction

Humans can potentially absorb radiation in a variety

of settings, including nuclear facilities, medical

facilities, research laboratories, nuclear reactors,

radiological diagnostics, and other activities. Ionizing

radiation with a high energy level can be extremely

hazardous to human cells because it can ionize the

atoms it comes into contact with by stealing electrons

from those atoms. Radiation shields are substances

placed between the radiation source and the person

or item that has to be shielded to properly harness the

advantages of radiation [1–6]. Researchers in the

radiation protection sector are particularly interested

in developing shields that can absorb gamma pho-

tons due to their great penetrating potential. A radi-

ation shield’s ability to effectively prevent various

types of hazardous radiation should be the defining

characteristic of an efficient radiation shield [7, 8].

While there are several materials that can be used for

radiation shielding, including concrete, alloys, poly-

mers, and rocks, each material has its own set of

advantages and disadvantages. For instance, while

concrete is a widely used shielding material due to its

low cost and availability, it can produce secondary

radiation and has limited effectiveness in blocking

high-energy radiation. Similarly, some alloys may

provide better shielding performance, but they may

be heavier and more expensive than other materials.

Polymers are another popular choice due to their

flexibility and low weight, but they may not provide

sufficient shielding for certain types of radiation.

Rocks, on the other hand, can provide natural

shielding in some environments, but they may be

difficult to work with and require extensive pro-

cessing. Therefore, it is important to carefully con-

sider the properties of different shielding materials

and their potential drawbacks when selecting the

most suitable option for a given application [9–12].

Glass has lately received a significant amount of

interest because it is transparent to visible light, a

characteristic that some other shielding materials do

not possess [13–15]. By doping various heavy metal

oxides into the glass matrix, it is also possible to

dramatically alter the composition of the glass

system. These heavy metal oxides are incorporated

into the glass to significantly improve its radiation

shielding capabilities and increase its capacity to

absorb gamma photons [16]. As an alternative to

using concrete as a radiation shielding medium,

glasses containing heavy metal oxides may be an

appropriate choice. Investigating the structural,

optical, physical, and shielding characteristics of

possible glasses for the radiation protection industry

is therefore crucial research that can enhance the

qualities of gamma-ray protecting materials. Phos-

phate glasses are an attractive type of glass that may

be employed for various modern technology pur-

poses, like fabrics and building materials, biomedical

applications, shielding materials, and photonic

materials [17–19]. Due to their promising features

such as high refractive indices, low melting point,

low optical dispersions, and high thermal expansion

coefficient, phosphate glasses have also undergone

extensive research in developing new glasses suit-

able for the demands of both technology and industry

[20, 21].

Additionally, these glasses have been proposed as

effective gamma ray shielding materials due to their

high dielectric constant, excellent thermal stability,

and high density when prepared with a suit-

able amount of heavy metal oxides [22]. However,

very little information is available regarding the

phosphate glass employed in the radiation protection

applications. The constitution of the original glass

should be changed to include heavy metal oxides

such as Bi2O3 to generate phosphate glasses suit-

able for use as radiation shielding. There is a possi-

bility that the inclusion of Bi2O3 in phosphate glasses

will lower the phonon energy; as a result, the radia-

tive characteristics of the glasses may be enhanced

[23]. When this fact is taken into account, the glasses

under consideration can be considered possible can-

didates for use in applications involving the shielding

of gamma-ray radiation.

Our work showcases a unique approach to the

preparation of glasses, as we have developed a novel

set of glasses with two transparent and two opaque

variants. What sets these glasses apart is their high

density, which makes them ideal for use as shielding
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materials. The primary objective of our research was

to prepare glasses characterized by different tech-

niques and investigate the impact of replacing TiO2

with Bi2O3 on the physical, structural, and shielding

properties of a novel Li2O–Li2WO4–TiO2–Bi2O3–P2O5

glass system. Through our experiments, we were able

to identify significant differences in the properties of

the glasses with varying levels of Bi2O3. These find-

ings will have important implications for the use of

these glasses in various applications, particularly in

the field of radiation shielding. Overall, our work

represents an important contribution to the field of

glass science, and we are excited to see the potential

impact that these novel glasses may have in a variety

of industries.

2 Experimental protocol

2.1 Sample preparation

The four glasses of the 20Li2O–35Li2WO4–(15-x)TiO2–

xBi2O3–30P2O5 system (with x = 0–15 mol%) have

been prepared by the melt-quenching route. These

glasses are prepared from the raw materials Li2CO3,

WO3, Bi2O3, TiO2, and NH4H2PO4, which are pur-

chased from Aldrich (Aldrich, 99%). In the first, the

raw materials were weighted according to their

stoechiometric coefficients by using an electrical bal-

ance and grounded in an agate mortar for around

45 min to obtain a homogeneous mixture. Then, the

obtained mixture was placed in an alumina crucible

for submission to heat treatments in a programmable

electric muffle furnace at 300 �C and 600 �C around

12 h and an hour, respectively, to remove the gases

NH3, H2O, and CO2. After that, the electrical fur-

nace’s temperature was raised to 900 �C and main-

tained for 30 min, which enabled the transformation

of a solid mixture into a liquid mixture. In the end,

the melt was quenched on a preheated aluminum

plate at a temperature less than the glass transition

temperature by 20 �C in order to reduce any

remaining thermal stress and prevent the combina-

tion from fracturing into small fragments. The

obtained glasses were stored in a desiccator to keep

them from moisture and labeled as follows: LWTBP-0

(x = 0) and LWTBP-5 (x = 5) for the transparent

glasses; and LWTBP-10 (x = 10) and LWTBP-15

(x = 15) for the opaque glasses (see Fig. 1).

2.2 Xray diffractometer

The Siemens Diffractometer D5000 with Cu-K radia-

tions (1.5400 Å) at 40 kV and 100 mA, with a scan-

ning angle of 2h ranging between 10 and 80�, is used

for X-ray Diffraction (XRD) analysis. The powder

X-ray diffraction patterns (XRD) were determined,

and the amorphous properties of prepared glass were

studied [24].

2.3 Energy-dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDX) is a

technique used to identify the elemental composition

of a material by analyzing the energy spectrum of

X-rays emitted from the sample when it is irradiated

with a beam of high-energy electrons. In EDX, a

sample is placed in a vacuum chamber and bom-

barded with a beam of high-energy electrons, which

knock inner-shell electrons out of the sample atoms

and cause outer-shell electrons to become excited. As

the excited electrons return to their ground state, they

emit X-rays with unique energies for each element.

By measuring the energy and intensity of these

X-rays, it is possible to determine the sample’s ele-

mental composition [25].

2.4 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a type of

microscopy that uses a beam of high-energy electrons

to scan the surface of a sample and create an image of

the surface. It is a powerful tool for characterizing the

surface morphology and composition of various

materials, including metals, semiconductors, ceram-

ics, polymers, and biological specimens. One of the

main advantages of SEM is its ability to produce

high-resolution images with a high degree of detail.

SEM images typically have a resolution of a few

nanometers, which is much higher than the resolu-

tion of optical microscopes. SEM can also analyze the

chemical composition of a sample by using energy-

dispersive x-ray spectroscopy (EDS), which measures

the energy of the x-rays emitted from the sample

when it is irradiated by the electron beam [26].

2.5 Density measurement

A densimeter (H-300S) determined the density mea-

surement for the prepared samples, and water was

J Mater Sci: Mater Electron (2023) 34:1040 Page 3 of 15 1040



used as a fluid medium. The density value corre-

sponding to each sample is determined from Eq. (1)

[27] at room temperature. The average value was

calculated after measuring the density of each sample

four times to minimize the error of the density mea-

surements, which was at ± 0. 03.

d ¼ mair

mair � mwater

ð1Þ

with the terms mair and mwater design, respectively, to

the sample’s weight in air and to the sample’s weight

in water.

The obtained density values are investigated to

calculate the molar volume (Vm) corresponding to

each sample, which is calculated from Eq. (2) [27]:

Vm ¼ xiMi

q
ð2Þ

where (Mi) and (xi) indicate the sample weight and

mole fraction of an oxide component (i) respectively.

The error in the calculation of the molar volume was

estimated at ± 0.1.

The density (q) was investigated to calculate the

oxygen packing density according to Eq. (3) [28]:

OPD ¼ 1000 � C � q
M

� �
ð3Þ

where ‘‘C’’ represents the number of oxygen atoms

per formula unit.

As well as the density being used to determine the

oxygen molar volume, Vo(Oxygen molar volume

(cm3/mol), can be estimated by Eq. (4) as follows:

[29]:

Vo ¼
X xiMi

q

� �
1P
xini

� �
ð4Þ

2.6 Infrared spectroscopy

InfraRed analysis was made by an ALPHA Platinum

ATR-FTIR spectrometer from Bruker, which was

used for analyzing and recording spectra in the

wavenumber range of 1400 cm-1 to 400 cm-1, corre-

sponding to the prepared samples. The obtained

spectra interpret the structural approach of the

framework bands forming the samples.

2.7 Radiation shielding study

The mass attenuation coefficients (MAC) are the

percentages of radiation that will be absorbed, scat-

tered, or blocked by a specific layer of shielding

material. This notion is the essential factor for many

considerable shielding predictions, and it is greatly

affected by the composition of the absorber material.

In this investigation, we estimated the MAC of the

produced glasses using the friendly Phy-X software

at different energies between (0.284 and 1.33 MeV)

[30].

We can derive the linear attenuation coefficient

(LAC) from the MAC. The LAC is a density param-

eter and can be used to derive other parameters as

given in Eqs. (5), (6), and (7) [30]:

HVL ¼ ln 2

LAC
ð5Þ

TVL ¼ ln 10

LAC
ð6Þ

MFP ¼ 1

LAC
ð7Þ

where the parameters in the previous three equations

are the half-value layer, tenth value layer, and mean

free path.

Another parameter that could be utilized to char-

acterize the photon shielding competence of these

glasses is known as the effective atomic number and

can be derived from the following formula

Zeff ¼

P
iwiAi

l
q

� �
iP

iwi
Ai

Zi

l
q

� �
i

ð8Þ

Fig. 1 Photo for transparent glasses (LWTBP-0 and LWTBP-5) and opaque glasses (LWTBP-10 and LWTBP-15)
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3 Results and discussion

3.1 Xray diffraction analysis

The XRD patterns of the prepared samples LWTP-10

and LWTBP-15 are shown in Fig. 2, which display no

sharp Bragg’s peak but an intense broad diffusion

hump around the low-angle region (25–35 (2h)) and

other broad diffusion of low intensity between 40 and

70 (2h). This clearly indicates an amorphous character

or structural disorder within the XRD instrument’s

resolution limit [31]. When there are no clearly

defined planes in the structure on or around which

the constituent’s atoms are regularly placed, it

demonstrates the absence of long-range atomic

arrangement and the lack of periodicity of three-di-

mensional networks [32].

3.2 Energy-dispersive X-ray spectroscopy
(EDX)

In our phosphate glasses, EDX is used to determine

the relative concentrations of the various elements

present in the glass, including phosphorus, oxygen,

and any other elements that may be present as

impurities. Figure 3 depicts the elemental analysis of

the samples LWTBP-10 using the EDX method. The

X-ray spectrum produced by the EDX analysis of the

sample LWTPB-10 (Fig. 3a) shows the X-rays inten-

sity at various energy levels. Each element (W, T, B,

P, and O) has a characteristic set of X-ray lines that

are emitted at specific energy levels, and by identi-

fying the lines in the spectrum and measuring their

intensities and their distribution map (Fig. 3b). It can

be used to determine the relative concentrations of

the elements present in the sample LWTPB-0 (see

Table 1). EDX analysis of the sample LWTBP-10 can

provide us with valuable information about the

structure and properties of the glass. For example, the

amount of phosphate present in the glass can affect

its chemical stability, density, and refractive index.

The presence of other elements, such as transition

elements, can also affect the glass properties and may

be of interest to researchers studying its applications

or potential use in various industries. In addition to

providing valuable insights into the chemical

makeup of phosphate glasses, they can be used to

study the effects of different elemental compositions

on the glass properties and potential applications

(radiation shielding properties) [33, 34].

3.3 Scanning electron microscopy (SEM)
analysis

In the case of opaque phosphate glasses, scanning

electron microscopy (SEM) is used to study the

microstructure of the glass, including the size, shape,

and distribution of the glass particles or grains. Fur-

thermore, SEM is applied to study the surface mor-

phology and topography of the glass, as well as any

defects present in the material.

Figure 4 shows the surface topographies of the

opaque phosphate glasses LWTBP-10 and LWTBP-15

as determined by SEM (a: 2 lm, b: 5 lm, c: 2 lm, d:

5 lm, e: 50 lm). In comparison, the SEM images of

the samples LWTBP-10 and LWTBP-15 are charac-

terized by smooth surfaces at 2 lm and 5 lm. Also,

the sample LWTBP-15 at 50 lm has a smooth surface

without any agglomerations [35, 36]. From the SEM

images corresponding to the samples LWTBP-10 and

LWTBP-15 and their X-ray diffraction patterns, it can

be concluded that these samples (LWTBP-10 and

LWTBP-15) have an amorphous nature.

Fig. 2 X-ray diffraction patterns of the samples LWTBP-10 and

LWTBP-15
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4 Density and molar volume
interpretation

Interatomic lengths, atomic radii, molecular weights,

compactness, cross-link densities, and interstitial

space dimensions are the main determinants of den-

sity [32]. In order to analyze the impact of replacing

titanium with bismuth on the structural unit alter-

ations in the glassy network, it was chosen to assess

the density of the manufactured samples. As a result,

the prepared samples densities (volumetric masses,

q) are measured, and the results are shown in Table 1.

The density values (q) showed an increase from

3.873 g/cm3 (for the composition LWTBP-0) to

4.740 g/cm3 (for the composition LWTBP-15); see

Fig. 5. This increase in density can be associated with

the difference in molecular weight between the

higher Bi2O3 (M = 465.96 g.mol–1) and the lower TiO2

(M = 79.90 g.mol–1). The substitution of TiO2 by

Bi2O3 made the structure of the samples more com-

pact, and the density increased with the insertion of

Bi2O3 in the glass network. In addition, an increase in

density suggests the creation of structural units with

high density, such as BiO6, in the vitreous network

from a structural perspective. A compact or open

structure is formed depending on how the various

elements are connected [37]. One must consider the

composition dependency of the molar volume to

fully comprehend the impact of adding Bi2O3 on the

glassy structure. As is well known, the molar volume

is strongly influenced by interatomic spacing and

bond length changes, making it an important

parameter for determining the structure’s degree of

openness. As shown in Table 1, increasing the Bi2O3

content increased the molar volume from 39.282

cm3/mol (for the composition LWTBP-0) to 44.317

cm3/mol (for the composition LWTBP-15); see Fig. 5.

This behavior could be explained by the fact that

titanium oxide (TiO2) has a smaller molar volume

(Vm = 18.836 cm3/mol) than bismuth oxide (Bi2O3),

which is 52.35 cm3/mol larger. The addition of Bi2O3

content increases the opening of the glassy structure

by forming nonbridging oxygen (NBO) atoms, which

opens up the phosphate network, by lengthening

bonds and subsequently interatomic distance [31].

Table 1 shows that substituting Bi2O3 for TiO2

increases the number of oxygen atoms in the struc-

ture (from 3.4 (x = 0) to 3.55 (x = 15), allowing

structural units to connect by sharing corners. Inter-

action between Bi2O3 (BiO6) and P2O5 (PO4) may

a b

Fig. 3 EDX spectrum a and EDX map of sample LWTBP-10 b

Table 1 EDX elemental

analysis of the sample

LWTBP-10

Chemical formula Line Mass% Mol% Cations

O K

P2O5 K 21.87 ± 0.37 34.32 ± 0.58 4.56

TiO2 K 2.50 ± 0.26 6.97 ± 0.74 0.46

WO3 M 46.70 ± 0.74 44.87 ± 0.71 2.98

Bi2O3 M 28.94 ± 0.60 13.84 ± 0.29 1.84

Total 100.00 100.00
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result in the formation of P–O–Bi bonds and increase

the connectivity of the polyhedra BiO6, TiO6/TiO4,

WO6/WO4, and PO4, which was confirmed by

decreasing the oxygen packing density parameter

from 86.554 mol/l (for the composition LWTBP-0) to

80.104 mol/l (for the composition LWTBP-15) are

associated with the stretching force, which confirmed

that the structure could be more compact with the

addition of Bi2O3 content in the phosphate network

[38, 39]. Furthermore, the infrared spectroscopy sec-

tion will provide proof of this claim. In the meantime,

the oxygen packing density is crucial to gauge how

tightly the oxide network is packed and to explain

how compact the glass structure is [40]. The oxygen

packing density has decreased from 86.554 g. L–1 to

80.104 g. L-1 with an increase in Bi2O3 content from

0.0 mol% to 15 mol%(see Table 2). The decline in

Fig. 4 Surface topographies of opaque phosphate glasses LWTBP-10 (a: 2 lm; b: 5 lm) and LWTBP-15 (c: 2 lm; d: 5 lm; e: 50 lm)

obtained from SEM

Fig. 5 Variation of the density (g/cm3) and the molar volume

(cm3/mol) as a function of the composition (x)
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stiffness, less cross-linked networks [41], which led to

an increase in nonbridging oxygen due to the struc-

ture of glass having been further extended and being

loosely packed [42], may be the cause of the decline in

the number of oxygen atoms per unit composition in

samples.

4.1 Infrared analysis

The structure of prepared samples of the system

20Li2O–35Li2WO4-(15–x)TiO2–xBi2O3–30P2O5 (with

the codes; LWTBP-0, LWTBP-5, LWTBP-10, and

LWTBP-15) was investigated using infrared spec-

troscopy in the 1400 cm–1 to 400 cm–1 wavenumber

range, and the results are shown in Fig. 6. According

to literature [32, 43–50], the bands of the infrared

spectra are attributed. Therefore, the principal band

positions and their attributions are gathered in

Table 3. From Fig. 6, the prominent bands are

checked at different positions: 1200 cm–1, 1130 cm–1,

Table 2 Density (q) and molar volume of the vitreous samples

Sample

Code

x

(mol%)

Sample state Density

(g/cm3)

Molar volume

(cm3/mol)

C(number of oxygens

per formula unit)

OPD(Oxygen Packing

Density) (mol/l)

V0(Oxygen molar

volume (cm3/mol)

LWTBP-

0

0 Transparent

glass

3.873 39.282 3.4 86.554 11.553

LWTBP-

5

5 Transparent-

glass

4.212 40.700 3.45 84.766 11.797

LWTBP-

10

10 White

opaque

glass

4.456 42.803 3.5 81.770 12.229

LWTBP-

15

15 White

opaque

glass

4.740 44.317 3.55 80.104 12.484

Fig. 6 FTIR-ATR spectra corresponding to the glasses LWTBP

Table 3 IR band assignments in the 1400–400 cm-1 range frequency for the studied phosphate glasses

Position of band (cm-1) Band assignment

1200 mas(P = O)/mas(PO2
–)

1130 ms(PO2
–)

1040 mas(PO3)
2-

915 mas(P–O–P)/mas(P–O–M) (M = W or Ti)

830 MO6(M = W or Ti)

730 ms(P–O–P)
615 ms(M–O–M) (M = W or Ti)

570 Deformation vibrations of phosphate groups

460 Bi–O bond vibrations of distorted BiO6 octahedra and deformation modes of P–O– (PO4)3
– groups
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1040 cm–1, 915 cm–1, 830 cm–1, 730 cm–1, 615 cm–1,

570 cm–1, and 460 cm–1 are observed in infrared

spectra corresponding to four phosphate samples.

Based on previous research [32], we found that the

phosphate samples have an asymmetric stretching

vibration bond P = O (mas(P = O)) due to asymmetric

stretching of the (PO2)- mode, mas(PO2
-), at

1200 cm-1 for the Q2 units. The broad band, which

appears at 1130 cm-1, is associated with the sym-

metric vibration modes ms(PO2
-) of the P-O-P bond of

the Q2 units. The position 1060 cm–1 is associated

with the bond P–O–P of the mode Q1 units due to the

asymmetric stretching of the (PO3)2-, mas(PO3)2-. The

band observed at position 935 cm–1 is associated with

the asymmetric vibration of the bond mas(P–O–P)

and/or mas(P–O–M) (M = Mo or Ti). The band at

position 830 cm–1 could be associated with the

vibration of the bonds of the polyhedral MO6 (with

M = W or Ti). The band observed at 730 cm–1 could

be attributed to the symmetric vibration of the bond

P–O–P. The bands in the low region at position

615 cm–1, are generally assigned as vibration sym-

metric of the M–O–M (with M = W or Ti) bonds. The

band located at position 570 cm–1 could be attributed

to the deformation vibrations of phosphate groups,

and the band situated at position 460 cm–1 is associ-

ated with the deformation modes of P–O– (PO4)3
–

groups. Infrared spectra, their intensities were nor-

malized to the intensity unit to compare the relative

intensities of the peaks, shoulders, and contours.

Even after substituting TiO2 for Bi2O3 in the frame-

work, the spectra had changed significantly with an

increase in Bi2O3 content. Comparing the spectrum of

the composition LWTBP–0 (x = 0 mol%) with the

other compositions x[ 5, a diminution in two bands

at 915 cm-1 and 830 cm-1 was observed. This

diminution may be associated with the formation of

the new polyhedra BiO4 and BiO6 in place of the

polyhedra TiO4 and TiO6 [32]. The fact that Bi2O3

replaces the decrease in amplitude of the bands

around 1200 cm-1 as TiO2 can be explained by con-

sidering the decrease in intensity of the vibration

band around 1160 cm–1, which is assigned to PO–

vibrations of PO2
– groups [51]. This is due to non-

bridging oxygens involvement in the breakage of

P = O bonds and the creation of more ionic P–O–Bi

and P–O– bond group terminators. The P–O–P

group’s asymmetric and symmetric stretching modes

are attributed to the vibrational bands near

915 cm–1and 730 cm–1, respectively. As a result, two

P–O–P bridge characteristic bands at 915 cm–1 and

730 cm–1 simultaneously drop at greater concentra-

tions, indicating that many pyrophosphate units have

formed [52]. This band is responsible for the degen-

eracy of Bi–O bond vibrations in distorted BiO6

octahedra and the P–O– (PO4)3
– group deformation

modes [53]. The Bi2O3 increase caused the vibrational

band at 478 cm–1 to become less intense, which shows

that a higher concentration is favorable for BiO6

octahedral units.

4.2 Radiation shielding study

The Phy-X program was used to investigate the

radiation shielding properties of the prepared Li2O–

Li2WO4–TiO2–P2O5 samples between the energies of

0.284 and 1.33 MeV. We figured out the results of our

determination of the MAC for the investigated Li2O–

Li2WO4–TiO2–P2O5 samples in Fig. 7. We could

conclude two factors; the energy of the radiation and

the various concentrations of Bi2O3 on the MAC for

the investigated samples. In a practical sense, the

MAC value reflects the capacity of the material to

absorb radiations for each unit of mass. So, the radi-

ation shielding medium developers aim to develop

new materials with a high MAC. In Fig. 7, we chose a

sufficiently broad range to enable us to evaluate the

shielding capacity of the current samples at both low

and moderate energies.

The maximum MAC values are observable at an

energy of 0.284 MeV for all of the samples; these

values are identical to 0.215, 0.247, 0.273, and 0.294

Fig. 7 The mass attenuation coefficient for the Li2O-Li2WO4-

TiO2-P2O5 glasses with different concentrations of Bi2O3
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cm2/g for LWTBP-0, LWTBP-5, LWTBP-10, and

LWTBP-15, respectively. A further observation that

can be made is that the sample with the composition

20Li2O-35Li2WO4-15Bi2O3-30P2O which has the

highest concentration of Bi2O3, has the highest MAC

at this energy, whereas the sample with the compo-

sition 20Li2O-35Li2WO4-15TiO2-30P2O5, which does

not contain any Bi2O3, has the lowest MAC. At this

level, the other energies have been examined and

tested. The results shown in Fig. 7 revealed that after

0.511 MeV, the MAC begins declining at a slower rate

than before. This is due to the domination of the

Compton scattering for the last energies. From the

MAC results, the prepared samples become less

efficient at absorbing the high-energy gamma rays

because these radiations have a strong ability to

penetrate across the samples. For higher energies,

1.33 MeV for example, the MAC for the four pre-

pared samples has almost the same MAC of 0.054

cm2/g. We can summarize the findings from the

MAC: the samples with high Bi2O3 are better shields,

and the samples are more effective in shielding the

radiations with low energy.

We compared the linear attenuation coefficient

(LAC) for our newly developed glasses with three

glasses (Fig. 8). The details of these three glasses are

given in Ref. [54]. From the figure, LWTBP-0 and RS-

360 have almost the same LAC at 0.662 MeV,

LWTBP-5, LWTBP-10, and LWTBP-15 have better

attenuation performance than RS-253-G18, while our

glasses have a lower LAC than RS-520.

We analyzed the half-value layer (HVL) for the

prepared Li2O-Li2WO4-TiO2-P2O5 glasses with four

concentrations of Bi2O3 as a function of the energy in

Fig. 9. The HVL exhibited a trend in the opposite

direction to the Bi2O3 concentration; specifically, the

HVL decreased as the Bi2O3 concentration increased.

For instance, elevating the total amount of Bi2O3 from

0 to 20 mol% leads to a reduction in the HVL from

0.830 to 0.498 cm (this is at 0.284 MeV). The incre-

ment of Bi2O3 content from 0 to 20 mol% causes the

HVL to decline from 1.111 to 0.705 cm when the

energy level is 0.347 MeV. Moreover, due to the

presence of Bi2O3, the HVL at 0.511 MeV decreases

from 1.698 to 1.195 cm. The density of the produced

glasses is connected to the reported downward trend

in the HVL brought about by adding Bi2O3. It is

widely known that the HVL may be calculated using

the fundamental expression HVL = In2/(den-

sity 9 LAC), Therefore, the HVL is negatively cor-

related to the density of the medium.

From Table 2, the density increased from 3.8732 to

4.7398 g/cm3 due to the incorporation of Bi2O3,

leading to a reduction in HVL. This outcome fits well

with other results that have been reported for glasses

and other materials [7, 8, 55].

We analyzed the radiation shielding features for

the prepared Li2O-Li2WO4-TiO2-P2O5 glasses with

four concentrations of Bi2O3 in terms of the effective

atomic number, Zeff (Fig. 10). The Zeff increases when

Fig. 8 The linear attenuation coefficient for the Li2O-Li2WO4-

TiO2-P2O5 glasses with different concentrations of Bi2O3 in

comparison with other glasses at 0.662 MeV

Fig. 9 The half-value layer for the Li2O-Li2WO4-TiO2-P2O5

glasses with different concentrations of Bi2O3
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the concentration of Bi2O3 increases from 0 to

15 mol%. The free Bi2O3 sample (LWTBP-0), the Zeff

at 0.284 MeV is 22.36, while with the inclusion of 5, 10

and 15 mol% of Bi2O3, the Zeff values increase to

26.78, 30.60 and 33.92 respectively. At the same con-

centrations of Bi2O3 (5, 10 and 15%) at 0.347 MeV, the

Zeff increases from 19.18 for the free-Bi2O3, to 22.76,

25.95 and 28.81 with 5, 10 and 15 mol% respectively.

There is a correlation between the amount of Bi2O3

and TiO2 in the glasses and the increase found in the

Zeff. As we moved from LWTBP-0 to LWTBP-15, the

Bi2O3 content increased from 0 to 15 mol% at the

expense of TiO2.

Therefore, the sample LWTBP-15 has the highest

concentration of Bi2O3. It is widely known that the

atomic numbers of Bi and Ti are 83 and 22, which

helps to explain why LWTBP-15 has been found to

have the highest Zeff. On the other hand, for a par-

ticular composition, the Zeff also heavily depends on

the energy of the radiation. For illustration, for the

glass with a composition of 20Li2O-35Li2WO4-

15TiO2-30P2O5, the Zeff starts at a high value of

0.284 MeV (i.e. 22.36), then sharply decreases and

reaches to 14.40 at 0.662 MeV, and then still decreases

to 13.08 and 13.05 at 1.275 and 1.333 MeV. The same

trend is observed for the rest of compositions. For

example, the Zeff values at the previous energies for

the sample containing 5 mol% of Bi2O3 are 26.78,

16.39, 14.54 and 14.50.

We determined the MFP for the Li2O-Li2WO4-

TiO2-P2O5 glasses with four concentrations of Bi2O3

and Fig. 11 shows the results plotted as a function of

Bi2O3 at the tested energies. The Bi2O3 level and MFP

relationship showed a similar trend as the HVL. This

observable regularity may be traced back to the fact

that both MFP and HVL are generated using the LAC

values as their starting point.

The MFP decreases when Bi2O3 is added, and this

effect is seen at any of the chosen energies. This

demonstrates how important it is to add the Bi2O3 to

reduce the specimen’s thickness required for radio-

logical protection. The inclusion of Bi2O3 results in a

decrease in the MFP from 1.198 to 0.719 cm when the

energy level is 0.284 MeV. Moreover, the MFP at

0.347 MeV decreases from 1.602 cm (for LWTBP-0) to

1.017 cm (for LWTBP-15). At a high energy level

(1.275 MeV), the MFP for the aforementioned sam-

ples is respectively 4.692 and 3.752 cm. This suggests

the thickness of the specimen, which can lower the

intensity as the photons energy increases. Previous

research has shown that high energy correlates with

the necessity for a thicker specimen to reduce the

intensity of the photons because higher energy radi-

ation has a greater chance of entering the material

[56–58]. Therefore, we noticed that the MFP is

achieved at about 3.8–4.8 cm for an energy of

1.333 MeV.

Figure 12 illustrates how the TVL is affected by

various Bi2O3 concentrations. The addition of Bi2O3 is

correlated with a downward trend in the TVL across

the board for all energy levels. In addition to this, the

TVL demonstrates an upward trend. This is the same

Fig. 10 The effective atomic number for the Li2O-Li2WO4-TiO2-

P2O5 glasses with different concentrations of Bi2O3

Fig. 11 The mean free path for the Li2O-Li2WO4-TiO2-P2O5

glasses with different concentrations of Bi2O3
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result obtained from HVL data. The maximum TVL is

reported at 1.333 MeV (8.878 cm for LWTBP-15 and

11.079 cm for LWTBP-0). The Bi2O3 has a

notable impact on the TVL, and the sample with

lower Bi2O3 content has a higher TVL than the sam-

ple with high Bi2O3 content. So, one effective way to

reduce the dimension of the shielding glasses is to

increase the concentrations of Bi2O3.

We compared the TVL for our glasses with three

commercial glasses that are widely used for radiation

shielding applications. The comparison was done at

one energy, specifically 0.511 MeV (see Fig. 13). The

TVL values for our glasses LWTBP-0, LWTBP-5,

LWTBP-10 and LWTBP-15 were found to be 5.64,

4.87, 4.38, and 3.97 cm, respectively. Among our

glasses, LWTBP-0 had the highest TVL value, while

LWTBP-15 had the lowest. Compared to the com-

mercial glasses, RS-253-G18 had the highest TVL

value of 10.52 cm, followed by RS-360 at 5.53 cm. Our

glass LWTBP-0 had a similar TVL value to RS-360 of

5.64 cm, followed by LWTBP-10 at 4.38 cm, LWTBP-5

at 4.87 cm, and LWTBP-15 at 3.97 cm. RS-520 had the

lowest TVL value among all the glasses of 3.34 cm. It

should be noted that the TVL values for the glasses

can vary depending on the energy of the incident

radiation, and therefore, the comparison is limited to

0.511 MeV radiation.

5 Conclusion

The phosphate glasses 20Li2O–35Li2WO4–(15-x)TiO2–

xBi2O3–30P2O5 with 0 B x B 15 mol% were synthe-

sized in this study using the melt-quenching tech-

nique. These samples’ amorphous state, as

determined by X-ray diffraction and confirmed by

SEM images, revealed no agglomeration on the sur-

face of the analyzed samples. The glasses density and

molar volume are increased from 3.873 g/cm3 to

4.740 g/cm3 and from 39.282 cm3/mol (LWTBP-0) to

44.317 cm3/mol (LWTBP-15), respectively, with

increasing Bi2O3 content in the glass framework. In

addition, by increasing the amount of Bi2O3 in the

glassy structural from x = 0 mol% (LWTBP-0) to

x = 15 mol% (LWTBP-15), the oxygen packing den-

sity value decreased from 86.554 mol/L (LWTBP-0)

to 80.104 mol/L (LWTBP-15), but the oxygen molar

volume value increased from 11.553 cm3/mol

(LWTBP-0) to 12.484 cm3/mol (LWTBP-15). While

adding Bi2O3 into the glassy network increased the

nonbridging oxygens (NBO), as confirmed from the

structure analysis by infrared spectroscopy. The

radiation shielding factors for the present glasses are

reported in this study using the Phy-X software. The

maximum MAC values are observable at an energy

of 0.284 MeV for all samples; these values are iden-

tical to 0.215, 0.247, 0.273, and 0.294 cm2/g for

LWTBP-0, LWTBP-5, LWTBP-10, and LWTBP-15,

respectively. The sample with the composition

20Li2O-35Li2WO4-15Bi2O3-30P2O which has the

highest concentration of Bi2O3, has the highest MAC.

The inclusion of Bi2O3 results in a decrease in the

Fig. 12 The tenth value layer for the Li2O-Li2WO4-TiO2-P2O5

glasses with different concentrations of Bi2O3

Fig. 13 comparison between the tenth value layer of our glasses

with other commercial glasses at 0.511 MeV
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MFP from 1.198 to 0.719 cm when the energy level is

0.284 MeV. The MFP at 0.347 MeV decreases from

1.602 cm (for LWTBP-0) to 1.017 cm (for LWTBP-15).

These MFP results suggested that the thickness of the

specimen can lower the photon intensity as the

energy increases.
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