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A B S T R A C T

High density ceramics are crucial to next-generation radiation shields because the attenuation of γ- and X-rays 
scales almost linearly with the atomic number and mass density of the barrier medium. Bismuth and tungsten- 
based oxides, in particular, can match or surpass lead in stopping power while avoiding its toxicity. This work 
presents the synthesis of the BiNb₁-ₓWₓO₄ solid solution with x = 0, 0.25, 0.50, 0.75, and 1.00 mol% by solid 
state reaction route. The X-ray diffraction (XRD) shows that the orthorhombic α-BiNbO₄ structure changes into 
the orthorhombic Aurivillius structure when the x value increases. At x = 0.5 mol%, show peak splitting and 
systematic 2θ shifts, which suggests that a full solid solution has formed instead of only physical mixtures. 
Fourier-transform infrared (FTIR) spectra show the typical Nb-O and W-O stretching doublets. The average size 
of the particles in all of the compositions was less than 100 nm. Ion-transport simulations reinforce this promise. 
The Stopping and Range of Ions in Matter (SRIM) code shows that as the tungsten content increases, the elec
tronic stopping cross-section (SCS) and projected range (PR) of proton energy decrease within an energy range 
from a few eV to 100 MeV. Damage profiling shows that 5 MeV protons are able to penetrate to a depth of 
0.78 mm into Bi₂W₂O₉ of 3 mm of the total thickness. These results show that high W content BiNb₁₋ₓWₓO₄ is 
highly effective at ion quenching, which supports its application as a high performance, environmentally friendly 
material for shielding for radiation and particle beams. The Monte Carlo simulation was employed to evaluate 
the radiation shielding efficacy of BiNb₁₋ₓWₓO₄ solid solution over the energy range of 0.015–15 MeV. Replacing 
the Nb ions with W ions significantly enhances the shielding performance of the materials. The linear attenuation 
coefficient for the prepared samples was increased by 46.81%, 23.06%, and 16.64% at 0.122 MeV, 0.662 MeV, 
and 1.332 MeV, respectively, when x varied from 0 to 1 mol%. As W ions substitute the Nb ions, the half-value 
thickness and the equivalent thickness were decreased.

1. Introduction

Protection against harmful radiation is commonly achieved using 
lead, concrete, or heavy metal glasses; however, these traditional 

materials are content poisonous, fragile, or challenging to incorporate 
into sophisticated electronics. Due to its high atomic number and low 
toxicity bismuth is considered a solid, environmentally friendly option 
that offers substantial photoelectric cross sections without the negative 
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environmental impacts associated with lead [1–4]. Bismuth based ma
terials have received significant attention in various fields, such as ra
diation shielding, photocatalysis, and energy storage, among others 
[5–9]. Among them, bismuth niobate BiNbO₄ has received significant 
interest in microwave dielectrics, piezo, ferroelectrics, and visible-light 
photocatalysis because the Bi-6s/O-2p hybridization lowers its bandgap 
and the Nb-4d orbitals speed up charge transfer [6,10–16]. The material 
crystallizes into two phases, an orthorhombic α-BiNbO₄ (Pnna) and a 
triclinic β-BiNbO₄ (P1) that. Both phases are constructed from corner 
sharing (NbO₄) tetrahedra and distorted Bi-O layers. These results in a 
dense three dimensional network that exhibits mechanical durability 
and chemical stability [17,18]. The theoretical density of BiNbO₄ is 
around 7.5 g cm⁻³ , and conventional sintering methods can reach up to 
96% of the theoretical density with an experimental density of about 
7.2 g cm⁻³ . This value is already equivalent to commercial lead glass 
shields [19,20].

The valent substitution of Nb⁵⁺ ion with an atomic mass of 92.9 u 
with the considerably heavier W⁶⁺ ion with an atomic mass of 183.8 u, 
can lead to enhance the density of BiNbO₄, and this is expected to 
enhance radiation attenuation capability. The density of tungsten with 
19.3 g cm⁻³ and its atomic number Z = 74, adds more photoelectric 
centers and Compton scatterers. Its 5d orbitals also make Bi-O-W more 
covalent, which makes the lattice stronger and more resistant to high 
flux radiation over the years [13]. It has been reported that a layered 
crystal structure, Bi₂(W₁₋ₓMoₓ)O₆, by replacing the bismuth with tung
sten, the density increases from 8.15 to 9.50 g/cm³ and steadily in
creases the linear attenuation coefficient across the evaluation energy 
range [21]. It is expected that the same approach should work even 
better in the denser scheelite structure of the BiNb₁-ₓWxO₄ system. But 
except for a few qualitative diffraction investigations on very low W 
concentrations, the overall impact of total Nb to W substitution on the 
shielding characteristics of Bi-niobates remains unexplored.

The corner sharing (Nb/W)O₄ tetrahedra in scheelite-type BiNb₁- 
ₓWxO₄ establish linear, densely packed diffusion pathways that enhance 
multiple photon–electron interactions and reduce internal porosity. The 
stereochemically active 6 s² lone pair on Bi³ ⁺ concurrently induces local 
lattice deformation, enhancing phonon scattering and facilitating the 
dissipation of heat created by high-energy beams [10,22,23]. The 
BiNb₁-ₓWxO₄ system with its unique compact structure, a high effective 
atomic number, and superior thermal and mechanical properties, makes 
a potential candidate for lead-free radiation shielding materials [21,24, 
25].

In this work, we focus on the synthesis of BiNb₁₋ₓWxO₄ with x values 
of 0, 0.2, 0.5, 0.75, and 1. The crystalline structure, vibrational spec
troscopy, particle size, surface area, charged stopping power, and 
capability to block radiation were comprehensively explored. The SRIM- 
2013 Monte Carlo is used to determine the electronic energy loss func
tion and the stopping power. Gamma-ray shielding performance was 
estimated using MCNP-5 transport simulations and the ENDF/B-VI.8 
nuclear data library. MCNP-5 simulations of photon paths within 
customized geometries provide key shielding parameters, including the 
linear attenuation coefficient (LAC), mass attenuation coefficient 
(MAC), half-value layer (HVL), and radiation protection efficiency (RPE) 
[26–29]. The experimental results and theoretical simulation link 
fundamental materials physics with effective strategies for radiation 
shielding. The understanding gained enables the formation of structures 
that incorporate crystallographic density W enhanced Zeff, and the ad
vantageous chemistry of bismuth to meet the gradually increasing high 
safety and sustainability standards of nuclear medicine, aerospace 
equipment, and clean energy facilities.

2. Materials and methods

2.1. Preparation and characterization of BiNb₁₋ₓWₓO₄

The BiNb₁₋ₓWₓO₄ solid solutions (x = 0, 0.25, 0.5, 0.75, and 1) were 

prepared by a solid-state approach. Stoichiometric amounts of Bi₂O₃, 
99/9% (80 nm, Sigma Aldrich, Germany), Nb₂O₅ 99/9% (50 nm, 
American Elements, USA), and WO₃ 99/9% (60 nm, US Research 
Nanomaterials, USA) were carefully mixed in ethanol and subjected to 
ball milling for 10 h using a ball mill grinding machine to achieve ho
mogeneity. The obtained powder was then dried at 100 ◦C for 10 h to 
remove the ethanol. The resulting powder has been calcined at 900 ◦C 
for 4 h at a ramping rate of 6 ◦C/min, resulting in the formation of the 
BiNb₁₋ₓWₓO₄. The powders were further milled for 20 h after calcination 
to break up agglomerates and refine particle size for characterization. 
The crystalline structure was evaluated by X-ray diffraction (XRD, 
Empyrean PANalytical, Holland) over 2θ = 5◦–70◦ (0.01◦ step), with 
target Cu Ka radiation, λ= 1.5405 Å, voltage 40 kV, and current 30 mA 
allowing identification of crystalline phases and lattice shifts due to W 
substitution. To identify the phases in BiNb₁₋ₓWₓO₄, we used Crystal 
Impact Match (Match3) software to compare the observed profiles to 
reference entries and choose the most consistent phase assignment and 
space group. The software's Scherrer-type peak-broadening tool was also 
used to estimate crystallite size. An IRTracer-100, Shimadzu, Japan, 
Fourier transform infrared spectroscopy (FTIR), in the 
2000–400 cm-¹ range, identified vibrational modes. The BiNb₁₋ₓWₓO₄ 
particle size has been examined using Malvern Panalytical Mastersizer 
3000 + . The stopping power, mean excitation potential I(eV), and 
proton damage disruption of BiNb₁₋ₓWₓO₄, have been estimated by three 
free software SRIM, CasP (Convolution approximation for swift Parti
cles) version 6.0, and SUSPRE (Stopping power for Ultra-Slow Particles 
in real solids), respectively to describe energy loss and parameteriza
tions of the dielectric target for each molar ratio x. On the other hand, 
MCNP-5 transport simulations and the ENDF/B-VI.8 nuclear data library 
were used to determine the effectiveness of gamma-ray shielding.

2.2. Evaluation of γ-ray shielding parameters

The Synthesized BiNb1-xWxO4 composites were examined for 
shielding efficacy at γ-ray energy ranging from 0.015 to 15 MeV using 
the Monte Carlo N-Particle (MCNP-5) transport code [30]. The most 
crucial step in the simulation procedure was establishing the average 
track length (ATL, cm) of γ-rays over synthetic BiNb1-xWxO4 composites. 
To estimate the ATL of γ-ray across the cell containing BiNb1-xWxO4 
composites, the photon tally card was set to F4 in the input file. The 
input file also contains materials, cutoff, tally, cell, surface, and source 
(SDEF) card data. The evaluation approach used interaction 
cross-sections (σ) from the nuclear database ENDF/B-VI.8, which is 
linked to the MCNP-5 code. The input file describes the simulation ge
ometry, which consists of a large, evacuated lead cylinder that protect 
the detector from background radiation. The lead cylinder is 40 cm tall 
and 17.5 cm radius. The position of the radioactive source is POS (0 0 0) 
in the lead cylinder which means that the radioactive source was located 
at the center. The photons emitted from the radioactive source in all 
directions toward +Z direction with AXS (0 0 1). The emitted radiation 
is described as (PAR: 2) to confirm that the radioactive source emits a 
monoenergetic. The energy of these photons was introduced in the input 
file, where the simulation process was performed over a wide energy 
interval varied from 0.015 to 15 MeV to cover wide range of γ-ray en
ergies. These photons were collimated with a 7-cm-tall, 2.5-cm-radius 
collimator with a central narrow slit which has a radius of 0.5 cm. The 
cylindrical shaped BiNb1-xWxO4 composites receives perpendicular 
photons that are directed from the first collimator. A second collimator 
collimated photons after interaction with the BiNb1-xWxO4 samples and 
directed it toward the detector. The cutoff card's NPS ceased photon 
emissions after 106 historical. The high historical emission was selected 
to decrease the relative error in the simulated ATL to the lower levels. 
After completing the simulation, a new output file is generated with a 
relative error in the ATL dropped to ±0.15%.

To determine the linear attenuation coefficient (LAC, cm) which 
considered the main critical shielding parameter for any material, Eq. 
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(1) was used to calculate it based on the average flux per unit cell 
containing the BiNb1-xWxO4 composites. 

LAC(cm− 1) =

(
1
x

)

ln
(

Io

It

)

(1) 

Io and It represent the average photon flux before and after interac
tion with the cell containing the BiNb1-xWxO4 composites. Half Value 
Layer (HVL, cm) represents the thickness of BiNb1-xWxO4 composites. 
which decreases the transmitted photons (It) by 50% of its initial value 
(Io). It is reversely proportional to the LAC of prepared BiNb1-xWxO4 
composites, as illustrated in Eq.(2). 

HVL(cm) =
ln(2)
LAC

(2) 

It is known that at hospitals they used protective lead rubber jackets 
with lead thickness varying between 0.025 and 0.05 cm for personal 
protection against X-rays or γ-rays. In the current work, the thickness of 
the prepared composites, which have similar shielding capacity as 
0.05 cm of Pb, is known as the thickness equivalent lead (TEL, cm). It 
can be calculated for the synthesized BiNb1-xWxO4 composites based on 
the It and Io for both the synthesized BiNb1-xWxO4 composites and pure 
lead, as presented in Eq. (3). 

LET(cm) =

(

ln
(

Io
It

))

Lead(

ln
(

Io
It

))

composite

(3) 

The radiation protection efficiency (RPE, %) describes the amount of 
photons that are absorbed within the synthesized BiNb1-xWxO4 com
posites as a result of the interaction of photons with the electrons inside 
the material. The RPE for the synthesized BiNb1-xWxO4 composites can 
be calculated according to Eq. (4). 

RPE(%) =
Io

Ia
=

(

1 −

(
Io

It

))

× 100 (4) 

3. Results and discussion

3.1. Crystal structure and phase identification of BiNb1-xWxO4

Fig. 1 illustrates the XRD of BiNb1-xWxO4 at varying x, demonstrating 
the progression of crystalline phases as tungsten replaces niobium, as 
illustrated in Table 1. As W content increases from x = 0 to x = 1, the 
diffraction patterns exhibit qualitative alterations indicative of a tran
sition from Orthorhombic β-BiNbO4 phase to Orthorhombic γ-Bi2WO6 
phase. At x = 0 (absence of W), all peaks belong to BiNbO4, namely the 
orthorhombic α-BiNbO4 phase, which is well indexed with the standard 
XRD pattern JCPDS No. 01–082–0348 [22]. This phase is distinguished 
by prominent reflection peaks at 2θ, 15.11, 23.76, 28.28,30.50, 31.51, 
32.45, 35.12, 36.05, 44.42, 47.92, 52.85,54.15, 58.49, 60.16, 61.19, 
and 67.95 among other peaks [8]. In the doped sample with x = 0.25, 
the XRD pattern is predominantly characterized by BiNbO4 peaks, 
showing only minor alterations, slight peak displacements to higher 2θ 
(indicative of a smaller W6+ ion partially substituting Nb5+ in the lat
tice), and peak broadening, suggesting that W is incorporated into the 
BiNbO4 structure as a solid solution. No additional distinguishable peaks 
emerge at x = 0.25, indicating that the solid solubility of W within the 
BiNbO4 lattice has not been exceeded. At x = 0.5, additional weak re
flections begin to appear alongside the BiNbO4 peaks. The emergence of 
these additional peaks indicates the development of a secondary 
tungsten-rich phase when the tungsten concentration reaches a sub
stantial level. The predominant reflections of BiNbO4 persist, suggesting 
that BiNbO4 remains the principal phase at x = 0.5; nevertheless, the 
emergence of new peaks (notably a minor peak around 2θ ≈ 29–30◦ and 
other peaks at elevated angles) suggests the incipient crystallization of a 
bismuth tungstate phase. At x = 0.75, the XRD pattern indicates a 

distinct two-phase combination. The peaks of BiNbO4 have significantly 
diminished in relative strength, while the peaks of the 
tungsten-containing phase have grown pronounced. Numerous distinct 
reflections, typical of bismuth–tungsten oxide, emerge across the 2θ 
spectrum, notably prominent peaks in the ~28–33◦ range and supple
mentary peaks at higher angles. This indicates that a substantial fraction 
of the sample has transformed into a bismuth tungstate phase, with re
sidual BiNbO4 present as a minor component. In the BiNb₁₋ₓWₓO₄ 
structure, it is not possible to totally replace Nb with W to form the 
BiWO₄ structure at x = 1, instead of the formation of Bi₂W₂O₉, rather 
than BiWO₄. This can be explained through analysis of charge equilib
rium and structural strength. Bi ion is generally trivalent Bi³ ⁺ in these 
oxides, while W is commonly hexavalent W⁶⁺. A theoretical BiWO₄ 
structure would have Bi³ ⁺ and W⁶⁺, which would be balanced by O²⁻. 
This will give it a total cation charge of + 9, which 4 O²⁻ (–8 charge) 
cannot completely balance [31]. Bi₂W₂O₉, on the other hand, has a Bi:W 
ratio of 1:1 and nine oxygen atoms per formula unit. This means that 
Bi₂W₂O₉ may be represented as Bi²³ ⁺ + 2 W⁶⁺ = +18, with nine O²⁻ 
= –18. Bi₂W₂O₉ maintains neutral in terms of charge, but BiWO₄ has 
insufficient electrons. The confirmed binary Bi₂O₃-WO₃ phase diagram 
demonstrates the chemical reality. The stable bismuth tungstate phases 
include Bi₂WO₆ and Bi₂W₂O₉, as well as higher members like Bi₂W₃O₁₂. 
However, there is no document of a simple Bi: W: O = 1:1:4 phase in 
mainstream databases [32–34]. As x approaches 1 the additional W 
promotes the formation of the orthorhombic phase, identified by the 
Pna21 space group of Bi₂W₂O₉, which is accurately indexed by JCPDS 
No. 01–089–8114 [35], as confirmed by the XRD results. Further anal
ysis was carried out to identify the phases and estimate the crystallite 
size. The XRD patterns of BiNb₁₋ₓWₓO₄ show broad peaks which are 
consistent with nanocrystalline domains. Because this broadening, 
together with the modest counting statistics, makes a full Rietveld 
refinement weakly constrained and sensitive to correlated fitting terms 

Fig. 1. The XRD pattern of BiNb₁₋ₓWxO₄ at different x.
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such as background, peak-shape, and size or strain broadening, we did 
not report refined lattice parameters. Instead, we used Crystal Impact 
software to identify the main phase and the most consistent space group 
by reference matching, and we present a Scherrer type crystallite size 
estimate as an approximate supporting value. The identified phases are 
orthorhombic Pnna for x = 0, 0.25, and 0.50, while at higher W contents 
above x = 0.50 the phase is assigned as orthorhombic Pca21, as sum
marized in Table 1.

3.2. Vibrational modes and local bonding of BiNb1-xWxO4 by FTIR 
spectroscopy

Fig. 2 shows the FTIR results of BiNb₁-ₓWₓO₄. As the W content rises 
from 0 to 1 mol%, the FTIR spectra show clear differences in peak po
sition and the formation of new bands, confirming changes in chemical 
bonding with increasing x value. At x = 0, the peak at about 820 cm⁻¹ is 
attributed to the stretching of Bi-O-Bi modes, and the peak at 620 cm⁻¹ is 
assigned to Nb-O-Nb stretching. The peak at 500 cm⁻¹ associated with 

bending vibrations involving Bi-O/Nb-O bonds in the niobate structure, 
all peaks confirm the formation of the BiNbO₄ structure [36–38]. Further 
increases in x value to x = 0.25 and 0.5 result in the FTIR peaks shifting 
and developing due to the incorporation of W-O bonds. Tungsten is 
heavier element and often forms stronger bonds, so its stretching modes 
appear in similar frequency regions but can alter the spectrum notice
ably. For instance, the peak at 820 cm⁻¹ Bi-O-Bi band broadens slightly 
shifts toward 800 cm⁻¹ as W is introduced, indicating the contribution of 
W-O stretching modes overlapping in that region. At the same time, the 
Nb-O-Nb peak at 620 cm⁻¹ decreases in strength as Nb concentration 
decreases. A shoulder appears in the 700–640 cm⁻¹ range, indicating 
W-O-W bridging stretches in corner sharing WO₆ octahedra. As the x 
increases to 0.75 mol%, a new band forms at about 870 cm⁻¹ , showing 
that tungsten is in octahedral coordination (WO₆). The increase in 
bandwidth at 500 cm⁻¹ is due to the bending modes of heavy metal 
oxygen polyhedra, particularly the deformation of WO₆ octahedra and 
Bi-O units in the shifting lattice. A partial transition from [WO₄]²⁻ 
tetrahedral to WO₆ octahedral is observed [39–41]. With further in
crease in W content to x = 1 mol%, the results indicated formation of 
Bi₂W₂O₉. The peak at 850 cm⁻¹ corresponds to the asymmetric stretching 
of WO₆ octahedra, while the peak at 936 cm⁻¹ is attributed to vibrations 
of short W-O bonds [39]. Overall, XRD and FTIR were used to test the 
experiment and confirm that the phases were forming and that no sec
ondary phases were present that could alter the composition assumed in 
the material specification. The FTIR spectra confirmed the expected 
bonding properties and showed no clear signs of significant residual 
precursors or impurities. Despite the XRD and FTIR results not directly 
used in the numerical simulations, they serve as important proof that the 
composition assumed in the simulation material specification is 
accurate.

3.3. Dispersion state and hydrodynamic diameter of BiNb1-xWxO4

Fig. 3 illustrates the particle size analysis (PSA) of BiNb₁-ₓWxO₄ 
across various x values (0 ≤ x ≤ 1). All powders were diluted with 
ethanol to suitable proportions to provide a clear solution, and subse
quently subjected to probe sonication for 2 min at 50 watts to achieve 
optimum dispersion [15]. Each test was conducted four times, with each 
run lasting 15 s under motion, after which the average was calculated. 
At x = 0, the histogram (Fig. 3a) exhibits a narrow, almost normal dis
tribution centred about 80 nm, ranging from 70 to 90 nm. The intro
duction of 25 mol% W (Fig. 3 b) moves the distribution towards smaller 
diameters, resulting in a new mean of around 75 nm, with a minor 
widening of the range to 60–90 nm, indicating that partial W-substitu
tion facilitates moderate grain refinement. The tendency is particularly 
evident at x = 0.50 (Fig. 3c). The particles reach a maximum size of 
around 65 nm, with a broad range of 45–85 nm, resulting in the lowest 
average diameter in the series. As the W content increases, growth de
clines, x = 0.75 (Fig. 3d) shows a mean of around 85 nm, while totally 
replaced x = 1 (Fig. 3e) reaches 95 nm.

Fig. 3f illustrates the specific surface area (SSA) of BiNb₁₋ₓWxO₄ at 
different x values (0 ≤ x ≤ 1). The blue curve validates a non-monotonic 
diameter profile of 80 nm, 73 nm, 65 nm, 85 nm, and 95 nm as x in
creases from 0 to 1. The black curve illustrates the inverse progression of 
specific surface area about 9, 10.3, 11.7, 7.9, and 7.2 m² g⁻¹ , respec
tively. The traditional 1/d ratio indicates that a diameter reduction to 

Table 1 
Main phase, lattice parameters volume and crystalline size of fabricated samples.

Sample code Main phase and space group a (Å) b (Å) C (Å) V (Å)3 Crystalline size (nm)

0 Pnna Orthorhombic β-BiNbO4 4.983 11.704 5.681 331.4 81
0.25 Pnna orthorhombic β-BiNbO4 structure 4.967 11.680 5.667 329.0 101
0.5 Pnna Orthorhombic β-BiNbO4 4.952 11.655 5.652 326.2 90
0.75 Pca21 Orthorhombic Bi2WO6 5.457 16.473 5.438 488.7 101
1 Pca21 Orthorhombic γ-Bi2W2O9 5.457 16.427 5.438 487.7 78

Fig. 2. FTIR spectra of the BiNb₁− ₓWₓO₄.
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x = 0.50 results in almost twice the specific surface area compared to 
the original phase.

3.4. Effect of BiNb₁₋ₓWₓO₄ composition on stopping ions and projected 
range

The stopping cross-section (SCS) and projected range (PR) of 
BiNb₁₋ₓWₓO₄ for H, He, Be, C, O, and Ne have been evaluated using the 
SRIM software package [42]. Bragg’s additivity rule (BAR) plays a major 
role in the SRIM software when computing the SCS and projected range 
of ions in compounds or stoichiometric materials. According to BAR, the 
sum of the energy losses a projectile would experience if it were trav
eling through each element, weighted by their respective ratios, can be 
used to approximate the total SCS (i.e., total energy loss per unit 

distance) of the projectile passing through a mixture or compound. The 
SCS and PR are important quantities in radiation physics because they 
demonstrate the correlation between the energy loss of ions and stop
ping medium excitations. Figs. 4 and 5 represent the SCS and PR of 
protons in BiNb₁₋ₓWₓO₄, examined in the energy range of T(MeV) up to 
100 MeV with different molar ratios (where x = 0, 0.25, 0.5, 0.75, and 
1). From the computations, it is evident that the SCS and PR values start 
to increase from 1 eV and 1 Å, respectively. Beyond these values, the 
SCS data decrease, while PR reaches a maximum value. Clearly, changes 
in the energy losses occur around the stopping maxima, and the SCS of 
the BiNb₁₋ₓWₓO₄ samples follows the order; SCSx=0 > SCSx=0.25 
> SCSx=0.5 > SCSx=0.75 > SCSx=1. Meanwhile, the RP follows the order: 
(PR=17.5 mm)x=0 > (PR=16.8 mm)x=0.25 > (PR=16.21 mm)x=1 
> (PR=16.11 mm)x=0.5 > (PR=15.5 mm)x=0.75 at 100 MeV. Energy loss 

Fig. 3. The particle-size histograms for BiNb₁₋ₓWxO₄ (a-e) for x = 0, 0.25, 0.50, and 0.75, respectively, and (f) demonstrates the specific surface area and mean 
diameter of particle size at different x values.
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and range are strongly dependent on the concentration of tungsten, and 
the best results for proton radiation shielding were obtained for con
centrations between 0.5 ≤ x ≤ 1, due to the lowest projected ranges in 
those ratios. In the same context, the PR values tend to decline with 
increasing tungsten molar mass concentration because the density of 
tungsten is greater than that of Bi, Nb, and O. Therefore, these in
crements reflect higher density (except x = 1), leading to significant 
proton interactions with atomic electrons in the BiNb₁₋ₓWₓO₄ com
pound. Theoretically, as W increasingly replaces Nb, it might induce a 
change in the electronic structure of BiNb₁₋ₓWₓO₄, increasing electron 
density or varying the distribution of free electrons, which improves 
electronic SCS results. Our computations showed a progressive decrease 
in stopping values with increasing concentration. This is due to polari
zation effects and density corrections of the target material [43]. Po
larization effects indicate how the electronic cloud around atoms or ions 
in the BiNb₁₋ₓWₓO₄ compound deforms in response to the dynamic 
movement of protons. A highly polarizable medium can expedite the 
redistribution of its electronic density, which can boost or adjust energy 
transfer processes [4,44–47]. Conversely, if the polarization effects are 
reduced or suppressed due to modifications in the BiNb₁₋ₓWₓO₄ struc
ture composition, the SCS may decrease, as shown in Fig. 4. 

Subsequently, the density effect correction modifies the energy loss 
data, indicating that polarization reduces energy transfer at high energy 
ranges, leading to precise predictions of ion projected ranges and energy 
deposition profiles. Electronic SCS dominates for proton energies 
exceeding a few hundred keV. The electron density significantly in
fluences the sensitivity of the BiNb₁₋ₓWₓO₄ target, the effective charge of 
the proton, which is diminished due to the screening effect, and the shell 
structure of BiNb₁₋ₓWₓO₄ atoms, particularly at low proton energy. 
Atomic target electrons screen the nuclear charge at energy levels below 
T = 10 MeV, therefore lowering Coulomb interactions and hence the 
effective nuclear charge of the projectile (Zeff), and hence reducing 
energy loss at low energies. Realistic projections of projectile range and 
stopping power matched with experimental observations are obtained 
by use of these SRIM software modifications. Furthermore, inelastic 
electron mean free path (IMFP) data is used in computerized modeling, 
such as Monte Carlo (MC) simulations, to probabilistically locate where 
inelastic collision events occur along an ion's track, thus affecting ex
pected energy loss and projected range in condensed media. Since the 
IMFP relates to electronic relaxation time, damping, and energy dissi
pation processes [48], it influences dielectric response qualities. These 
results align with those of Chaiphaksa et al. [49], when they found that 
the Gd2O3 concentration in the bismuth borate glass (80-x) 
B2O3:5CaF2:15Bi2O3:xGd2O3 reduced the energy loss and range of pro
ton and alpha particle as the molar ratio x changed from 0% to 20%, due 
to the increased density of the material.

3.5. Prediction of proton bragg peak profiles in BiNb₁₋ₓWₓO₄

Experimental data for SCS are frequently available for individual 
components, although they are currently lacking for complex dielectric 
materials. The SRIM algorithm uses Bragg’s additivity rule to predict the 
total energy loss and range of the compound. The International Atomic 
Energy Agency (IAEA) provides a reliable, standardized database on 
various charged particles such as protons, alpha particles, and heavy 
ions, including the stopping power of different materials. In Fig. 6, a 
comparative analysis of five BiNb₁₋ₓWₓO₄ samples (where x = 0, 
0.25.0.5, 0.75, and 1) is presented along with the individual elements of 
the compound Bi, Nb, W, and oxygen. The stopping experimental data 
adheres to the IAEA SCS database terminology for naming or labeling, 
which associates the authors’ surnames with the publication year.

Fig. 4. The electronic SCS for protons in BiNb1-xWXO4 (x = 0, 0.25, 0.5, 0.75, 
and 1).

Fig. 5. PR for proton in BiNb1-xWxO4 (x = 0, 0.25, 0.5, 0.75, and 1).

Fig. 6. Electronic stopping cross section (SCS) of protons in BiNb₁–ₓWₓO₄ 
(x = 0, 0.25, 0.5, 0.75, and 1) as a function of proton energy, T (MeV). Symbols 
denote experimental values retrieved from the IAEA database for single-crystal 
targets, while solid lines correspond to theoretical results calculated using the 
SRIM code.
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For protons moving in Bi, Nb, W, and O, the SRIM code prediction 
shows good coherence with the experimental data stopping values 
spanning the following energy ranges: 1.59 keV <T ≤ 9 keV reported by 
Valdés et al. [50] (Vs1993) for the Bi target, 18 keV <T < 5.2 MeV 
obtained by Moro et al. [51] (Mor2020) for the Nb target, 17 keV 
<T < 6 MeV measured by Moro et al. [52] (Mor2021) for the W target, 
and 40 keV ≤ T < 0.6 MeV provided by Reynolds et al. [53] (Rn1953) 
for the oxygen target in the gas phase. Through the experimental indi
vidual contributions of elements concerning electronic stopping, the 
SRIM software can anticipate how the Bragg peak’s position alters with 
different molar ratios and determine the changes in energy loss distri
bution with target density. This leads to an increase in the reliability of 
the expected stopping results for the BiNb₁₋ₓWₓO₄ samples, especially 
when there is inadequate data available about the proposed compounds; 
here, the BAR would be the best choice method.

Figs. 7a and 7b show the calculation of mean excitation potential I 
(eV) and bulk plasmon EBulk= ħωp for fabricated BiNb₁₋ₓWₓO₄ samples 
(distributed over each molar ratio) alongside the pure elements of their 
components. The mean excitation potential for the synthesized samples 
was determined using the convolution approximation for swift particles 

(CasP) program, version 6 [54].
In a stopping material, the mean excitation potential is the average 

energy required to excite or ionize an atom. It is an essential factor in 
approximating electronic energy loss using methods such as the Bethe 
formula. It significantly affects the logarithmic term, controlling the 
energy loss rate at decreasing projectile energies when the logarithmic 
term Lin〈I〉 becomes progressively essential. Accurate energy loss com
putations rely on precise calculations of particle energy loss [55].

Swapping Nb with W leads to an increase in mean excitation po
tential values of the BiNb₁₋ₓWₓO₄ samples. This increase may arise from 
various factors related to the atomistic and electronic structure prop
erties of W compared to Nb. Tungsten has a higher atomic number (Z) 
than Nb, and elements with high Z usually exhibit a larger effective 
nuclear charge, including more tightly bound inner electrons, higher 
excitation potentials, and average ionization energies, which contribute 
to the increase in average effective nuclear charges in the lattice. This 
increases I-values by excitation or elimination of atomic electrons, 
requiring additional energy. The electronic configuration and orbital 
effects indicate that higher energy is needed for excitation, as W has 
extra f electrons and higher energy d orbitals, which promote a more 
complicated and stabilized electronic structure. It should be noted that 
the strong W-O bonding changes the electronic band structure and 
modulates the crystal field strength, thus improving the I-values of the 
samples [56,57]. In addition, the dipole oscillator strength distribution 
or oscillator strength density shifts to higher energies owing to tung
sten's heavier atomic nature. Besides the atomic electrons being bound 
tightly, causing a change in the logarithmic mean energy, resulting in an 
upward rising I value [58,59], as shown in Fig. 7a. We conducted bulk 
plasmon energy calculations for all shields to gain a deeper under
standing of the relationship between plasma frequency and projectile 
energy loss in complex media. Plasmon excitations are collective oscil
lations of electrons of the target material.

The characteristic of bulk plasmon energy Ep, depends on the elec
tronic structure nature and density ρ of the material [60,61]. In com
pounds, the Ep can be read as 

EP = 28.816
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

i

NV,iρi

Mi

√

………………… (5) 

Where Nv,i, ρi, Mi are the valence electrons, density(gm/cm3), and 
atomic mass of single element i.

Fig. (7b) shows the Ep values of single elements along with fabricated 
BiNb₁₋ₓWₓO₄ samples. When an element composes a BiNb₁₋ₓWₓO₄ 
compound, its atomic electrons interact and delocalize over the whole 
structure, producing a new collective behavior mode that is different 
from those in a single element. Hybridization and bonding lead to an 
effective enhancement of free or delocalized electron density compared 
to single elements. The penetrating charged particles induce a reorga
nization of atomic electrons in the dielectric target, resulting in localized 
variations in electronic density. These induced densities are closely 
linked to the wake or induced potential; they consider how atomic 
electrons collectively react through plasmons and screening to the 
moving ion [62]. Knowledge of this relationship between Ep, I, SCS, and 
PR aids in optimizing BiNb₁₋ₓWₓO₄ for nuclear radiation detection 
measurements, such as detector design and radiation shielding, by 
tailoring their electronic characteristics to achieve the desired energy 
loss properties.

3.6. Swift heavy ion stopping power and projected range in BiNb₁₋ₓWₓO₄ 
at high tungsten content (x = 0.75, 1)

The current section focuses on the behavior of swift heavier ions in 
interaction with BiNb0.25W0.75O4 and Bi2W2O9, as they have the lowest 
projected range among the other samples, as illustrated in Fig. 5.

Figs. 8 and 9 show the SCS and PR results of H, He, Be, C, O, and Ne 
ions striking BiNb₁₋ₓWₓO₄ elevated at high tungsten concentrations, i.e., 

Fig. 7. The target computations for: (a) The mean excitation potential I(eV) for 
BiNb₁₋ₓWₓO₄ (x = 0, 0.25, 0.5, 0.75, and 1) compared with the single solid 
target based on CasP computations. (b) The bulk plasmon for BiNb₁₋ₓWₓO₄ 
(x = 0, 0.25, 0.5, 0.75, and 1) compared with the single solid target based on 
Eq. (5).
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x = 0.75 and 1, alongside individual elements by Bragg's rule calcula
tions. Heavier ions, such as those with higher atomic mass and atomic 
number, typically exhibit larger SCSs than lighter ions (e.g., H or He). 
Heavy ions convey more charge (Ze) and mass (M), resulting in stronger 
Coulomb interactions with atomic electrons in the BiNb₁₋ₓWₓO₄ sam
ples. The ion or projectile's initial charge state (q) affects how quickly it 
loses energy. Fully ionized heavier projectiles tend to have larger elec
tronic SCS than partially ionized lighter projectiles. Consequently, 
lighter ions interact with matter, influencing their “effective charge 
state” and, in turn, their electronic energy losses. At kinetic energies 
ranging from a few keV up to T = 100 MeV, the SCS varies significantly 
with projectile velocity. In lower energy ranges (<10 MeV), nuclear 
stopping data (i.e., elastic collisions with atomic nuclei) dominates, 
whereas at higher energy ranges (>10 MeV), electronic SCS due to 
ionization and excitation of electrons becomes dominant. Target 

compositions play a crucial role in evaluating energy loss characteris
tics, as previously depicted in Fig. 5 and projected ranges in Fig. 6. The 
presence of heavier elements like Bi, W, and Nb increases the overall 
electron density distributions, which alters the electronic SCS for all 
types of projectile ions. Therefore, the compound's stoichiometry may 
control the amount of energy dissipated during projectile traversal. The 
changes in energy loss along the ion's trajectory induce an expansion of 
the PR distribution and multiple Coulomb scattering effects on angular 
dispersion. The Bragg peak constitutes a semi-sharp maximum in energy 
particle deposition closer to the end of a projectile’s range.

Heavy projectiles generate more noticeable Bragg peaks due to their 
greater linear energy transfer. In contrast, lighter projectiles like H and 
He creates broader peaks with smaller noticeable maxima as they de
posit less energy per unit path length. Based on Figs. 9a and 9b, the 
heavy ions tend to have shorter projected ranges due to higher energy 

Fig. 8. Electronic SCS of H, He, Be, C, O, and Ne ions on (a) BiNb0.25W0.75O4 and (b) Bi2W2O9 based on SRIM simulations.
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loss (see Figs. 8a and 8b); lighter ions, such as protons, can traverse 
deeper before losing their kinetic energy. Finally, energy loss and range 
may be influenced by material composition. In complex dielectric oxides 
such as BiNb0.25W0.75O4 and Bi2W2O9, high-Z elements enhance elec
tronic energy loss efficiency closer to the end of the range region, 
intensifying or sharpening the Bragg peak for specific ions.

3.7. Proton implantation and damage characterization in Bi₂W₂O₉

The complete substitution of a niobium atom with tungsten yields 
Bi₂W₂O₉, as confirmed by the XRD section. The unique properties of 
Bi₂W₂O₉ provide valuable insights for examining radiation damage and 
proton implantation; its distinct crystal structure can displace and create 
defects more effectively than other dielectric materials. The implanta
tion was executed within the energy range of 1–10 MeV for H+ ions in 
Bi₂W₂O₉ using the Sputter Profile Resolution from the Energy Deposition 
SUSPRE program [63]. The SUSPRE software allows the modeling of a 
beam of protons with an assigned kinetic energy distribution. The soft
ware requires providing ion details, such as name, mass, energy, fluence, 
angle of incidence, beam current, plot depth, and angle of incidence, in 
addition to assigning the density and details of the target composition. 
H+ ions were implanted with a dose (fluence) of 1015 ions/cm² and a 
beam current density of 100 µA/cm² to examine the effects of damage 
and the concentration of protons implanted in Bi₂W₂O₉. Developed by 
Roger Webb at the University of Surrey, the SUSPRE program analyses 
and simulates the reactions or behavior of ion interactions in dielectrics, 
including devices and nanomaterials. It is used to ascertain the distri
bution of implantation ranges for any projectile in single or compound 
media, so offering an understanding of modeling radiation damage, ion 
concentration, current distributions, electromagnetic properties, and 
material performance characteristics. Figs. 10 and 11 represent a 3D 

visualization of the damage and concentration peak profiles for each as a 
function of proton energies and depth profiles. When a charged beam, 
such as a proton beam (H⁺), is implanted into Bi₂W₂O₉, observable effects 
arise: the stopping of protons is governed by electronic energy loss and 
nuclear stopping or elastic collisions with nuclei. The depth profile will 
alter as the projected range of particles increases with beam energy, and 
the Bragg peak represents maximum energy deposition in matter, 
penetrating deeper into the compound as energy increases. Displace
ment damage (damage creation) occurs when protons strike the Bi₂W₂O₉ 

Fig. 9. The PR of H, He, Be, C, O, and Ne ions on (a) BiNb0.25W0.75O4 and (b) 
Bi2W2O9 as determined by SRIM simulations.

Fig. 10. The predicted damage and ion depth profiles over the energy range of 
1–10 MeV for proton implants in Bi2W2O9, as computed by SUSPRE [63], with 
a dose of 1015 ions/cm², a thickness of 3 mm, and a beam current density 
of 100 µA/cm².

Fig. 11. The predicted concentration and ion depth profiles across the energy 
range of 1–10 MeV for proton implants in Bi2W2O9, as computed by SUSPRE 
[63], with a dose of 1015 ions/cm², a thickness of 3 mm, and a beam current 
density of 100 µA/cm².

R.I. Mahdi et al.                                                                                                                                                                                                                                Materials Today Communications 51 (2026) 114918 

9 



atoms from their lattice sites. The ion concentration follows a normal 
statistical distribution akin to a Gaussian distribution centered on the 
projected range. Increasing proton energy causes deeper implantation, 
reduced surface damage, decreased peak concentration, and a more 
forward-shifted distributed damage profile. Consequently, the damage 
per ion decreases with increasing proton energy, but the total damage 
can remain substantial at higher fluences. The damage caused by proton 
implantation in Bi₂W₂O₉ may lead to several subsequent effects: struc
tural defects such as lattice distortion or swelling due to irradiation with 
proton energy, amorphization, the creation of oxygen vacancies, and 
phase transitions. At low proton energy, these consequences are local
ized at the surface. However, at energies higher than 10 MeV, bulk 
properties dominate and may potentially modify the electrical and op
tical characteristics if Bi₂W₂O₉ is used in photocatalysts or sensors.

Figs. 12a and 12b show the simulated concentration and damage 
distribution of ions as a function of depth profiles of protons implanted 
in Bi2W2O9, using a 5 MeV initial proton beam moving through a 3 mm 
sample with a current density of 100 µA/cm² for different fluence values 
ranging from 10 ¹ ⁵ to 20 × 10 ¹ ⁵ ions/cm².

After proton penetration in Bi2W2O9, it can be observed that the 
amplitude of the concentration and damage distribution is strongly 
dependent on the fluence value of the beam, as it increases with a higher 
fluence. The distribution of the depth profile maintains a Gaussian dis
tribution centered at RP = 0.78 mm. The gradually increasing fluence 
results in a linear rise in concentration at all depths while the depth 
shape remains unchanged. Higher implanted doses or fluences corre
spond to a greater number of implanted protons per mm³ . The damage 

profile or vacancy production is related to nuclear stopping energy loss 
interactions. Protons cause atomic displacement damage here, a 
generally modest but cumulative effect. Particularly when the damage 
levels reach threshold degrees, the nonlinearly accumulating damage 
distribution accumulates as doses increase, causing stress-induced 
swelling or cracking, accumulation of oxygen vacancies, amorphiza
tion, and lattice distortion. It should be underlined that changes in the 
electronic and optical characteristics of Bi2W2O9 result from the 
disturbance of W–O and Bi–O bonds.

3.8. Gamma-ray shielding

The variation of the LAC versus the γ-ray energy was illustrated in 
Fig. 13(a-d). As shown in Fig. 13(a), when the γ-ray energy increases 
from 0.015 MeV to 15 MeV, the γ-ray interactions go through three 
different processes: photoelectric (PE), Compton scattering (CS), and 
pair production (PP). Across the mentioned PE, CS, and PP interval, the 
interaction cross-section (σ) for the γ-ray photons changes with E− 3.5

γ , Eγ, 
and Log Eγ. Under these three various interaction mechanics, the LACs of 
the fabricated composites varied between 555.185 cm− 1 and 
0.348 cm− 1 (for the composites with X = 0), 675.539 cm− 1 and 
0.381 cm− 1 (for the composites with X = 0.25), 797.130 cm− 1 and 
0.415 cm− 1 (for the composites with X = 0.5), 918.189 cm− 1 and 
0.448 cm− 1 (for the composites with X = 0.75), and 980.777 cm− 1 and 
0.449 cm− 1 (for the composites with X = 1), as illustrated in Fig. 13(a). 
Detailed information about the interaction mechanisms and their 
dominant energy interval was discussed within the following 
paragraphs.

The first energy interval extends from 0.015 MeV to 0.122 MeV. The 
slight increase in the Eγ values results in a significant reduction of the σ 
values due to the predominance of the photoelectric (PE) interaction. 
The high reduction in the σ values leads to a high decrease in the number 
of interactions between γ-photons and the electrons of atoms within the 
fabricated composites [26,64]. This high decrease in the interaction 
number is accompanied by a high reduction in the number of photons 
absorbed within the composite’s layer (i.e., Ia photons decreased), while 
the transmitted photon number increased (i.e., It photons increased). 
This behavior leads to a decrease in the Io/It ratio as the Eγ values in
crease. This decrease in the (Io/It) ratio give raise to a high decrease in 
the LACs of fabricated composites as the Eγ increased. Fig. 13 (b) shows 
that the increase in Eγ across the interval of 0.015–0.122 MeV decreases 
the LACs of fabricated composites with X = 0, X = 0.25, X = 0.5, 
X = 0.75, and X = 1 across the ranges of 555.185–16.609 cm− 1, 
675.539–18.623 cm− 1, 797.130–21.025 cm− 1, 918.189–23.452 cm− 1, 
and 980.777–24.384 cm− 1, respectively.

The second energy interval is the CS interaction, which is repre
sented in Fig. 1(c). Across the CS interval, the increase in Eγ values 
causes a moderate reduction in the σ values. This reduction in σ leads to 
a decrease a decrease in (Ia) photons and an increase in the (It) photons. 
The (Io/It) ratio suffers a decrease, which leads to a reduction in the LACs 
of fabricated composites. The reduction in the LACs across the CS in
terval is moderate compared to the reduction in the LACs which was 
achieved at PE interactions. Fig. 13 (c) reveals that the increase in Eγ 
from 0.122 to 1.022 MeV is followed by a moderate reduction in the 
LACs of composites with X = 0, X = 0.25, X = 0.5, X = 0.75, and X = 1 
across the intervals of 16.609–0.486 cm− 1, 18.623–0.536 cm− 1, 
21.025–0.569 cm− 1, 23.452–0.605 cm− 1, ανδ 24.384–0.575 cm− 1.

The third energy interval is the PP interaction, which extends over 
the energy range varied between 1.022 MeV and 15 MeV, as illustrated 
in Fig. 13 (d). The PP interaction starts within the fabricated composites 
at 1.022 MeV, but it is not high enough compared to the CS interaction. 
The CS is still the dominant interaction up to Eγ of 5 MeV. Therefore, the 
increase in the Eγ from 1.022 MeV to 5 MeV is accompanied by a 
reduction in the LACs throughout the ranges of 0.486–0.289 cm− 1 (for 
the composite with X = 0), 0.536–0.312 cm− 1 (for the composite with 

Fig. 12. The SUSPRE simulation of the (a) concentration and (b) damage of 
protons as a function of the implanted depth profiles in Bi2W2O9, utilizing a 
5 MeV initial proton beam traveling through 3 mm at a current density of 
100 µA/cm² in the bismuth tungstate sample for various fluence values.
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X = 0.25), 0.569–0.336 cm− 1 (for the composite with X = 0.5), 
0.605–0.359 cm− 1 (for the composite with X = 0.75), and 
0.575–0.352 cm− 1 (for the composite with X = 1). Above 5 MeV, a 
slight increase in the LACs is observed due to the slight increase in σ 
values following the high raises in the Eγ. This behavior is a confirmation 
for the prevalent of PP interaction at Eγ interval above 5 MeV. According 
to the data presented in Fig. 13 (d), the increase in Eγ from 5 MeV to 
15 MeV is accompanied by a tiny increase in the LACs across ranges of 
0.289–0.348 cm− 1 (for the composite with X = 0), 0.312–0.381 cm− 1 

(for the composite with X = 0.25), 0.336–0.415 cm− 1 (for the composite 
with X = 0.5), 0.359–0.448 cm− 1 (for the composite with X = 0.75), 
and 0.352–0.449 cm− 1 (for the composite with X = 1). Fig. 13 (a-d) 
show an agreement between the simulated LACs and the LACs, which 
are calculated based on the calculation performed using the XCOM 
program. The difference between both methods ranging ±3%.

To validate the shielding efficiency of the fabricated BiNb1− xWxO4 
composites, their LACs were compared to some commercial protective 
lead-based glasses supplied by Schott AG [1], pure PbO, and Bi2O3 
composites, as presented in Fig. 14. The LACs of the fabricated 
BiNb1− xWxO4 composites at 0.662 MeV are 0.728 cm− 1, 0.792 cm− 1, 
0.853 cm− 1, 0.924 cm− 1, and 0.896 cm− 1 for composites with X = 0, 
X = 0.25, X = 0.75, and X = 1, respectively. These LAC values for the 
BiNb1− xWxO4 composites are high compared to the LACs of lead-based 
protective glasses RS 253 (0.19 cm− 1), RS 253 G18 (0.19 cm− 1), RS 
323 G19 (0.28 cm− 1), RS 360 (0.32 cm− 1), and RS 520 (0.5 cm− 1). The 
high LACs for the BiNb1− xWxO4 composites are attributed to their high 
content of heavy metals Bi, W, and Nb. On the other hand, the LACs of 
fabricated BiNb1 − xWxO4 composites are lower than the LAC of pure 
PbO (1.0273 cm− 1). Additionally, the fabricated BiNb1-xWxO4 compos
ites, especially for composites with X = 0.75 and X = 1, are slightly 
lower than the LAC of pure Bi2O3 (0.969 cm− 1). These results show the 
potential effect of the prepared composites in the radiation shielding 
applications.

Additionally, the HVLs for the prepared BiNb1− xWxO4 composites 
have a variation that tends opposite to that illustrated early for the LACs. 
The reason for this behavior is the reverse variation of the HVLs and 
LACs. The thinner HVLs were observed at the low energy interval (i.e., 
PE interval). These thinner values were between 0.001 and 0.042 cm for 
the composite with X = 0, 0.001 and 0.037 cm for the composite with 
X = 0.25, 0.001 and 0.033 cm for the composite with X = 0.5, 0.001 and 
0.030 cm for the composite with X = 0.75, and 0.001 and 0.028 cm for 
the composite with X = 1, as the photon energy went up from 
0.015 MeV to 0.122 MeV, as shown in Fig. 15. Thereafter, with 
increasing the CS interaction inside the fabricated composites, the (It) 

Fig. 13. The impact of the γ-ray energy on (a) total linear attenuation coefficient, (b) linear attenuation coefficient at PE interval, (c) linear attenuation coefficient at 
CS interval, and (d) linear attenuation coefficient at PP interval.

Fig. 14. Comparing the linear attenuation coefficient of the prepared 
BiNb1− xWxO4 composites with the commercial radiation protective glasses.
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photons strongly increased, which gave rise to a strong increase in the 
thickness required to reduce it to 50% of Io values. Fig. 15 reveals that 
the increase in Eγ from 0.122 MeV to 1.022 MeV is accompanied by a 
high increase in the HVLs from 0.042 to 1.426 cm (for the composite 
with X = 0), 0.037–1.293 cm (for the composite with X = 2.5), 
0.033–1.218 cm (for the composite with X = 0.5), 0.030–1.147 cm (for 
the composite with X = 0.75), and 0.028–1.205 cm (for the composite 
with X = 1), respectively. The HVL increased slightly with raising the Eγ 
values over the interval of photons, which varied between 1.022 MeV 
and 5 MeV, due to the reduction of the σ values over the CS interval. 
After that, above 5 MeV, the increase in Eγ values is accompanied by a 
small reduction in the HVLs due to the PP interaction. The data in Fig. 15
shows that when Eγ increases from 5 MeV to 15 MeV, the HVLs of the 
composites with X = 0, X = 0.25, X = 0.5, X = 0.75, and X = 1 decrease 
across the ranges of 2.400–1.992 cm, 2.222–1.819 cm, 2.066–1.671 cm, 
1.932–1.547 cm, and 1.970–1.545 cm, respectively.

It is known that a thickness of 0.05 cm of lead-equivalent materials is 
required for protection in medical applications. In the current section, 
the thickness equivalent to 0.05 cm of pure lead (TEL, cm) was calcu
lated for the prepared BiNb1− xWxO4 composites at various γ-ray 

energies, as illustrated in Fig. 16. At the PE interaction, the TELs for the 
fabricated composites don’t have any identified trend and fluctuated 
throughout the intervals of 0.113–0.094 cm, 0.093–0.065 cm, 
0.079–0.048 cm, 0.069–0.039 cm, and 0.064–0.035 cm for 
BiNb1 − xWxO4 composites when X = 0, X = 0.25, X = 0.5, X = 0.75, 
and X = 1, respectively, when the Eγ increased from 0.015 MeV to 
0.081 MeV. These fluctuations are attributed to the K-absorption edges 
of Bi, W, and Nb that appear at the mentioned interval [27]. Near 
0.122 MeV, the TELs increase to higher intervals due to the K-absorption 
of Pb, which causes the LACs of Pb to compare to the fabricated com
posites around the mentioned energies. Thereafter, the increase in the Eγ 
values from 0.122 MeV to 1.022 MeV is accompanied by a reduction in 
the TELs throughout the intervals of 0.114–0.081 cm, 0.102–0.073 cm, 
0.090–0.069 cm, 0.081–0.065 cm, 0.078 cm, and 0.068 cm, respec
tively, for the fabricated composites with X = 0, X = 0.25, X = 0.5, 
X = 0.75, and X = 1. The exponential reduction in the TLS is attributed 
to the comparable reduction in LACs of pure Pb and fabricated com
posites. The increase in the photon's energy from 0.122 MeV to 
1.022 MeV is accompanied by an exponential reduction in the LAC of Pb 
and fabricated composites by ≈ 97%. Over the interval that extends 
from 1.022 MeV to 3 MeV, the TELs still decrease with raising the γ-ray 
energy due to the predominance of CS interaction, as illustrated in the 
early sections. Above 3 MeV, the TELs began to increase in both LACs of 
Pb and fabricated composites. The increase in the Eγ from 3 to 15 MeV 
causes a small raise in the TELs across the ranges of 0.079–0.092 cm (for 
the composite with X = 0), 0.074–0.084 cm (for the composite with 
X = 0.25), 0.069–0.077 cm (for the composite with X = 0.5), 
0.065–0.071 cm (for the composite with X = 0.75), and 0.067–0.071 cm 
(for the composite with X = 1), respectively.

The RPE for the prepared BiNb1− xWxO4 composites are significantly 
affected by the mechanism of γ-ray interaction, as illustrated in Fig. 17. 
At the PE interval, the photon energies are small, and they are totally 
consumed during the interaction with electrons inside the atoms con
sisting of the fabricated composites. Therefore, the (Ia) photons reach 
their maximum values at the PE interval, which is the main reason for 
the maximum RPEs (i.e., 100% for all samples) obtained for the pre
pared composites over the interval varied between 0.015 and 
0.122 MeV. Then, due to the increase in CS interaction with raising the 
photon energy above 0.122 MeV, the number of scattered and trans
mitted photons (It) increased while the absorbed photons (Ia) reduced. 
This decline in the Ia photon causes a reduction in the Ia/Io ratio and 
RPEs. According to Fig. 17, the increase in γ-ray energy from 0.122 MeV 
to 1.022 MeV decreases the RPEs of fabricated BiNb1− xWxO4 composites 

Fig. 15. The impact of γ-ray energy on the half value-layer (HVL, cm) of the 
prepared BiNb1− xWxO4 composites.

Fig. 16. The influence of γ-ray energy on the thickness equivalent lead (TEL, 
cm) of the prepared BiNb1− xWxO4 composites.

Fig. 17. The radiation protection efficiency (RPE, %) of BiNb1− xWxO4 com
posites at various γ-ray energies (i.e., across the PE, CS, and PP intervals).
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with X = 0, X = 0.25, X = 0.5, X = 0.75, and X = 1 across the ranges of 
99.98–21.58%, 99.99–23.52%, 100.00–24.77%, 100.00–26.09%, and 
100.00–25.00%, respectively. Then across the PP interval, due to the 
slight increase in the σ values, the interactions between the incident 
γ-rays and electrons in the fabricated composites increased. Therefore, 
the (Ia) photons start a slight increase, which leads to a slight increase in 
the RPEs of prepared composites. The increase in Eγ from 5 MeV to 
15 MeV causes a slight increase in the RPEs across the ranges of 
13.45–15.97% for the composite with X = 0, 14.44–17.35% for the 
composite with X = 0.25, 15.45–18.73% for the composite with 
X = 0.5, 16.42–20.07% for the composite with X = 0.75, and 
16.13–20.09% for the composite with X = 1. The substitution of W for 
the Nb contents has great impacts on the density (ρ, g/cm3) and effective 
atomic number (Zeff) of the prepared composites. Due to the high density 
of W (19.254 g/cm3) compared to Nb (8.582 g/cm3), the substitution of 
W for the Nb atoms increases the density of the prepared composites. 
According to Fig. 18, the increase in W content from 0 to 41.71 wt% 
increases the ρ values of fabricated composites from 7.58 g/cm3 to 
8.7 g/cm3. This increase in the prepared ρ values of the fabricated 
composites is attributed to the increase in Zeff of prepared composites 
when the W substituted the Nb contents. The calculations indicate that 
the increase in W content within the prepared composites from 0 to 
41.71 wt% increases the Zeff values from 69.89 to 76.00, respectively.

Raising the W content leads to higher ρ and Zeff values, which im
proves the shielding properties of the fabricated samples. These en
hancements are related to the variation of the σ values with Z4.6

eff , Zeff , and 
Z2

eff over the PE, CS, and PP interaction intervals. Therefore, the increase 
in W content is accompanied by a high enhancement in the shielding 
properties at the PE interval compared to the enhancements achieved at 
the CS and PP intervals. Fig. 19 reveals that the increase in the W content 
from 0 to 41.71 wt% is accompanied by an increase in the LACs from 
31.877 cm− 1 to 36.433 cm− 1 at 0.059 MeV, 0.728 cm− 1 to 0.896 cm− 1 

at 0.662 MeV, and 0.315 cm− 1 to 0.399 cm− 1 at 10 MeV.
The increase in the LACs of the fabricated composites leads to a 

decrease in the HVLs of the prepared composites, as shown in Fig. 20. 
The main reason for the reduction in LACs is the inverse relationship 
between the LACs and HVLs as the W content increases. The data in 
Fig. 20 show that increasing the W concentration from 0 to 41.71 wt% 
lowers the HVLs to 0.019 cm (at 0.059 MeV), 0.773 cm (at 0.662 MeV), 
and 1.738 cm (at 10 MeV).

Additionally, raising the W concentration within the fabricated 
composites increases the LACs of fabricated composites compared to the 
LACs of pure Pb. Therefore, Fig. 21 reveals a decrease in the TELs as the 
W content increased within the fabricated composites. According to 

Fig. 21, increasing the W content from 0 to 41.71 wt% reduces the TELs 
of the BiNb1− xWxO4 composites in the ranges of 0.093–0.081 cm (at 
0.059 MeV), 0.085–0.069 cm (at 0.662 MeV), and 0.089–0.070 cm (at 
10 MeV).

As previously illustrated, the increase in W content increases the σ, 
which increases photon interaction probability with the electron in the 
fabricated materials. Therefore, the absorbed photons (Ia) increased, 
leading to an increase in the Ia/Io ratio and RPE as the W content in
creases. Fig. 22 reveals an increase in the RPEs of 0.5 cm thickness of the 
fabricated composites from 30.52% to 36.12% (at 0.662 MeV) and 
14.56–18.07% (at 10 MeV) when the W content raised from 0 wt% to 
41.71 wt%, respectively. Furthermore, for all energies ≤ 0.122 MeV, 
including 0.059 MeV, the RPEs are close to 100% due to the PE 
interaction.

4. Conclusion

The present study evaluates BiNb₁₋ₓWₓO₄ as a structurally adaptable, 
composition variable system, allowing for smooth changes in its crystal Fig. 18. The influence of raising the W concentrations on the density (ρ, g/cm3) 

and effective atomic number (Zeff) of prepared BiNb1− xWxO4 composites.

Fig. 19. The effect of W concentrations on the linear attenuation coefficient 
(LAC, cm− 1) of BiNb1− xWxO4 composites.

Fig. 20. The effect of W concentrations on the half-values layer (HVL, cm) of 
BiNb1− xWxO4 composites.
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chemistry from the orthorhombic α-BiNbO₄ lattice to the tungstate-like 
structure of orthorhombic γ-Bi2WO6, without the formation of second
ary phases. The systematic peak changes in XRD and the development of 
Nb-O/W-O vibrational signatures validate authentic solid-solution for
mation, demonstrating that tungsten substitution gradually bends the 
BO₆ polyhedron, serving as an atomistic mechanism for manipulating 
local bonding and, ultimately, bulk functionality. Simultaneously, all 
compositions maintain nanometric dimensions, with a minimum parti
cle size around x = 0.5, indicative of the conflicting effects of lattice 
strain and diffusion-controlled development. As x goes from 0 to 0.75, 
the predicted density goes up from 7.5 to 9.5 g cm⁻³ . This means that γ- 
and X-ray attenuation gets stronger, putting the W-rich end members in 
a position to compete with or even beat traditional lead shields while 
getting rid of the dangers of heavy metals. Simulations of ion transport 
offer more evidence of its radiological significance. Using the SRIM 
code, we can see that both the proton stopping cross-section and pro
jected range contraction decrease steadily as the W content increases, 
reaching their lowest points at x = 0.75. These trends are very similar to 
the experimental values stored in the IAEA stopping-power database and 
follow Bragg's additivity rule, which shows that the predictions are 
reliable. Also, SUSPRE modeling shows that 5 MeV protons are halted 

inside the last 0.78 mm of dense Bi₂W₂O₉, which confirms a steep 
energy-loss gradient that is good for targeted beam stopping and ion- 
beam patterning. These insights into the structure, microstructure, and 
ion interactions all point to W-rich BiNb₁₋ₓWₓO₄ as an environmentally 
friendly, strong, lead-free shield for both photon and charged-particle 
environments. The subsequent investigation must focus on the sinter
ing of these nanoscale powders into fully dense entities, assess their 
long-term radiation resistance and thermomechanical stability, and 
empirically validate the anticipated stopping capability throughout a 
broader spectrum of energetic particles. The goal of these initiatives is to 
make it clearer what this flexible oxide family can do in nuclear facil
ities, medical imaging suites, and electronics that work in space. The 
Monte Carlo tests show that the BiNb1-xWxO4 composites that were 
made are better at blocking radiation than commercial lead-based pro
tective eyewear. The prepared composites have the highest linear 
attenuation coefficient of 0.92 cm− 1 at a γ-ray energy of 0.662 MeV. 
This is when x = 0.75 (i.e., the BiNb0.25W0.75O4 composite). This is 1.84 
times higher than the commercial radiation protective glass RS 520, 
which is made up of 71 wt% PbO. Thus, hospitals can employ the pro
duced composites instead of lead-based materials for protection in 
diagnostic and nuclear treatment settings. It can also be used to defend 
against strong gamma-ray energy in nuclear reactors.
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