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Abstract: The objective of the study is to reuse the waste materials generated from daily
household activities, as well as food and mining industries, and to determine the radiation
shielding capabilities of materials produced from these wastes. In this context, four groups
of waste samples were prepared using various combinations of waste glass, agricultural
wastes, and mining wastes, including tea waste, eggshell waste, peanut shell waste, tincal
waste, Bayburt stone waste, and green clay, mixed in different ratios. The effects of adding
Ta and W to these waste-based composites on their shielding performance were also
examined. The Phy-X/PSD, a widely used code, was applied to calculate the radiation
protection parameters. In addition, spectroscopic results were provided based on X-ray
diffraction (XRD), electron paramagnetic resonance (EPR), scanning electron microscopy
(SEM), and energy dispersive spectroscopy techniques. The results of the shielding
parameter analysis revealed that all prepared samples exhibited radiation shielding
capability, with the second and third samples showing superior performance. The highest
mass attenuation cross-section value at 0.015 MeV was observed for sample B3
(comprising waste glass, Bayburt stone waste, eggshell waste, and tungsten), measured at
34.960 cm’g”’, while the lowest value was found for sample X1 (comprising waste glass,
tincal waste, and green clay), measured at 7.704 cm’g™. A clear relationship was observed
between the content of tantalum, tungsten, and eggshell waste and the radiation protection
capacities of the samples. It can also be noted that the neutron shielding abilities of the
samples were found to be consistent with their photon shielding properties. For sample B3,
the a-W main phase at ~40° exhibited a crystallite size of 41.51 nm, suggesting that
structures with larger crystallite sizes demonstrate better shielding performance. Overall, it
can be concluded that the newly developed waste-based composites show promising
radiation protection characteristics. Their use as alternative materials in place of cement,
aggregate, or concrete can be recommended to promote recycling and sustainable material
reuse.
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1. Introduction

The use of complementary cementitious
materials (CCMs) to partially replace cement in
concrete has recently become a widely adopted
approach to mitigate the negative environmental
impacts of industrial activities. Various

industrial by-products have been successfully
used as CCMs [1, 2]. The addition of the
materials into cement can improve the durability,
strength, and workability of concrete while also
offering economic benefits [3]. Among these by-
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products, waste glass has emerged as a candidate
for use as a CCM. Waste glass has become a
bigger problem as consumption increases with
the increasing population all over the world.
Implementing and increasing technologies for
waste recycling and reuse has become a global
need to focus on. Although recycling
technologies are used, a high amount of waste
glass is still awaiting evaluation [4]. As seen in
several studies, waste glass is thought to be
suitable for use as aggregate based on its
characteristics and chemical composition similar
to conventional CCMs [5-8]. It was reported by
Kim et al. [5] that incorporating waste glass
enhances the durability and radiation shielding
performance of mortar. Binici et al. [6] studied
the effect of eggshells on radiation shielding
efficiency and concluded that their inclusion
improved the protective capacity of the samples.
Given its abundance and low cost, waste glass
can also serve as a practical replacement for
cement in concrete production [9, 10]. Taha and
Nouna [10] examined the use of recycled glass
in concrete as both sand and pozzolanic powder
and stated that there is not much difference in
compressive strength of concrete with the
presence of recycled glass sand as sand
replacement.

Although concrete possesses many favorable
properties, it also has certain drawbacks, such as
a lack of optical transparency and a reduction in
mechanical strength when exposed to radiation.
In this context, glass is a type of radiation shield
material that can be an alternative to concrete
due to its optical transparency, ease of
manufacturing, non-toxicity, low cost, and
physical and chemical properties. Radiation
protection properties can be changed and
improved by adding different materials to the
glass. Soda-lime-silica (SLS) glass is a type of
glass used generally in glass containers or
window glass, such as bottles and jars, and is
often employed as an alternative SiO, source.
SLS glass typically appears in green or brown
colors and contains elements such as Si, Na, Ca,
Mg, Al and Fe. In addition, waste materials rich
in silica and calcium—such as eggshells, peanut
shells, tincal waste, Bayburt stone waste, and
different types of clay—can be reused to
minimize environmental impact and provide
economic benefits [11].

Cement production, on the other hand, is
energy-intensive, costly, and associated with
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significant CO: emissions. Therefore, limestone-
based materials can serve as effective fillers in
concrete, among which eggshells are a viable
option [12]. Other industrial waste materials,
including tincal waste [13], Bayburt stone waste
[14], and clay types [12], possess good refractory
properties and can be recycled or repurposed as
building  materials. = Furthermore,  waste
composites can be doped with heavy elements or
oxides such as W, Ta, and WOs to enhance their
radiation shielding capabilities [15, 16].
Materials containing tungsten (W) and tantalum
(Ta) are characterized by a superior shielding
effect due to the high atomic number and high
density properties of W (Z:74, p:19.3) and Ta
(Z:73, p:16.67) [16]. W and Ta are considered
effective and non-toxic alternatives to lead,
offering additional advantages such as high
melting points, low neutron activation, and
superior thermal conductivity. Moreover, Ta
doping contributes to improved tensile strength
at elevated temperatures [16].

Although radiation offers numerous benefits
and is widely used in fields such as science,
industry, agriculture, energy, medicine, and
radiology, prolonged or excessive exposure can
lead to serious short- and long-term health
problems for individuals who work in or receive
services from these sectors. Consequently,
protection against the harmful effects of
radiation on all forms of living organisms has
become an increasingly important research
focus. Recent studies have concentrated on
developing shielding materials with enhanced
radiation  absorption capabilities.  Various
materials, such as glass, rock, composites, thin
films, polymers, and concrete, have been
investigated for this purpose, particularly those
that are novel, non-toxic, cost-effective, and
lightweight [4-6, 16-21]. Eid et al. [4]
investigated the effects of adding waste glass
into cement to evaluate its radiation shielding
properties and found that this approach not only
improves shielding performance but also
supports waste reuse. Aygun ef al. [18] reported
good radiation protection performance for green
and red clays reinforced with waste tire and
marble dust residues. Elsafi et al. [19] studied
the radiation shielding properties of a newly
developed eco-friendly epoxy composite
containing waste marble and WO3, and stated
that it exhibited superior radiation protection
compared to other polymers. Effective radiation-
shielding materials can be developed by
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optimizing parameters such as attenuation
capability, environmental friendliness, and
sustainability, aiming to reduce both radiation
exposure and environmental pollution.

The minimization and recycling of waste
materials are fundamental aspects of an effective
waste management strategy. The protection of
natural resources, diminishing the necessity for
raw materials to manufacture new products,
reducing environmental pollution, providing
opportunities for new employment, and
decreasing energy consumption are some of the
advantages of preferring waste materials. In this
context, the motivation of the study is to produce
materials with strong radiation shielding
performance using waste glass and other types of
waste generated from daily household activities
and various industries. Accordingly, the
exposure and energy absorption buildup factors
(EBF and EABF), linear attenuation coefficients
(LAC), mass attenuation coefficients (MAC),
effective atomic number (Z_eff), mean free path
(MFP), half-value layer (HVL), and fast neutron
removal cross-section (FNRCS), i.e. the key
shielding parameters, were calculated for
samples containing different proportions of
waste glass (WQ), green clay (GC), peanut shell
waste (PSW), waste tea (WT), eggshell waste
(ESW), tincal waste (TW), and Bayburt stone
waste (BSW) using the Phy-X/PSD code [22].
The prepared samples were also analyzed by
spectroscopic techniques, as well as their
shielding abilities. X-ray diffraction (XRD) was
performed to ascertain the crystalline phases or
amorphous structure of the samples. Electron
paramagnetic resonance (EPR) was used to
investigate the magnetic features of the systems
by applying a microwave frequency and an
external magnetic field. Scanning electron
microscopy (SEM) provided information on
surface morphology, while energy-dispersive

spectroscopy (EDS) was used to determine
elemental composition.

The development of non-toxic and effective
materials is a requirement of effective radiation
protection. While meeting this requirement, it is
desirable that such materials are environmentally
friendly and contribute to reducing pollution. For
this purpose, this study demonstrates that waste
materials generated both in households and in
the food and beverage industry can be
repurposed as substitutes for cement, aggregate,
or concrete, offering promising protective
properties. By investigating newly developed
waste-based materials, this work provides
valuable insights into the potential reuse of waste
glass and other types of waste as effective
radiation shielding materials.

2. Materials and Methods
2.1. Sample Preparation

Four kinds of samples were produced and
designated as the S group (S1, S2, S3), B group
(B1, B2, B3), A group (Al, A2, A3), and X
group (X1, X2, X3). The waste components used
in the samples included waste glass (WQ), green
clay (GC), peanut shell waste (PSW), waste tea
(WT), eggshell waste (ESW), tincal waste (TW),
and Bayburt stone waste (BSW). The
proportions of these components in each sample
group are presented in Table 1. Initially, the
waste glass and other waste materials were
ground into fine powders, measured in specified
quantities, and placed in porcelain crucibles. The
mixtures were then melted in a furnace at 1100
°C for 2 hours, followed by heat treatment at 500
°C for 3 hours. Finally, the furnace was turned
off, and the glass samples were allowed to cool
naturally to room temperature. The resulting
glass samples were subsequently crushed and
prepared for experimental analysis. The sample
preparation procedure is demonstrated in Fig. 1.
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FIG. 1. Procedure of sample preparation.

TABLE 1. Compositional rate of the prepared samples.

Sgroup WG (%) ESW (%) PSW (%) Ta(%) W (%)
S1 80 10 10 - -
S2 70 10 10 10 -
S3 75 10 10 - 5

B group WG BSW ESW Ta \W
Bl 80 10 10 - -
B2 70 10 10 10 -
B3 75 10 10 - 5

A group WG ESW WT Ta W
Al 90 5 5 - -
A2 90 4 4 2 -
A3 90 4.5 4.5 - 1

X group WG ™ GC Ta w
X1 90 5 5 - -
X2 90 4 4 2 -
X3 90 4.5 4.5 - 1

2.2. Experimental Techniques in Fig. 1 were used in all experimental
techniques.

Room temperature EPR spectra were taken
by X-band JEOL JESFA300 EPR spectrometer
operating at = 9.2 GHz frequency with a 100
kHz (0.0002-2mT) magnetic field modulation
amplitude. A 4 mm diamagnetic tube was used
for the EPR experiment. XRD patterns were
taken by BRUKER D8 ADVANCE XRD. XRD
results of the samples were recorded with
2.5°/min (40 kV and 40 mA) scanning speed in
the range of 20 = 10°-90° by Cu-Ka (A =
1.54060 A) at room temperature. SEM images
were recorded by ZEISS EVO LS10. EDS was
performed with a JEOL JSM-6610 spectrometer
at room temperature. Powder samples illustrated
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2.3. Theoretical Process

The calculation of radiation shielding
parameters using the Phy-X/PSD code begins by
entering the material composition, which can be
defined either in terms of weight fraction or
mole fraction. For the determination of the
attenuation parameters, material density (g/cm’)
is also necessary. The obtained results are
supplied in an MS Excel file. For detailed
information on the Phy-X/PSD code and the
attenuation parameters, readers are referred to
the work of Sakar et al. [22].
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The rule of mixtures was used to determine
the density (pmix) of the samples [23]:
Yitq cidi
Pmix = Z?:ici“‘i (1)
P

where ¢;, A; and p; are the atomic weight of
element iy atomic fraction, and density,
respectively.

The MAC can be determined based on the
Beer—Lambert law as:

I =Ie H )
tm === In(lo/D)/pt = In(lo/D)/tm 3)

where t,, (g/cm?), t (cm), x(cm ™), and w,(cm?*/g)
are the sample mass thickness, thickness (the
mass per unit area), LAC, and MAC,
respectively.

The MAC for any compound can also be
found by the following equation [24]:

u/p = X;w; (u/p); 4)

where (u/p);and w; are the MAC of the ith
constituent element and the weight fraction,
respectively.

The HVL is the thickness of the material
required to halve the amount of incident
radiation, and the MFP is the distance traveled
by a photon between two consecutive collisions.
The MFP and HVL can be determined by the
formulas [22]

1
MFP =~ (5)
HVL = % (6)

The atomic cross-section (ACS), the potential
for interaction between atoms within a given
volume of any given material, (o.), can be
calculated as:

N

ACS = 0, = 3= (4/p) )
A

The electronic cross section (ECS),

representing the probability of interaction

between photons and electrons, is given by:
Oq

Zeff

ECS =0, = ®)

In the analysis of compounds composed of
multiple elements, the atomic number of the
resulting compound is designated as Zes. Zefr is
found with the help of Egs. (7) and (8) as:

Oq

Zepy =% 9)

The EBF and EABF can be calculated using
the formulas provided in Refs. [25, 26]. The
geometric progression (G-P) fitting parameters
can be obtained from Ref. [27] and used in Eq.
(11). EBF and EABF can be obtained using Eq.
(12) or (13) by determining K(E,x) from Eq.
(14), where a, b, ¢, d, and X, are the exposure G-
P fitting parameters, and x is thickness in mean
free path (mfp). The ratio (R) of the Compton
partial mass attenuation coefficient (MAC) to the
total MAC can be determined for the material at
a given photon energy. R; and R, denote the
(M)compton/(MM)Toral Tatios of these two adjacent
elements with atomic numbers Z; and Z,. F; and
F, are the corresponding G-P fitting parameters
for these elements at a specific energy. X and E
indicate the depth of penetration and the initial
energy of the photon, respectively. The
combination of K (E, X) and X represents the
photon multiplication dose and defines the
spectral shape [22].

__ Z1(logRy—1ogR)+Z,(logR—1logR,)

Zeq - logR,—logR, (10)
F= Fl(logZZ—logZeq)+F2 (logZeq—logZy) (1 1)
logZ,—logZ,
B(E,x) =1+ &RED g kg (12)
(K-1)
B(E,x) =1+ (b— 1)x for K =1 (13)
tanh(xi—z)—tanh(—z)
— . a k
K(E,x) = cx* +d T h2)
for x <40 mfp (14)

The FNRCS (3 R) values of the compounds
are defined by the following equation [22]:

SR =R/, (15)

where p; and (Z R/ p)i are the mass RCS and

partial density of the compound of the i"
constituent element, respectively.

The crystallite size is calculated by the
diffraction pattern depending on the full width
half height (FWHM) and the Debye-Scherrer
equation [28]. Here, f is the FWHM in radians,
K is the Scherrer's constant (= 0.9), d is the
average size of the crystalline, A is the X-ray
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wavelength, and @ is the Bragg angle in degrees
[16]:

kA
d = LcosO (16)

3. Results and Discussion
3.1. EDS and SEM Analysis

The SEM images of the samples are given in
Fig. 2. If the micrographs obtained from the
surfaces of the samples are studied, smooth
surfaces with some microcrystallites are seen.
From the micrographs of the samples with Ta
and W additions, the structures represent o-Ta,
B-Ta, and o-W structures. It is obvious that Ta
and W, due to their high melting points and
densities, gather in some locations and thus
affect the homogeneous structure of the samples.

The EDS spectra are given in Figs. 3-6, and
the weight % ratios of the elements obtained

502

from these spectra are given in Table 2. It is
understood from both the mapping images and
the EDS analyses that the most homogeneous
structure is in the A and X samples. EDS
analysis results were found to be consistent
except for the B3 and X3 samples for the W
amount. As a result of selecting a certain area for
measurement during EDS mapping analysis, the
area in question is not completely homogeneous,
and W shows the feature of clumping during the
melting process of the material. Since Ta and W
possess considerably higher melting points than
the other constituent elements, their incomplete
dissolution during the casting process can lead to
compositional inhomogeneities. Consequently,
the EDS results for Ta and W show acceptable
but slightly different values from the nominal
casting ratios, likely due to limited solubility and
uneven element distribution.
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TABLE 2. EDS results of the samples determined in the SEM images.

T T
z 10 12 1®

samples.

-

Sampless O C Ca K Si Na Fe Ti Mg S P Al B N Mn Ta W Density
S1  45.10 1.21 10.86 0.33 24.37 5.53 0.37 - 0.56 506 - 0.71 - 577 0.14 - - 1.645
S2  48.60 2.05 22.82 0.14 1.03 3.52 023 - 090 085 - 120 - 6490221194 - 2567
S3  39.27 1.12 11.02 0.39 19.26 9.78 0.29 - 1.38 283 - 123 - 3.120.16 - 10.14 2.566
Bl 4259 1.11 14.38 0.24 23.68 6.06 0.35 - 0.68 572 - 0.84 - 418 0.17 - - 1647
B2 51.68 1.84 1045 0.28 5.00 9.55 021 - 120095 - 136 - 4.600.12 1276 -  2.695
B3 34.552.01 991 0.3513.61 581 025 - 0.78 618 - 093 - 516 0.13 - 2033 3.722
Al 4430 1.62 845 0.24 23.83 6.27 042 0.13 1.26 - 11.6 132 - 025030 - - 1678
A2 35314982922 0.1 7.54 0.47 0.38 0.08 0.54 - 791 0.58 - - 0121187 - 2611
A3 36.86 1.01 8.02 0.43 24.54 11.63 0.25 0.06 2.27 - 578 1.68 - 0.01 0.10 - 736 2.321
X1 38.99 1.24 8.47 0.34 22.36 6.28 0.35 - 1.09 1.74 8.01 1.07 6.06 3.89 0.14 - - 1.664
X2 27.04 093 9.35 0.39 21.37 6.94 0.28 - 1.21 2.05 998 1.18 1.59 4.12 0.14 1342 -  2.939
X3 20.80 1.10 8.29 0.57 23.16 5.27 0.40 - 0.96 2.87 11.81 0.90 3.15 4.15 0.18 - 16.39 3.384
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3.2. XRD Analysis

The room-temperature XRD patterns are
displayed in Fig. 7. The observed diffraction
peaks were evaluated by the literature [16, 29-
34]. The X-ray analyses of the S and B groups
reveal similar properties and the presence of a-
Ta, B-Ta, a-W, calcite, and ferrite main phase
peaks. The S2 and B2 samples, which were

produced with Ta addition, exhibit dominant a-
Ta and B-Ta. The S3 and B3 samples produced
by W addition give the a-W main phase. It is
observed that the A and X groups show more
amorphous structure in XRD patterns. In the S
and B group samples, both amorphous and
crystalline features are determined.

o] .
o0 . 1 S2 *—=33 a-Ta(110) v S0 * —B1-—B2 —B3 g?lme S
- B-Ta(200) # 5 4
a-Ta(200) < 800 i
=1 10 0-Ta(002) £ _ 700 " CaWOs A
% 600 - E 600 | Fe203 ¢
@ > Fes0s4 &
S 500 - £ 500 4
5 g
— 400+ T 400 -
300 leg; Av i ) <)f ) 300
200 ¥ v WV oy, 2o |
ool “WWMWW 100 4
0 . : . . — . . : - - : .
20 30 40 50 60 70 80 90 0 20 30 40 50 60 70 80 90
26 (Degree) 26 (Degree)
800 800
700 —A1 A2 —A3 700 —X1 X2 —X3
600
= = 500
s i} 'fh’
z Z 400 ‘h
@ @
c S ‘
[ D
IS £ 300

W o M A i

60 70 80

50
26 (Degree)

90

50 60 70 30 2
26 (Degree)

20 30 40

FIG. 7. XRD patterns of the samples.

The presence of the a-Ta main phase at = 36°,
seen in the X-ray spectra of the S2 and B2,
corresponds to a crystallite size of 20.42 nm for
£ = 0.428. In the S3 and B3 samples, the a-W
main phase at = 40° has a crystallite size of
41.51 nm for f = 0.213. The crystallite size of
the other main phase at = 29° assigned to calcite
is 27.46 nm for £ = 0.318.

The relationship between crystallite size and
grain size suggests that variations in crystallite
size directly influence grain size. Consistently,
the B3, which exhibits the largest crystal size
among the samples, as determined by SEM
images, also shows the largest grain size in SEM
images. This correlation confirms that the
calculated crystallite sizes align well with the
grain size observations from SEM analysis.

3.3. EPR Study

EPR is a method used to detect paramagnetic
centers in materials under the influence of an
external magnetic field. The EPR resonance
condition is expressed by the equation hv = gfH,
with g-value, where P is the Bohr magneton, H is
the magnetic field, h is Planck’s constant, and v
is the microwave frequency. This equation is
used for the determination of the values. In EPR
spectra, centers can originate from both
crystalline and glassy regions of the material.
The g-factor characterizes the paramagnetic
center by indicating the effect of the local
magnetic field on unpaired electrons; hence, it
provides information about the orbital nature of
these electrons and the type of paramagnetic
center present [35]. The room-temperature EPR
spectrum common to all samples is shown in
Fig. 8. Fe” ions or high-spin isolated Fe"* in the
structure are determined with a g value of =~ 4.21
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for the samples [36]. The line was observed to be
similar for all the studied samples; therefore, the
spectrum of S3 is shown in Fig. 8. In general, it
is expected to observe six hyperfine lines of
Mn™ in the EPR spectrum, but in this study, a
broad EPR signal with a g-value of = 1.996,

Fet3
4.21

/

Intensity (a.u.)

which can be assigned to Mnt+2 (I = 5/2) was
observed. This broad signal can be the result of
the random and close localization of Mn ions
and their dipole-dipole or exchange interactions
[37].

3000 G

Mn+2
1.996

500 G » H

Magnetic field (Gauss)
FIG. 8. EPR spectrum of the sample S3.

3.4. Radiation Protection Analysis

The Phy-X/PSD code was used to calculate
radiation attenuation parameters based on the
chemical compositions (w%) of the samples
determined by EDS (Table 2). The variation of
MAC with photon energy (1 keV-100 GeV) is
shown in Fig. 9(a). The behavior in low,
medium, and high energy regions corresponds to
the photoelectric effect (PE), Compton scattering
(CS), and pair production (PP), respectively,
which influence the observed changes in MAC.
To validate the results, XCom [38] calculations
were also performed, showing good agreement
with the Phy-X/PSD values. The MAC values at
representative low, medium, and high energies
calculated by both methods are listed in Table 3.
The LAC values changed with photon energies
(1keV-100GeV), as demonstrated in Fig. 9(b).
Since LAC depends on the material density and
MAC, the LAC values of all samples are
observed to be similar across the energy range.
Additionally, the samples” MAC results were
compared with previously reported values for
ordinary concrete (OC) [39] and cement [40], as
shown in Fig. 9(c). At low photon energies, the
MAC values (and consequently the shielding
efficiencies) of the samples can be ordered as
follows: B3 >X3 > A2>X2>S82>B2>S3>
A3 > Cement > B1 > Al > S1 > X1 > OC. At
high photon energies, the shielding efficiency
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ranking of the samples is as follows: B3 > X3 >
A2 >X2>S2>B2>Cement > A3 >S3 > Bl >
Al >S1> X1 > OC. Among the samples with W
addition, the B and X groups exhibit higher
shielding performance, while among the samples
with Ta addition, the A and X groups show
better protection. Interestingly, the B and A
samples without Ta or W also demonstrate
higher shielding efficiency than the remaining
samples. Across all energy ranges, a common
observation is that all prepared samples
outperform OC in radiation protection.

The variations of mean free path (MFP) and
half-value layer (HVL) with photon energy are
shown in Fig. 10(a)-10(b). Materials with lower
HVL and MFP values are considered better
shields. The B3 sample exhibits the lowest MFP
and HVL values, indicating the highest shielding
potential, while the X1 sample shows the highest
MFP and HVL values. Based on HVL values,
the order of shielding efficiency for all samples
is: B3>X3>X2>A2>S2>B2>S3>A3>
Al > Bl > S1 > X]1. The radiation shielding
capabilities of the samples were also compared
with OC and cement (Fig. 10c). It is evident that
samples numbered two and three consistently
have lower HVL values than OC and cement,
whereas the first-numbered samples exhibit
lower shielding efficiency than these
conventional materials.
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FIG. 9. The dependence of (a) MAC, (b) LAC, and (¢) comparison of MAC values with OC and cement on
photon energies.
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TABLE 3. MAC values of the samples obtained by Phy-X/PSD and XCom for some energies.

1.5x10°  1.5x10° 1.5x10" 1.5x10° 1.5x10" 1.5x10° 1.5x10°
MeV) MeV) MeV) MeV) MeV) MeV) (MeV)
S1 Phy-x/PSD 1351.6 8.164 0.143 0.052 0.021  0.025  0.029
S1 Xcom 1351.0 8.163 0.143 0.052 0.021  0.025  0.029
S2 Phy-x/PSD 1597.6 24.62 0.310 0.052 0.025  0.033  0.038
S2 Xcom 1508.0 23.41 0.300 0.052 0.025  0.032  0.038
S3 Phy-x/PSD 1523.1 21.52 0.288 0.051 0.025  0.032  0.037
S3 Xcom 1526.0 21.57 0.288 0.051 0.025  0.032  0.037
B1 Phy-x/PSD 1378.1 9.201 0.144 0.052 0.022  0.025  0.029
B1 Xcom 1378.0 9.201 0.144 0.052 0.022  0.025  0.029
B2 Phy-x/PSD 1650.0 22.78 0.318 0.051 0.025  0.032  0.037
B2 Xcom 1650.0 22.78 0.320 0.051 0.025  0.032  0.037
B3 Phy-x/PSD 1471.3 34.96 0.435 0.051 0.028  0.039  0.045
B3 Xcom 1471.0 34.96 0.435 0.051 0.028  0.039  0.045
Al Phy-x/PSD  1333.9 8.224 0.142 0.051 0.021  0.025  0.029
Al Xcom 1334.0 8.225 0.142 0.051 0.021  0.025  0.029
A2 Phy-x/PSD  1447.8 27.54 0.312 0.051 0.026  0.035  0.041
A2 Xcom 1448.0 27.54 0.312 0.051 0.026  0.035  0.041
A3 Phy-x/PSD  1493.7 17.69 0.248 0.051 0.024  0.030  0.035
A3 Xcom 1494.0 17.69 0.025 0.051 0.024  0.030  0.035
X1 Phy-x/PSD  1278.8 7.704 0.141 0.051 0.021  0.024  0.028
X1 Xcom 1278.0 7.702 0.141 0.051 0.021  0.024  0.028
X2 Phy-x/PSD  1335.6 25.89 0.329 0.051 0.026  0.035  0.040
X2 Xcom 1336.0 25.91 0.329 0.051 0.026  0.035  0.040
X3 Phy-x/PSD  1260.8 30.83 0.379 0.051 0.027  0.037  0.043
X3 Xcom 1261.0 30.83 0.379 0.051 0.027  0.037  0.043

The variation of Z.r values versus photon
energy is shown in Fig. 11. In the low-energy
region, due to the PE cross-section (Z*), the Z.
values are the highest. In the mid-energy region,
based on the change of CS cross-section (E~7), a
rapid decrease is determined. In the high-energy
region, because of the variation of the PP cross-
section (Z%), the values increase slightly and then
remain constant [41]. The Zgvalues are affected
by the presence of elements with different
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atomic numbers within the material. Since Z.s is
the atomic number of the material, including
more than one element, structures with large
atomic number differences cause fluctuations.
Samples numbered two and three, which contain
Ta and W, show the highest Z.s values and the
most pronounced fluctuations. Consequently, B3
and X3 exhibit the highest shielding
performance, while S1 and X1 show the lowest,
based on Z.s values.
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FIG. 11. The dependence of Z.¢ on photon energies.
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The EABEF is the buildup factor related to the
energy absorbed or deposited in the interacting
material. On the other hand, EBF is another type
of buildup factor in which there is an exposure to
interacting material. The dependence of EBF and
EABF on photon energies is illustrated in Figs.
12-13. In the low-energy region, EBF and EABF
have lower values based on the PE, whereas in
the mid-energy region, they have their highest
values based on CS due to the scattered large
number of photons. In the high-energy region,
the PP effect causes strong photon absorption,
and EBF and EABF decrease [41]. According to
the obtained EBF and EABF values, the photons
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cluster relatively higher in X1 and Al samples
and lower in B3 and X3. Therefore, it is noted
that the CS process is dominantly seen for X1
and Al samples.

The samples’ fast neutron shielding
capabilities were also established by Phy-
X/PSD, and the cross-sections are given in Fig.
14. As seen in the figure, the highest neutron
attenuation is achieved for B3 and X3, the lowest
attenuation is for B1, S1, and Al. It can also be
concluded that FNRCS values of B3 and X3 are
better than that those of the previously reported
OC.
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4, Conclusion

The motivation of this study was to produce
alternative materials by reusing waste, aiming to
achieve higher RSC. In accordance with this
purpose, RSC and structural features of the
waste samples were determined by Phy-X/PSD
code and spectroscopic techniques. The EPR
spectra revealed a signal with a g-value of 4.21,
which is assigned to the ferric center. Using the
Debye-Scherrer equation, crystallite sizes of the
main phases were calculated based on the XRD
spectra. Both EDS analysis and elemental
mapping indicate that the A and X groups
exhibit the most homogeneous structures. Based
on the computational results of radiation
shielding parameters, it is noteworthy to
emphasize that the existence of heavy metal Ta
and W contents with higher atomic number in
the sample advances the RSCs of the material.
The addition of Ta and W to the samples can
also improve the mechanical features, such as
tensile strength and durability of the materials. In
addition, it can be said that the neutron
attenuation capacity of B3 and X3 is the highest,
similar to their photon attenuation capacity.
Among the samples numbered one, Bl has the
highest RSC, and X1 has the lowest. X2 is the
most effective shield, and B2 the least among the
samples numbered two. RSC of B3 is the
highest, while that of A3 is the lowest within the
samples numbered three. Overall, all designed
waste-based samples show promise as novel
radiation shielding materials. Future studies
focusing on mechanical properties, such as
elasticity and tensile strength through
measurements of Young’s modulus or Poisson’s
ratio, would provide additional valuable insights
into the applicability of these materials.
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