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ABSTRACT

The fields of use of aluminum and its alloys have diversified,
making it essential in our daily lives, due to the various properties
of aluminum, including light weight, durability, formability,
remanufacturability, and resistance to corrosion. It has been used in
the aviation industry, high-speed trains, and most advanced
engineering industries. Despite the low melting point of aluminum
alloys, it is used in the manufacture of missiles and in the
construction of internal combustion chambers. Here, aluminum

alloys were employed in the fields of protection from
electromagnetic  radiation, especially gamma rays, by
manufacturing gamma ray shields. Three alloys of

(AlCuZnxPb10-x) were manufactured, differing in the proportions
of zinc and lead elements. The main attenuation parameters were
studied, including the linear and mass attenuation coefficient, the
value-describing layer, the tenth value layer, and the free path rate,
through a theoretical study using the X-COM program. It was noted
that with an increase in the zinc concentration, the value of the linear
and mass attenuation coefficient increased.

Keywords: Aluminum alloys, mass attenuation coefficient pm,
half-layer thickness, XCOM.
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INTRODUCTION

Radiation refers to the energy emitted as small particles of matter, which can manifest in
different forms, including X-rays, gamma rays, and radiation from nuclear reactors. Humans are
exposed to radiation daily, as it has always been a natural part of life on earth (Al-Buriahi e al., 2021;
Ahmed et al., 2024). However, radiation pollution can have significant effects on both the
environment and human health. It originates from natural sources like cosmic rays and radioactive
substances in nature, as well as human activities such as nuclear testing and industrial processes,
which introduce additional radiation into the ecosystem. Understanding these sources and their
impacts is crucial for effective radiation management strategies (Benhadjira et al., 2024). Gamma
rays, as high-energy electromagnetic waves, possess the ability to ionize matter, leading to significant
biological effects. While they are utilized beneficially in medical applications such as cancer
treatment and diagnostics, excessive exposure can result in severe health issues, including oxidative
damage to cells, hair loss, skin burns, and increased cancer risk. The following sections elaborate on
the dual nature of gamma rays. (Kaur ef al., 2016; Mheemeed et al., 2012), radiation protection is an
essential field that has gained increasing global attention, especially in medicine, nuclear technology,
and scientific research. As technology advances, the need for effective radiation safety measures
becomes more critical. This field plays a vital role in safeguarding human health and the environment,
driving continuous research and innovation to develop better protective solutions (Sayyed et al.,
2025). To reduce radiation hazards, materials with high density, such as cement, lead, and other
elements with high atomic numbers, are commonly used to build protective barriers these materials
effectively absorb and weaken radiation, thus lowering the risks of exposure (Taqi et al., 2021).
Protective shields made from materials like concrete, stone, lead, and iron are essential for blocking
harmful gamma rays. These materials function through attenuation, where radiation is absorbed or
scattered, thus reducing exposure. Effective shielding design considers factors such as material
density, thickness, and composition. Additionally, minimizing exposure time and increasing distance
from radiation sources are critical strategies for reducing radiation risk. The following sections
elaborate on these aspects (Kim, 2018; Sahin ef al., 2021). Lead is commonly used for gamma-ray
shielding because of its high density, atomic mass, resistance to corrosion, and ease of fabrication. Its
shielding ability increases with thickness, making it a reliable material for radiation protection
(Aldawood et al., 2024; Elmzainy et al., 2022). Alloys have distinct characteristics, including higher
rigidity and lower ductility, which can improve their ability to provide radiation shielding.
Understanding how radiation interacts with materials is crucial for designing suitable materials for
high-radiation environments. These advancements have important uses in fields such as medicine,
engineering, and scientific research (Sufian and Hamood, 2023; Turner, 2005). For example, (Singh
et al., 2016) investigated the linear and mass attenuation coefficients, effective atomic number, and
electron density of copper-lead alloys across a wide energy range (1keV-100GeV). Their study
analyzed variations in mass attenuation coefficients, atomic number, and electron density by
examining interactions such as Compton scattering, the photoelectric effect, and pair production.
Similarly, researchers (Najam et al., 2016) compared different types of commonly used granite with
lead and measured the linecar and mass attenuation coefficients, and found that these coefficients
decrease with increasing incident photon energy and found that the linear attenuation coefficients are
linearly proportional to the density while the mass attenuation coefficient is not affected.
Materials used and method of operation

The experience of producing quaternary alloys of aluminum, copper, zinc and lead
(Al-Cu-Pb-Zn) highlights the importance of alloy composition and technological processing
techniques in determining the microstructure and properties of common materials. By melting the
coating and copper, zinc and lead (Al-Cu-Pb-Zn). Then, the melting machine was made in a mold
made of wrought iron in a shape with dimensions that fit using pen and measuring devices. The results
of the attenuation results were theoretically tested using the XCOM program.



Table 1: Show the physical properties of the prepared alloys.
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Sample Compounds Thickness (cm) Volume (cm?) Density (g cm™)
Al Al67Cu23Pb1Zn9 1 7.3004 2.372
A2 Al67Cu23Pb2Zn8 1 7.603 2.465
A3 Al67Cu23Pb3Zn7 1 8.461 2,623

Scientists have studied how metal alloys block gamma radiation, using data from mass, linear,
and half-value attenuation coefficients to identify effective radiation shielding materials. The
attenuation coefficient is crucial and is often used to determine shielding parameters. um can be
calculated using Beer-Lambert's law, which defines a constant that describes how a material's
properties lead to photon radiation attenuation and is measured in cm™'. The linear attenuation
coefficient increases as the material's density and atomic number increase. These coefficients are
calculated using the exponential attenuation law (Kadri and Bouchendouka, 2024; Al Aziz, 2022):

Ix= loexp(-pux) ......... (1)

I,: The initial intensity, Ix: Is the transmitted intensity, X: Depth of penetration and pr:
Represents the linear attenuation coefficient for a given photon energy. The mass attenuation
coefficient is a key parameter and is determined using the following relationship (Majeed et al.,
2025):

The half-value layer is the material thickness needed to reduce the incident radiation intensity
by half.
It was calculated using the following equation (Aygun et al., 2023):

HVL = ==

ML

The tenth-value layer (TVL) was also calculated using the following equation:

__Ln10

TVL=—— .......... 4)
W
In this study, the mean free path was determined:
1
MFP=— ............ (5)
ML

The attenuation of gamma rays depends on the energy of the incident rays, the density and
atomic number of the shielding material, and its thickness (Ali ef al., 2024).
XCOM program

A web program called XCOM was developed by Berger and Hubbell between 1987 and 1999.
It calculates photon mass attenuation coefficients (p/u) or cross sections (o) for elements, compounds,
and mixtures with atomic numbers Z<100 and energies ranging from 1keV to 100GeV. The program
displays data as attenuation coefficients (i) and total attenuation cross-sections, as well as partial
cross-sections for processes like incoherent and coherent scattering, photoelectric absorption, and pair
formation in atomic nuclei and electrons (Nulk, 2014). XCOM program lets users enter material
compositions and calculate their interaction with electromagnetic radiation. It provides results that
help in designing radiation shielding materials and assessing their effectiveness in reducing exposure.
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These results are used in fields like nuclear medicine, materials science, and environmental
protection (Medhat et al., 2014).

RESULTS AND DISCUSSION

Mass attenuation coefficient pm
The data indicate that as the energy of the gamma-ray photons increases, the mass attenuation
coefficient values decrease. The highest value of the mass attenuation coefficient was found in alloy
A3 at 60 keV, with a measurement of 0.8262 cm?/g, which contains the highest amount of zinc. On
the other hand, the lowest value occurred for alloy Al at 1332 keV, with a value of 0.05254 cm?/g.
This shows an inverse relationship between the two variables.

Table (2): displays the mass attenuation coefficient (um) of the quaternary alloys across different
energies, from 60 to 1332 keV.

E(Kev)
Sam 60 186 | 242 | 295 | 352 | 609 662 1173 1332
ples Am24 R3226 Csl37 C060
Hm(cm?/gm)
Al [ XCOM | 0.7611 | 0.1508 | 0.1247 | 0.1109 [ 0.1010 | 0.07743 | 0.07441 | 0.05607 | 0.05254
A2 | XCOM | 0.7936 | 0.1609 | 0.1298 | 0.1139 | 0.1029 | 0.07789 | 0.07478 | 0.05612 | 0.05259
A3 | XCOM | 0.8262 | 0.1711 | 0.1348 | 0.1169 | 0.1048 | 0.07835 | 0.07515 | 0.05621 | 0.05264
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Fig. 1: Illustrates the relationship between the mass attenuation coefficient and energy for the

Fig. 2: Illustrates the relationship between Zinc
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Halve value layer (HVL)

The HVL was calculated theoretically using the linear attenuation coefficient (p). The results
shown in (Table 3) reveal that a maximum thickness of 5.78628325cm is required in the quaternary
A3 alloy to reduce the intensity of gamma rays with an energy of 1332keV to half its original value.
This is attributed to the higher energy of the gamma rays in this case. In contrast, a thickness of
0.383864cm is needed in alloy Al to reduce the intensity of 60keV gamma rays to half its value. The
significant difference between these two values is evident, as HVL is directly proportional to the
energy of the gamma rays.

Table 3: Show halve value layer (HVL) of the quaternary alloy for different range of gamma ray energy.

E(Kev)
60 186 | 242 | 295 | 352 | 609 662 1173 | 1332
Samples 1;:;' Ra-226 Cs-137 Co-60
HVL(CM)
0.3838 | 1.9373 | 2.3428 [ 2.6344 | 2.8926 | 3.7731 | 3.9263 | 5.08986 | 6.40841
Al XCOM | 7y 89 94 3 59 95 23 2 9
0.3542 | 1.7472 | 2.1659 | 2.4682 | 2.7321 | 3.6093 5.12085 | 6.16257
A2 | XCOM | g, 69 16 65 2 94 | 3B Ty 5
3 coM | 03197 | 1.5441 | 1.9599 | 22600 | 2.5210 | 3.3720 | 3.5156 | 4.58922 | 5.78628
788 3485 | 5249 602 084 6586 | 6067 1562 325
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Fig. 4: Shows the correlation between the half-value layer and energy of gamma ray for the
quaternary alloys at different energies.

Mean free path (MFP)

It can be seen from the table that the MFP values are directly proportional to the gamma ray
energy values, where the highest MFP value was 8.34961508cm at 1332Kev while the lowest MFP
value was 0.55391566cm at 60Kev for the quadrilateral alloys.

Table 4: Show the mean free path (MFP) of the quadrilateral alloys.

E(Kev)
60 186 | 242 | 295 | 352 [ 609 662 1173 | 1332
Sample Am-241 Ra-226 Cs-137 Co-60
S MFP (cm)
Al CoM | 05539156 | 2.795 | 33807 [ 3.80148 | 4.17411 | 5.44472 | 5.66569 | 7.34467 | 9.24735
6 6443 | 9976 638 05 515 028 841 757
2.521 | 3.1254 | 3.56171 | 3.94245 | 5.20836 | 5.42496 | 7.38939 | 8.89260
AZ | XCOM | 0.5THI889 | 37136 | “190g 019 591 046 46 917 402
A3 | xcoMm | 04614412 | 2228 | 2.8282 | 326127 | 3.63781 | 4.86589 | 5.07310 | 6.62225 | 8.34961
7 18882 | 1427 013 87 591 342 342 508
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Fig. 5: Shows the relationship between the MFP of the quadrilateral alloy and the gamma ray energy,
which shows that there is a direct correlation between them.

CONCLUSIONS

In this study, some shielding parameters for gamma rays of various energies were analyzed
theoretically using XCOM software, and the shielding parameters of quaternary alloy samples
containing the elements aluminum (Al), copper (Cu), lead (Pb), and zinc (Zn) were studied. Which
were synthesized in the laboratory at various concentrations. The theoretical results showed that as
the energy increases, the mass attenuation coefficient decreases and the MFP, TVL, HVL increases,
the mass attenuation coefficient reaches its highest value in alloy A3 at 60 keV, measuring 0.8262
cm?/g and the lowest value in alloy A1l equal to 0.05254 cm?/g at energy 1332Kev.

REFERENCES

Ahmed, E.K.; Mahran, H.M.; Alrashdi, M.F.; Elsafi, M. (2024). Studying the shielding ability of
different cement mortars against gamma ray sources using waste iron and BaO
microparticles. Nex. Fut. Mat., 1(1), 1-5. DOI:10.70128/583327

Ahmed, Y.K. (2023). Manufacture of binary Al-Pb and ternary Al-Pb-Sn alloys and study their
efficiency in attenuating gamma rays. Master's thesis. University of Mosul.

Al Aziz, KM.A. (2022). Manufacturing aluminum-copper alloys with other casting elements and
studying their efficiency in attenuating gamma rays. Arab J. Nuc. Sci. Applic., 56(3), 75-80.
DOI:10.21608/ajnsa.2022.160849.1631

Al-Buriahi, M.S.; Sayyed, M.1.; Bantan, R.A.; Al-Hadeethi, Y. (2021). Nuclear radiation shielding
characteristics of some natural rocks by using EPICS2017 library. Mat., 14(16), 4669.
DOI:10.3390/ma14164669

Aldawood, S.; Asemi, N.N.; Kassim, H.; Aziz, A.A.; Saeced, W.S.; Al-Odayni, A.B. (2024). Gamma
radiation shielding by titanium alloy reinforced by polymeric composite materials. J. Rad.
Res. App. Sci., 17(1), 100793. DOI:10.1016/j.jrras.2023.100793

Ali, A.; Zeyara, W.; Nagem, S.; Jumha, E.; Fayez, T. (2024). A comparative study of gamma radiation
shielding parameters for sodium silicate glass containing bismuth, barium and lead oxide in
the energy range (0.6-1.5 MeV). Wadi Alshatti Univer. J. Pure App. Sci., 2(1), 16-22.

Aygun, M.; Aygun, Z.; Ercan, E. (2023). Radiation protection efficiency of newly produced W-based
alloys: Experimental and computational study. Radi. Phy. Chem., 212, 111147.
DOI:10.1016/j.radphyschem.2023.111147


https://doi.org/10.3390/ma14164669

Study of the Efficiency of some Quaternary Alloys ................. 108

Benhadjira, A.; Sayyed, M.L.; Bentouila, O.; Aiadi, K.E. (2024). Artificial neural network approach
for calculating mass attenuation coefficient of different glass systems. Nuc. Eng. Tech.,
56(1), 100-105. DOI:10.1016/j.net.2023.09.013

Elmzainy, A.; Hazawi, A.; Basil, S. (2022). Determination of attenuation properties for gamma rays
of some commercial materials used radiation shielding. J. Hum. App. Sci., 7(13), 484-492.

Kadri, A.; Bouchendouka, D. (2024). Study of radiation shielding properties of rare earths doped
halogeno-phosphate glass. Doctoral dissertation, University Kasdi Merbah Ouargla.

Kaur, S.; Kaur, A.; Singh, P.S.; Singh, T. (2016). Scope of Pb-Sn binary alloys as gamma rays
shielding material. Prog. Nuc. Energy, 93, 277-286. DOI:10.1016/j.pnucene.2016.08.022

Kim, J.H. (2018). Three principles for radiation safety: Time, distance, and shielding. Korean J. Pain,
31(3), 145-146. DOI:10.3344/kjp.2018.31.3.145

Majeed, E.I.; Najam, L.A.; Hamood, M.A.; Mahmoud, K.A. (2025). A comprehensive study on the
y-ray shielding performance of Al-Cu-PbO alloy: Experimental and simulation studies. Nuc.
Eng. Tech.,57(1), 103124. DOI:10.1016/j.net.2024.07.055

Medhat, M.E.; Pires, L.F.; Arthur, R.C.J. (2014). Analysis of photon interaction parameters as a
function of soil composition. J. Radi. Nuc. Chem., 300(3), 1105-1112.
DOI:10.1007/s10967-014-3028-y

Mheemeed, A.; Hasan, H.; Al-Jomaily, F. (2012). Gamma-ray absorption using rubber-lead mixtures
as radiation protection shields. J. Radi. Nuc. Chem., 291(3), 653-659.
DOI:10.1007/s10967-011-1556-2

Najam, L.A.; Hashim, A.K.; Ahmed, H.A.; Hassan, .M. (2016). Study the attenuation coefficient of
granite to wuse it as shields against gamma ray. Dete., 4, 33-39,
DOI: 10.4236/detection.2016.42005

Nulk, H. (2014). Computational investigation of gamma shielding behavior of cement-basalt
composite for nuclear energy applications. M.Sc. Thesis, University of Tartu.

Sahin, N.; Bozkurt, M.; Karabul, Y.; Kili¢, M.; Ozdemir, Z.G. (2021). Low-cost radiation shielding
material for low energy radiation applications: Epoxy/Yahyali stone composites. Prog. Nuc.
Energy, 135, 103703. DOI:10.1016/j.pnucene.2021.103703

Sayyed, M.I.; Najam, L.A.; Mahmoud, K.A.; Namaq, B.F.; Wais, T.Y.; Maghrbi, Y. (2025).
Uncovering the potential of ZnO and CaO in shielding and density enhancement for borate
glass systems. Ann. Nuc. Energy, 214, 111231. DOI:10.1016/j.anucene.2025.111231

Singh, K.R. (2016). Comparative study of radiation shielding parameters for bismuth borate glasses.
Mat. Res., 19(4), 776-780. DOI:10.1590/1980-5373-MR-2016-0040

Sufian, A.; Hamood, M.A.A.J. (2023). Manufacturing Cu-Pb alloys and studying efficiency in
resisting oxidation. Och. Prz. Kor., 12, 388-392. DOI 10.15199/40.2023.12.2

Taqi, A.H.; Ghalib, A.M.; Mohammed, H.N. (2021). Shielding properties of Cu-Sn-Pb alloy by
Geant4, XCOM, and experimental data. Mat. Tod. Comm., 26, 101996.
DOI:10.1016/j.mtcomm.2020.101996

Turner, J.E. (2005). Interaction of ionizing radiation with matter. Health Phy., 88(6), 520-544.




109 Aya M.A. Ismail et al.

LalS dnd) cpagi & (Al -Cu-Pb-Zn) dselyl) diluad) any 5oliS

agan daaf dgana aai daaf éul deslau Ao tana &)
deasall /duasall drala /aslall 44S /o biyudl) and
(P58 Lildaa

Loy [ lins2 S [ilinsel S dnala ashall &0

oadlall

aailiad Jads dpasll lba b Bulad 135a ales Lea cclVlaall (o il 8 4S0lsg st gl claladial Cinses
(Ohplal) Cilelia & anlatin) 5 a8y L JSBU diasliag ¢qoieall soleY LU (Ll A6 sl (Ojsll Aad Jhe e giiall
delin b padied 4 V) casmiasl) il lgaail days alidd) ot Aadiiall duigh cileliall aliess edia ol < Unl)
i) e Alaall Ve B agiagl) @il Calig & ocaball e 8 LA Gl Qe sl dlgeall
(AICUZnxPb10-x) (e lilus & auiead 23 Gam L &ly £ poieal DA (g (LalS dndl Lals cAglalingg <))
Al ¢ SNy il cpasl) Jabee Jia Gaasill Aalull) clabed) dulys cadiy cgalially i)l palic s 8 ciglim
5L e 4l Jangl My " as€ ) zaliny alaiands Alaill Aahall DIA e el Slsall Jaras cByilall dastll dads dosal

LSl ) gl Jales ad sl eclill 55

XCOM all jluaall Jane ¢dpiaill dadall clocs chm S a5l Jalas o gaial¥] @ila :ANA clalsl



