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Abstract: This study has established the radiation shielding
efficacy of zircaloy-2 and zircaloy-4 over a wide spectrum
of energy levels. Using the Monte Carlo method, the gamma
and neutron transmission factors (TF and nTF) were calcu-
lated for various energy levels. Zircaloy-2 demonstrated
the highest gamma-ray absorption capacity and the lowest
neutron absorption capacity among the investigated alloys.
The results indicate that zircaloy-2 and zircaloy-4 have
nearly the same neutron transmission characteristics.
Although many studies have examined the structure and
physical characteristics of these materials, there has been
a lack of Monte Carlo simulations to comprehensively
investigate the correlation between gamma absorption,
neutron absorption parameters, and mechanical qualities.
This research aims to examine the ability of zirconium and
its zircaloy-2 and zircaloy-4 alloys, which are critical mate-
rials used in the nuclear industry, to absorb gamma and
neutron radiation over a broad spectrum of frequencies.
According to the results, zircaloy-2 has the best ability to
absorb secondary gamma rays and the highest level of
resistance to them. Despite the minimal disparity in the
nTF between the two alloys, simulation results have shown
that zircaloy-2 has a higher level of neutron transmittance.
These results have the potential to expedite the develop-
ment of novel materials with enhanced attributes for var-
ious applications.
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1 Introduction

Zirconium, a transition metal belonging to group four of
the periodic table, undergoes phase transitions in response
to varying circumstances such as temperature and pres-
sure. These modifications lead to the acquisition of distinct
crystal structures in their solid states. Zirconium under-
goes a phase transition to its high-temperature phase
when the temperature is above 1,139 K [1,2]. These phase
transitions are crucial as they significantly affect the
metal’s mechanical properties and its behavior in many
scenarios. Radiation is the process by which energy is
emitted from a source and can propagate through empty
space, with the ability to penetrate various materials. The
interaction between radiation and materials is crucial for
understanding their ability to shield against radiation and
their effectiveness in protecting against radiation hazards
[3]. The use of high-energy ionizing radiations, especially
gamma rays, is rapidly growing in many sectors, such as
industries, medical diagnostics, and nuclear research.
Inadvertent exposure to gamma rays, which possess a
highly energetic and penetrating nature, is of great con-
cern due to their detrimental effects on human health,
including radiation sickness and cancer. Understanding
the shielding effectiveness of materials against gamma
rays is essential for developing protective measures in
these fields [4,5]. Zirconium alloys have many beneficial
attributes, including a low thermal neutron capture cross-
section, acceptable mechanical qualities, and excellent
corrosion resistance [6–8]. Zirconium and its alloys are
extensively used in many contemporary technologies,
especially in the medical sector, due to their advanta-
geous characteristics. The use of zirconium is enhanced
in these domains due to its resistance to corrosion in
severe environments, compatibility with biological sys-
tems, stability at elevated temperatures, and low propen-
sity to absorb thermal neutrons [9]. These properties
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make zirconium an ideal material for various applica-
tions, including those that involve high levels of radiation.
Radiopharmaceutical chemicals are often used in nuclear
medicine imaging equipment, such as gamma cameras
and positron emission tomography scanners. Zirconium is
the ideal material for creating these devices because of its
excellent strength and resistance to radiation. Furthermore,
the equipment necessary for the manufacturing of radio-
pharmaceutical agents is constructed using materials that
possess a significant level of resistance to both corrosion and
radiation. When constructing the structural components of
these devices, it is essential to use materials that are resis-
tant to long-term radiation exposure and possess a high
level of mechanical strength [10–13]. Hence, it is essential
to assess the durability of materials against gamma and
neutron radiation in this particular scenario. Zircaloy is a
mostly zirconium-based alloy, often consisting of 95–98%
zirconium, in addition to tiny amounts of other metallic
elements. Zircaloy-2 is primarily composed of 98% zirco-
nium, with additional amounts of tin (ranging from 1.2 to
1.7%), iron (ranging from 0.07 to 0.2%), chromium (ranging
from 0.05 to 0.15%), and nickel (ranging from 0.03 to 0.08%).
Zircaloy-4 exhibits similarities, but with minor discrepan-
cies in the proportions of iron and chromium. Under-
standing the composition and properties of these alloys is
crucial for evaluating their performance under radiation
exposure. This research aims to examine the ability of zir-
conium and its zircaloy-2 and zircaloy-4 alloys, which are
critical materials used in the nuclear industry, to absorb
gamma and neutron radiation over a broad spectrum of
frequencies. To optimize the use of zirconium and its deri-
vatives, such as zircaloy-2 and zircaloy-4, in future technol-
ogies like high-entropy alloys and other zirconium-based
alloys, it is imperative to enhance our understanding of
their present characteristics.

2 Materials and methods

2.1 Monte Carlo simulations of investigated
alloy samples

The utilization of Monte Carlo simulation holds great sig-
nificance in the realm of radiation transport investigations.
Monte Carlo simulations utilize random sampling to model
and analyze the interaction between radiation and matter,
rendering them a potent computational tool. Monte Carlo
simulation plays a pivotal role in this domain due to
several significant factors. Additionally, it allows for an

accurate depiction of intricate radiation interactions and
transport, considering diverse factors such as particle cate-
gorization, energy level, scattering features, and absorp-
tion characteristics. The role of geometry in the Monte
Carlo method is of utmost importance in computer mod-
eling and simulation, as it directly impacts the accuracy,
efficiency, and applicability of simulations across various
domains. The precision of geometric depiction is crucial, as
it directly affects the probability of particle interactions,
scattering occurrences, and the overall movement of
energy and matter in the system. The Monte Carlo
method is renowned for its capacity to efficiently tackle
intricate issues through the utilization of random sam-
pling. However, in order to yield appropriate outcomes, it
necessitates a precise depiction of geometric structures
and bounds. The Monte Carlo approach models system
behavior by tracing the paths and interactions of particles
within a specified geometric area [14]. This space encom-
passes the limits, substances, and arrangements that are
relevant to the matter being examined. Precise geometric
modeling is crucial for accurately predicting the absorp-
tion and deflection of radiation in various materials and
barriers. A further pivotal factor in Monte Carlo simula-
tions, specifically in Monte Carlo N-Particle simulation
code, is the precise depiction of the system’s geometry.
Geometry is crucial in establishing the trajectories that
particles follow and, as a result, their interactions inside
the material. Simulation outcomes can be significantly
affected by an inaccurate geometric arrangement. Hence,
it is crucial to provide a thorough and precise character-
ization of geometric features, encompassing shapes, sizes,
and spatial arrangement in order to accurately replicate
real-world circumstances in simulated interactions. The
accuracy of the simulation results is improved by this pre-
cision. Precise geometric modeling enables precise calcula-
tion of radiation shielding, material testing, and other cru-
cial characteristics [15]. Monte Carlo methods offer
comprehensive and authentic depictions of radiation
transport phenomena by means of simulating a consider-
able number of particle histories. It is noteworthy that
Monte Carlo N-Particle code [16–18] is a tool of great flex-
ibility and potency, albeit necessitating a profound compre-
hension of the fundamental physics and meticulousness in
configuring the simulation. To establish the geometric prop-
erties of a given system, it is necessary to identify and ana-
lyze the constituent elements, such as the source, target,
and any other pertinent components. The structural design
may range from a basic monolithic slab to a sophisticated
multi-tiered configuration. Allocate suitable materials to
every constituent in geometric structure is significant.
Therefore, providing a comprehensive description of the
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materials’ composition (Table 1), density (Figure 1), and
pertinent characteristics are significant actions during
the preparation of the input file. Additionally, their
mechanical properties as found in the literature (Table 2)
[19]. In this study, geometry was considered a structural
design of the material under investigation. Figure 2
depicts the modelled with the 2D and 3D images obtained
from the visual editor. The related materials have been
carefully inserted into the data card section of the input
file. The used materials were separately prepared
through the Mn feature of the Monte Carlo N-Particle
code. The term source refers to the origin or starting point

of something, such as information, data, or a product
[20,21]. The Monte Carlo N-Particle code provides a range
of source alternatives, such as point sources, isotropic
sources, and intricate source distributions. In this study,
gamma-ray and neutron transmission factors (TF) were
separately investigated using two different source defini-
tions. During the initial phase of the study, we examined
the values of gamma-ray TFs. Particularly, this investiga-
tion focused on three distinct radioisotope energies –

0.662, 1.1732, and 1.3325 MeV – which are emitted from
137Cs and 60Co and were utilized as point isotropic radia-
tion sources. The simulation geometry was meticulously
established to ensure a precise depiction of the material’s
size and boundary conditions, while employing suitable
energy spectra to accurately reflect the emission proper-
ties of the radioisotopes. During the second phase, the
source geometry was modified to function as a neutron
source that releases fast neutrons with an energy level of
2 MeV. This allowed us to expose the material to radiation
and measure the amount of secondary radiation on the
opposite side of the material. Tallies are employed as a
means of gathering and analyzing data in Monte Carlo N-
Particle simulations. It is recommended to establish a
tally for the purpose of registering the particles or fluence
that have been transmitted. Specify the suitable type of
tally and place it within the area where the TF is to be
computed. The study employed an F4 tally mesh to quan-
tify the mean flux of both photons and neutrons. Two inde-
pendent F4 tally meshes were created, one positioned in front
and the other behind the material. Consequently, two F4 tally
meshes yielded distinct results that were subsequently
extracted from the output file for the purpose of calculating
TFs. The present investigation aimed to optimize the simulation
geometry to minimize the particle track process of the code,
thereby enhancing simulation efficiency. Furthermore, the
radiation type was identified in both simulations to eliminate
superfluous tracking and enhance simulation efficiency.
Upon completion input file, its executed the Monte Carlo
N-Particle code utilizing our input file as the designated
input. It’s worth mentioning that Phy-X/PSD [22–27] code
was also utilized for other fundamental gamma-ray
shielding parameters such as attenuation coefficient, half
value layer, and build-up factors.

2.2 Investigated shielding parameters for
gamma ray and neutrons

The mass attenuation coefficient (MAC), represented by
μ/ρ, is a metric that quantifies the degree to which a

Table 1: Investigated alloy types, elemental mass fractions (wt%), and
material densities (g/cm3)

Sample Zr Sn O Fe Cr Ni Density

Zirconium 100 — — — — — 6.53
Zircaloy-2 98.23 1.4 0.12 0.10 0.10 0.050 6.56
Zircaloy-4 98.18 1.4 0.12 0.20 0.10 — 6.56
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Figure 1: Variation of investigated metallic alloy densities.

Table 2: Mechanical properties of the investigated alloys [19]

Mechanical Properties Metric

Zirconium Zircaloy-2 Zircaloy-4

Tensile strength, ultimate 330 MPa ≥413 MPa Min 413 MPa
Tensile strength, yield 230 MPa ≥241 MPa Min 241 MPa
Elongation at break 32% 20% 20%
Modulus of elasticity 94.5 GPa 99.3 GPa 99.3 GPa
Poisson’s ratio 0.34 0.37 0.37
Shear modulus 35.3 GPa 36.2 GPa 36.2 GPa
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substance diminishes the intensity of a radiation beam
during its traversal. The linear attenuation coefficient (μ)
is divided by the material’s density (ρ) to obtain its ratio,
as seen in the formula [28]:

=μ μ ρ/ ,m (1)

The determination of radiation attenuation in diverse
materials is facilitated by the utilization of the MAC, which
is frequently available in tables or databases for distinct
radiation types (e.g., X-rays or gamma rays) and materials.
The half-value layer (HVL) is a metric that quantifies the
quantity or thickness of a substance necessary to decrease
the intensity of a radiation beam to 50% of its initial magni-
tude. The termHVL denotes the depth of a particular material
at which the intensity of radiation is reduced by half as it
traverses through it. The HVL formula is as follows [28]:

( )= μHVL ln 2 / , (2)

where μ is the linear attenuation coefficient. The HVL is
contingent upon the energy level of the radiation and the
characteristics of the substance. The term is frequently
employed to denote the capacity of materials to shield
against radiation and is utilized in calculations pertaining
to radiation protection. The term “mean free path” per-
tains to the typical distance traversed by a particle or
photon within a given material prior to experiencing an
interaction, such as absorption or scattering. The afore-
mentioned is a statistical notion that denotes the mean
distance separating consecutive interactions. The mfp for-
mula is as follows [28]:

= μmfp 1/ . (3)

The relationship between the mean free path and the
linear attenuation coefficient (μ) of a material is inverse.
Stated differently, it denotes the mean displacement that a
particle can traverse prior to experiencing a substantial
reduction in its energy. The Build-up Factor, commonly
represented as B, is a correction factor utilized to consider
the escalated radiation intensity that takes place beyond
the HVL within a given material. The phenomenon of
scattering and secondary radiation generated within a
material during the passage of primary radiation is taken
into account. The Energy Build-up Factor (EBF) and
Energy Absorption Build-up Factor (EABF) formulas are
as follows [29]:

=
I

I
EBF ,

total

Primary

(4)

=
E

E
EABF ,

total

Primary

(5)

where Itotal and IPrimary are the total and primary intensities
of radiation, and Etotal and EPrimary are the total and pri-
mary energies of radiation, respectively.

The utilization of the build-up factor is crucial in
the computation of the effective attenuation of radiation
beyond the HVL. This factor plays a significant role in
the determination of the comprehensive shielding prere-
quisites in the domain of radiation protection. The afore-
mentioned terms are essential principles in the field of
radiation physics and serve the purpose of defining
and measuring the degree of radiation’s interaction
with matter. These play a pivotal role in various applica-
tions, including radiation therapy, radiology, nuclear

Figure 2: (a) 2D and (b) 3D illustrations of designed Monte Carlo simulation setup.
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engineering, and radiation safety evaluations. The TF
quantifies the proportion of radiation that traverses a
given material without undergoing absorption or scat-
tering. This factor is commonly presented in the form
of a ratio or percentage and is computed using the fol-
lowing formula [30]:

(

)

=

×

Transmission factor

Number of transmitted particles/Number

of incident particles 100,

(6)

where the “Number of transmitted particles” refers to the
count of particles (neutrons or gamma rays) that pass
through the material, and the “Number of incident parti-
cles” denotes the total number of particles that initially
impinge upon the material. This formula is applicable to
both neutrons and gamma rays, and it quantifies the ratio
of particles that pass through the material. The configura-
tion of the system, the material’s composition and density,
and the energy level of the particles all have an impact on
the TF. Comprehending the TFs for both forms of radiation
is essential for radiation shielding applications, as it aids
in evaluating the efficacy of materials in reducing or per-
mitting the passage of radiation. Monte Carlo simulations
are frequently employed to calculate these variables and
enhance shielding designs. The TFs for neutrons were
found in this work using Monte Carlo N-Particle code simu-
lations. Similarly, the same methodology can be employed

to examine gamma rays, enabling a thorough evaluation of
how radiation passes through different substances.

3 Results and discussions

3.1 Gamma-ray attenuation properties of
investigated alloys

Radiation shielding is crucial in various applications such
as nuclear power plants, medical facilities that use radia-
tion, industrial radiography, and even space exploration.
These applications require materials that can effectively
reduce radiation exposure to ensure safety and function-
ality. The term MAC is important for radiation shielding
because it provides a quantitative measure of how effec-
tively a material attenuates or reduces the intensity of
radiation as it passes through it. Understanding these coef-
ficients is key to selecting the right materials for specific
radiation environments. The investigated zirconium-based
alloys’ MACs’ energy-dependent trend is depicted in
Figure 3. The values of the MAC were highest at low
energies. This is typically due to the increased interac-
tion probability of low-energy photons with the material.
As the energy increased and the MAC values moved into
the intermediate energy range, they began to decline.
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Figure 3: Variation of MACs (cm2/g) with photon energy (MeV) for zirconium, zircaloy-2 and zircaloy-4.
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This decline is attributed to the reduced probability of
photoelectric absorption at higher energies. The MAC
values reached their highest values in the high energy
region, according to the changing trend in the figure.
This increase at high energies can be linked to the pre-
dominance of pair production and other high-energy
photon interactions. In this case, it can be observed
that all three alloys stop low-energy photons quite effec-
tively, but as energy increases, the values of the MACs of
all three alloys decrease sequentially. In other words,
when the gamma-ray energy increased, all three alloys
exhibited behaviors that were identical to one another.
The MACs of the alloys have, however, been found to
vary, especially in the high-energy area. For instance,
zircaloy-2 returned the greatest value for 15 MeV energy,
followed by zircaloy-4 and pure zirconium, respectively.
This indicates that zircaloy-2 is more effective at attenu-
ating high-energy gamma rays, likely due to its unique
alloying elements that enhance its shielding capabilities.
The differences in the constituent composition of zir-
caloy-2 and zircaloy-4 alloys can be utilized to clarify
this situation. The MACs parameter, as indicated in pre-
vious sections, is unrelated to density and has a direct
correlation with the elemental compositions of the mate-
rials. These results, along with the differing chemical
compositions of zircaloy-2 and zircaloy-4 alloys with
the same density value, lead to different MAC values.
The investigation analyzed the second parameter for
radiation shielding competencies, which was the HVL.

The HVL is a crucial parameter in comprehending the
shielding characteristics of materials, as it denotes the
thickness of the material required to reduce the primary
beam quantity by half. The aforementioned quantity
exhibits an inverse relationship with the linear attenuation
coefficients. This relationship is critical for designing effec-
tive shielding, as it allows for the calculation of the material
thickness needed to achieve the desired attenuation levels.
Materials exhibiting high linear attenuation coefficients are
anticipated to have low HVL values, in simpler terms. This
phenomenon pertains to its exceptional absorption charac-
teristics. The trend of variation of the HVL values for the
three alloys under investigation across a broad energy spec-
trum is illustrated in Figure 4. The figure illustrates that low-
energy photons yield low HVL (cm) values. This phenom-
enon occurs due to the susceptibility of low-energy photons
with limited penetration capabilities to undergo attenuation
even at extremely thin material depths. The HVL values
exhibited a direct proportionality with the energy incre-
ment, resulting in an increase in the required values. The
sample of zircaloy-2 exhibited the lowest HVL value, while
the energy value of 15 MeV was found to be the highest.
Zircaloy-2 is particularly effective at shielding against high-
energy photons, which are more penetrating and thus
require thicker materials for adequate attenuation. The
relatively modest quantitative disparity between zircaloy-
2 and zircaloy-4 can be attributed to the fact that the HVL is
determined based on linear attenuation coefficients, which
are directly proportional to density, despite the higher
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MACs observed in these materials. Therefore, while both
alloys have similar densities, their different chemical com-
positions result in varying HVL values. Table 1 illustrates
that despite both alloys possessing identical density values,
there exists a discernible quantitative distinction between
them. The quantitative disparity between the MACs of zir-
caloy-2 and zircaloy-4 is more evident when the density
effect is disregarded, owing to the variations in their che-
mical configurations. These findings highlight the impor-
tance of considering both density and chemical composi-
tion when evaluating materials for radiation shielding. The
notion of mean free path holds significant importance
within the domain of radiation shielding. The term denotes
the mean path length traversed by a particle, for instance,
a photon or neutron, within a given medium prior to
experiencing a collision. The comprehension of a mate-
rial’s efficacy in attenuating radiation within the realm of
shielding materials is contingent upon the mean free path.
As depicted in Figure 5, there is a positive correlation
between energy and the average distance necessary for
two successive interactions. This correlation is crucial for
understanding how different energies of radiation interact
with materials, which can influence the design of shielding
systems. The phenomenon can be attributed to the correla-
tion between the energy value and the distance traveled by
energetic photons within the material. As the energy value
increases, the photons tend to traverse a greater distance,
leading to a subsequent increase in the distance between
two consecutive interactions. This trend underscores the
need for thicker or more dense materials when shielding

against high-energy radiation. Upon examination of the
reference value of 15 MeV pertaining to the parameters,
it is observed that the zircaloy-2 sample exhibits margin-
ally diminished values. The present study highlights a sig-
nificant discovery pertaining to the superior absorption
capacity of the zircaloy-2 sample. Furthermore, the study
demonstrates that the zircaloy-2 sample exhibits a shorter
distance between two successive interactions as compared
to the zircaloy-4 and zirconium samples. Build-up factors
are utilized to consider the intricate interactions between
radiation particles and the atomic structure of the shielding
material. The material’s scattering and absorption charac-
teristics can be ascertained as a function of the energy of the
incident radiation through the provision of information.
Understanding these factors is critical for accurately pre-
dicting the performance of shielding materials in real-world
conditions. Through the computation of build-up factors, it
is feasible to approximate the decline in radiation intensity
and energy during its traversal through the shield. This
information is essential for designing effective radiation
protection systems that meet regulatory standards. The
accuracy of this forecast holds significant importance in
guaranteeing that the shielding configuration is sufficient
to fulfil safety standards and protecting individuals or deli-
cate apparatus from undue exposure to radiation. Build-up
factors are employed in radiation dose computations to
ascertain the radiation dose that passes through the
shielding material. The precise determination of the dose
is of utmost importance for the evaluation of radiation
safety and adherence to regulatory norms. Incorporating
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the phenomenon of build-up effect into the dose calcula-
tions enhances the accuracy and dependability of the
results, thereby improving the evaluation of potential risks
and the implementation of measures for radiation protec-
tion. The utilization of EBF and EABF is common in radia-
tion shielding computations. However, they diverge in
their respective representations of quantities and the
information they furnish. The EBF finds its predominant
application in the domains of radiation protection and
dose estimations. The utilization of a shielding material
is employed to approximate the degree of exposure, a cru-
cial factor in evaluating the amount of radiation absorbed
by individuals or equipment. In contrast, the EABF is fre-
quently utilized in the fields of radiation therapy and indus-
trial applications. The utilization of this method is aimed at
computing the energy deposition within a given material, a
crucial factor in the determination of the absorbed dose
delivered to the target or the evaluation of the efficacy of
shielding in industrial procedures. In this study, EBF and
EABF values of zirconium, zircaloy-2, and zircaloy-4 samples
were calculated in the range of 0.015–15MeV and for

different mean free path (mfp) values. Figures 6 and 7
show the energy-dependent changes of EBF and EABF
values for different mfp values, respectively. The figures
illustrate that the behavioral states of the EBF and EABF
values exhibit variations based on the energy region, like
the previously discussed shielding parameters. These varia-
tions underscore the importance of considering a wide
range of energies when evaluating shielding materials,
as different applications may expose materials to a broad
spectrum of radiation energies. Upon close examination
of the numerical values, it is evident that the EBF and
EABF values of the zircaloy-2 sample are minimal. The
data indicate that zircaloy-2 exhibits the lowest ratio
between the quantities of uncollided and collided
photons, signifying that the amount of uncollided photons
is comparatively minimal in zircaloy-2. The aforemen-
tioned observation suggests that the photon–matter inter-
action in zircaloy-2 is optimized, with the structural
arrangement of the material playing a significant role in
facilitating the absorption process by effectively inter-
acting with photons. This optimization could be due to
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the specific atomic arrangement and electronic structure
of the alloy, which enhances photon interaction. The
gamma-ray TF is a parameter utilized to ascertain the
capacity of a substance to attenuate or absorb gamma
rays. Through comprehension of this variable, engineers
are able to make informed decisions regarding the selec-
tion of suitable shielding materials and thicknesses in
order to attain the intended level of radiation mitigation.
This understanding is critical for designing materials that
can provide adequate protection in various radiation
environments, including medical, industrial, and space
applications. The current investigation involved the com-
putation of gamma-ray transfer factors (TF) for the alloy
specimens under scrutiny, utilizing Monte Carlo N-Par-
ticle code along with the ENDF/B-VII.0, MCPLIB04, EL03,
and TENDL data libraries to simulate the interaction of
neutrons and gamma rays with zircaloy-2 and zircaloy-4
alloys [31–36]. The present study aimed to examine the
attenuation functions of primary and secondary gamma-
rays within the thickness range of 0.5–3 cm for three dif-
ferent radioactive isotope energies, such as 0.662, 1.1732,

and 1.3325 MeV. The TF values for zirconium, zircaloy-2,
and zircaloy-4 at varying thicknesses and distinct radio-
isotope energies are depicted in Figure 8. The figure illus-
trates a negative correlation between TF values and zir-
caloy thickness, indicating a decreasing trend as the
former increases. This trend highlights the increased effec-
tiveness of thicker shielding materials in reducing gamma-
ray transmission. The situation is consistent across all
energy levels and can be elucidated by the proportional
enhancement of gamma-ray absorption within the alloys,
contingent upon the corresponding increase in material
depth. The enhanced absorption in the thicker alloys
resulted in a reduction of the secondary gamma-ray
release from the zircaloy. This reduction is crucial for
minimizing exposure to harmful secondary radiation,
which can be a significant concern in radiation protection.
When this decrease is compared with the primary gamma-
ray quantity, the decrease in TF values becomes more
understandable. Upon close examination of Figure 8, it
can be observed that zircaloy-2 demonstrates the highest
level of resistance to secondary gamma-ray emission and
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exhibits the greatest capacity for absorption. The reported
outcome exhibits a high degree of consistency with the
gamma-ray absorption parameters that were calculated,
as well as the simulation-based TF calculations. This study

compared zircaloy-2, zircaloy-4, another zirconium-based
alloy, and concrete (steel-magnetite), which is often used as
a shielding material. It found that zircaloy-2 had better
gamma-ray attenuation properties. Figure 9 shows that the
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MAC for zircaloy-2 are higher than those for the other
alloys and concrete that were tested [35–37]. This higher
MAC value suggests that zircaloy-2 absorbs gamma rays
more effectively, thereby providing better protection. The
lower HVL and MFP values show that zircaloy-2 can absorb
high-energy gamma rays more quickly. These rays get
absorbed and neutralized more quickly, as shown in

Figures 10 and 11. The lower HVL and MFP values of zir-
caloy-2 demonstrate that this alloy can attenuate gamma
rays effectively with less material thickness.

3.2 Neutron attenuation properties and
neutron nTFs

The primary aim of this investigation was to conduct a
comparative assessment of the interaction mechanisms
between zircaloy-2 and zircaloy-4 materials, two signifi-
cant alloys, and gamma and neutron radiations. Hence,
the TF computations illustrated in Figure 8, which were
utilized for gamma rays, were similarly employed for the
determination of neutron transmission factors (nTFs). This
approach ensures consistency in the analysis and allows
for a direct comparison between the attenuation proper-
ties of the alloys for both gamma and neutron radiations.
During this phase, the F4 Tally Meshes that were pre-
viously defined remained unchanged, while the source
definition underwent a redesign to accommodate 2 MeV
neutrons. The input file of F4 Tally Meshes has been mod-
ified to track neutrons by redefining its output functions.
This modification was necessary to accurately capture the
interaction of neutrons with the alloys, which is different
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from that of gamma rays. The aforementioned procedure
provides that the output values derived from F4 Tally
Meshes corresponded to the flux values obtained for
2 MeV neutrons. Figure 12 depicts the nTFs of zirconium,
zircaloy-2, and zircaloy-4 for 2 MeV neutrons. Clearly, there
exists a variation in the nTF values among the investigated
alloys. These variations can be attributed to differences in
the atomic composition and structure of the alloys, which
affect their neutron scattering and absorption properties.
Upon examination of equation (6), it becomes evident that
zircaloy-2 exhibits the lowest resistance to neutron trans-
mission among the analyzed samples. This finding suggests
that zircaloy-2 does not protect against neutron radiation
as well as zircaloy-4 does. This could mean that it cannot be
used in places where neutron fluxes are high. The Tfn
value of zircaloy-4 is 0.0218% less than that of zircaloy-2.
The Tfn value of zirconium is 0.0983% less than that of
zircaloy-2. The aforementioned observation suggests that
zircaloy-2 exhibits a relatively low capacity for stopping
neutrons. Notwithstanding the proximity of the nTF values
of zircaloy-2 and zircaloy-4 alloys, computational analyses
have revealed that zircaloy-2 exhibits a higher degree of
neutron transition. Based on the findings of this analysis
utilizing simulation techniques, zircaloy-2 decreased tran-
sition resistance in comparison to zircaloy-4. The Fast
Neutron Removal Cross Section (FNRCS) measurements
validate that there is a negligible disparity in neutron
attenuation between zircaloy-2 and zircaloy-4. The FNRCS
value for zircaloy-2 is determined to be 0.10219, but for
zircaloy-4, it is measured to be 0.10221. The minor disparity
suggests that both materials offer comparable neutron
shielding capabilities, whereas zircaloy-2 demonstrates

marginally more neutron transmission. Furthermore, the
FNRCS graph presents a comparison between three different
zirconium-based alloys and a widely utilized shielding mate-
rial from existing literature [35–37], as depicted in Figure 13.
The purpose of this comparison is to give a full picture of
how well these materials work when there are a lot of
neutrons present and to show how zirconium alloys stack
up against a widely accepted standard for shielding.

4 Conclusions

Zirconium-based alloys are often used because of their
advantageous material properties, including excellent cor-
rosion resistance and high mechanical strength, making
them ideal candidates for nuclear reactor components.
The primary aim of this investigation was to conduct a
comparative assessment of the interaction mechanisms
between zircaloy-2 and zircaloy-4 materials, and gamma
and neutron radiations. The TF computations, utilized for
gamma rays, were similarly employed to determine nTFs.
The findings of this study provide a thorough examination
of the ability of zirconium alloys, specifically zircaloy-2 and
zircaloy-4, to attenuate gamma-ray and neutron radiation.
This detailed analysis assesses their shielding effectiveness
and explores the physical mechanisms responsible for radia-
tion attenuation. Understanding how zircaloy alloys block
radiation is crucial for optimizing their use in nuclear safety
applications, especially as building materials that affect
system performance. Neutron and gamma-ray radiation
have similar impacts on zircaloy-2 and zircaloy-4. This study
arose from a lack of extensive research on zirconium
alloys’ ability to absorb neutrons and gamma rays under
various conditions using sophisticated Monte Carlo simula-
tions. Monte Carlo simulations offer a robust method for
modeling complex interactions between radiation and
materials, providing more accurate predictions of mate-
rial performance under irradiation. Although zircaloy-2
and zircaloy-4 have similar mechanical capabilities, there
are significant differences in their creep strengths. Creep
resistance is a critical factor in determining the longevity
and reliability of materials in high-temperature environ-
ments, such as nuclear reactors. Additional research is
necessary to better understand the reasons behind the
observed differences in neutron absorption capabilities
and creep behaviors in these alloys. Based on the findings,
zircaloy-2 shows excellent resilience against secondary
gamma-ray emissions and has a greater ability to absorb
gamma rays. This heightened absorption capacity implies
possible uses in situations that demand improved

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

Ti
25

Zr
75

@
58

vo
l%

H
EA

1

Ti
50

C
u 3

0Z
r 1

5B
5

Zi
rc

al
oy

-4

Zi
rc

al
oy

-2muinocriZ

(
noitce s

ssorclavo
mer

nor tuentsa
F

� R
)

mc/1,

Alloy Types

C
on

cr
et

e 
(S

te
el

-M
ag

ne
tit

e)

Figure 13: Variation of fast neutron removal cross section (ΣR, 1/cm)
values for different types of alloys.
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radiation shielding. The neutron nTF of zircaloy-2 and
zircaloy-4 alloys are very close to each other. However,
simulation results show that zircaloy-2 has slightly better
neutron transmittance and suggest that zircaloy-2 has a
lower susceptibility to neutron transitions compared to
zircaloy-4. These findings indicate that zircaloy-2 may be
less effective than zircaloy-4 as a neutron shield. This has
the potential to alter the materials employed in scenarios
where neutrons play a crucial role. This work provides a
comprehensive analysis of the gamma and neutron radia-
tion shielding capabilities of zircaloy-2 and zircaloy-4 alloys,
making a significant contribution to the scientific literature.
It also has the potential to expedite the development of
materials with enhanced features for numerous applica-
tions, thereby establishing a robust foundation for future
studies in this sector.
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