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Abstract:

Protecting the safety of both human health and the environment necessitates the careful
management of radiation. Hence, it is important to possess effective radiation shielding
since unregulated exposure to radiation may lead to significant health risks and
environmental damage. Utilizing appropriate materials with strong radiation shielding
characteristics is a crucial element of this safeguarding. This research examines the
efficacy of eight different alloy types in attenuating radiation. The materials listed
include 304 stainless steel, Inconel 718, Hastelloy C-276, Alloy 600, Nickel 200, D9
alloy, Maraging Steel 250, and Nimonic 80A. Each alloy has distinct mechanical
qualities and exhibits exceptional resistance to corrosion, making them very useful and
versatile in many applications. The research used Phys-X/PSD software and MCNP
Monte Carlo simulations to assess the effectiveness of these alloy types as shielding
agents. Considering the superior resistance of Hastelloy C-276 to gamma radiation, it is
evident that this material has the capacity to be an exceptional option for shielding
against radiation.

1. Introduction

environmental threats, making effective radiation
protection of paramount importance [2]. Radiation

Radiation plays a critical role in a wide range of
applications, such as energy production and
medical practices. In particular, radiation control
has paved the way for technological advancements
in fields like nuclear energy, medical imaging, and
radiotherapy [1]. However, to prevent potential
hazards to human and environmental health, it is
essential to manage radiation safely. Uncontrolled
radiation exposure can lead to serious health and

shielding parameters determine how effectively the
materials used can protect against radiation, and
correctly determining these parameters is crucial
for safe shield design [3]. Different materials offer
various properties for radiation shielding. For
instance, 304 Stainless Steel provides high
corrosion resistance and mechanical durability due
to its chromium and nickel content. Inconel 718 is a
super-nickel alloy that exhibits superior mechanical
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properties at high temperatures. Hastelloy C-276,
widely used in the chemical processing industry, is
resistant to corrosion across a wide temperature
range due to its nickel, molybdenum, and
chromium composition. On the other hand, Alloy
600, a nickel-chromium alloy, is preferred for high-
temperature applications, especially in nuclear
reactor components [4-8]. Nickel 200, composed
almost entirely of pure nickel, offers high thermal
and electrical conductivity. D9 Alloy, an iron-
nickel-based alloy, is used as a structural material
in nuclear reactors, providing high-temperature
resistance and a low thermal stress coefficient.
Maraging Steel 250 is a high-strength steel alloy
resistant to oxidation and corrosion at high
temperatures. Nimonic 80A, a nickel-chromium-
based superalloy, is used in applications requiring
high temperatures [9-11]. These alloys are widely
used in critical industries such as nuclear energy,
aerospace, medical imaging, radiotherapy, chemical
processing, and military defense systems, where
their  radiation shielding capabilities, high-
temperature resistance, and mechanical durability
are essential.

2. Material and Methods

This study examines the radiation shielding
capacities by using the Phys-X/PSD program [12]
and MCNP Monte Carlo simulations of the eight
alloys mentioned above and emphasizes the
importance of assessing these capacities safely and
effectively. The alloys examined in this study are
listed below;

e 304 Stainless Steel:
0.00081C+0.01009Si+0.00045P+0.00030S
+0.18153Cr+0.02017Mn+0.70597Fe+0.08
068Ni

e |nconel 718:
0.00097C+0.00604A1+0.00423Si+0.00018
P+0.000185+0.01208Ti+0.22944Cr+0.004
23Mn+0.01208C0+0.63398Ni+0.06038Nb
+0.03623Mo

e Hastelloy C-276:
0.00010C+0.00080Si+0.00040P+0.00030S
+0.15500Cr+0.01000Mn+0.05500Fe+0.02
000C0+0.55840Ni+0.16000M0+0.04000W

e Alloy 600:
0.00152C+0.00507Si+0.000155+0.16723C
r+0.01014Mn+0.08108Fe+0.72974Ni+0.00
507Cu

e Nickel 200:
0.00015C+0.00100Si+0.00010S+0.00350
Mn+0.00400Fe+0.99025Ni+0.00100Cu
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o D9 Alloy:
0.00150C+0.00500Si+0.00040P+0.00030S

+0.12000Cr+0.02000Mn+0.73280Fe+0.12
OOONi

e Maraging Steel 250:
0.00010AI1+0.00301Ti+0.67628Fe+0.09017
Co+0.18034Ni+0.05010Mo

e Nimonic 80A:
0.00010B+0.00100C+0.01500AI1+0.01000S
i+0.02200Ti+0.20000Cr+0.01000Mn+0.72
090Fe+0.02000C0+0.00100Cu

2.1 Shielding Parameters
2.1.1. Linear Attenuation Coefficient

The relationship between the number of attenuated
gamma rays I(x) and the number of unattenuated
gamma rays lo(X) passing through a material of
thickness (x) is defined in the area of radiation
experimental study.

I(x) = Ipe™** 1)
The symbol p represents the likelihood of complete
contact per unit thickness in a shield material, and
is referred to as the linear attenuation coefficient,
measured in cm™.

2.1.2. Mass Attenuation Coefficient

The mass attenuation coefficient (um = wlp) is
essential in calculating the linear attenuation
coefficient for different materials. It is often used in
many disciplines, such as medical imaging, to
evaluate the radiation absorption characteristics of
different substances [13-15].

2.1.3. Half-Value Layer

The half-value layer (HVL) is the minimum
thickness of a substance needed to lower the
intensity of radiation by 50%. The calculation
is performed using the formula:

HyL = 2@ @)

i is the linear attenuation coefficient of the
material. HVL, or half-value layer, is a crucial
parameter used to evaluate the efficiency of
materials in shielding against radiation [13-15].

2.1.4. Tenth-Value Layer
The tenth-value layer (TVL) is the minimum

thickness of a material required to reduce the
number of photons by one-tenth [13-15].
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2.1.5. Mean Free Path
The mean free path (MFP) is the average

distance that a particle travels before it collides
with other particles inside a substance. The

calculation is  performed using the
accompanying formula:
mfp = 1/p (4)

The symbol p denotes the linear attenuation
coefficient of the material. The mfp, or mean
free path, is crucial for assessing the
effectiveness of a material in decelerating or
halting particles [13-15].

2.1.6. Effective Atomic Number

In composite materials, the Compton scattering
interaction has an effect on the effective atomic
number (Zerf), which can be defined as the
following formula:
Zer =7 (5)
where o and o, are the total and electronic
cross-sections, respectively [13-15].

2.1.7. Effective Electron Density

The effective electron density (Nefr) is a crucial
quantity for comprehending the interaction
between radiation and a substance. The
electron density of the substance determines its
dependency [13-15].

2.1.8. Fast neutron effective removal
section (Xr) values

Cross-

The (2r) is a crucial quantity in the area of
nuclear shielding, particularly in sites where
there is a considerable danger of neutron
exposure. The value of Xr varies inversely with
the mean free path of neutrons in the material.
For instance, a high Xr value indicates that the
material has a greater ability to efficiently
reduce the intensity of fast neutrons [16]. This
research analyzed all radiation shielding factors
using the Phy-X/PSD program, which allows
for exact simulations of various alloy
compositions and thicknesses.
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2.2 MCNP Monte Carlo Simulations for
Transmission Factor (TF) Calculations

The Monte Carlo method is a fundamental
approach in radiation physics that enables the
modeling and analysis of intricate systems via the
use of random sampling methods [16]. The
adaptability of this technique is especially apparent
in the assessment and enhancement of radiation
shielding, where accurate simulation of particle
interactions with materials is essential. The Monte
Carlo approach essentially simulates the movement
and interaction of individual particles, such as
electrons, photons, and neutrons, as they travel
through and interact with various substances [17].
This technique produces statistical data by
modeling the trajectories of many particles,
providing significant insights into the effectiveness
of a material in blocking or lowering radiation [18].
The Monte Carlo approach is advantageous because
it can faithfully reproduce the complicated
behaviors of particles as they experience complex
processes inside materials. Accurate identification
of the simulation geometry is essential for the
efficiency of a Monte Carlo simulation. This
geometry encompasses the spatial configuration of
the radiation source, shielding material, and
detector sections in the simulation. Within a
simplified planar shield model, the geometry
encompasses the dimensions, composition, and
spatial configuration of the shielding material in
relation to the radiation source and detectors [19].
Precision in geometry is crucial since even minor
inaccuracies in its specification may have
significant repercussions on the reliability of
simulations, hence compromising the capacity to
draw valid conclusions about the material's
protective capabilities. To guarantee the precision
of the simulation, it is crucial to show prudence
while describing the density, atomic number, and
dimensions of the material. The F4 tally mesh is an
essential tool for assessing the outcomes of Monte
Carlo simulations [20].

Figure 1. (a) 2-D and (b) 3-D illustrations of designed
MCNP simulation setup.
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This mesh serves as a measuring instrument by
computing the radiation flux inside specific
volumes of the simulated material. Figure 1 show
that 2-D and 3-D illustrations of designed MCNP
simulation setup.

3. Results and Discussions

A comprehensive analysis was conducted on eight
distinct alloy samples to ascertain their fundamental
shielding properties against gamma rays within the
energy range of 0.015-15 MeV. The gamma ray
shielding ability of a material is intimately
correlated to its density and atomic structure, which
are well recognized [21-25]. The density values of
all the alloys under investigation are shown in
Figure 2. We have identified a crucial parameters
for gamma ray shielding, namely the linear
attenuation coefficient (LAC) and mass attenuation
coefficients (MAC). The LAC and MAC data
demonstrate a decline as the gamma energy
increases within the low energy range as seen in
Figure 3. The Hastalloy C-276 alloy type had the
highest LAC and MAC values at the photon energy
we studied.
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Figure 2. Variation of investigated alloy types and
densities.

The alloy types under investigation are also
evaluated in terms of their half-value layer (HVL).
HVL is a critical parameter used to calculate the
thickness of shielding material required to decrease
the starting intensity by 50% [25-30]. Figure 4
depicts the variations in the HVL values of the
alloy types in relation to the energy of the incoming
photons. As the energy of the incoming photons
rises, the HVL values of the alloy types also
increase. However, the Hastalloy C-276 alloy type
consistently exhibits the lowest HVL values across
all energy levels. Based on the results of the tenth
value layer (TVL) calculation, it is much easier to
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choose the right shielding material. This is
especially important in nuclear radiation and
medical diagnostics applications. Figure 4 depicts
the energy-dependent fluctuation of one-tenth of
the thickness of the investigated alloy types. It is
clear that the TVL values have greater quantitative
values than the HVL values for the identical energy
values. Despite the fact that these two parameters
had varying numerical values for identical energy
levels, the research findings indicate that the
Hastalloy C-276 alloy type exhibited the lowest
values in thicknesses equivalent to one-tenth of the
total thickness. Based on the findings derived from
these two important properties, the Hastalloy C-276
alloy type will provide minimum thickness values
that are half and one-tenth of the value in any
process operating between the 0.015-15 MeV
photon energy range. The mean free path (MFP) is
a crucial determinant of a material's radiation
shielding capabilities. Figure 5 depicts a visual
depiction of the MFP values for eight different
alloy types. The lowest measured MFP values for
the Hastalloy C-276 alloy type are provided at
different gamma ray energies. Accurately
determining the effective removal cross-section
values for fast neutrons is crucial for evaluating
how well materials can protect against this kind of
radiation. Materials with high effective removal
cross-section values for fast neutrons may
effectively attenuate or absorb a larger percentage
of these particles, resulting in a reduced capacity
for them to permeate through the material. Figure 6
displays the Effective Removal Cross Section (Zr,
1l/cm) values for the investigated alloys being
studied. Ninomic 80A have good neutron
absorption properties. The effective atomic number
(Zerr) is a valuable parameter for assessing a
material's  appropriateness  for  gamma-ray
applications, as it relates to the material's capacity
to attenuate gamma rays and mitigate their effects
[31-35].
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Figure 3(a-b). Variation of linear attenuation coefficient
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Figure 7 displays the Ze values of the examined
alloy types in relation to the energy of photons. The
findings indicate that the Hastalloy C-276 alloy
type has the highest Zes value. Figure 8
demonstrates a linear correlation between the
effective atomic number (Ner) and the Nes values of
Hastalloy C-276 alloy type. Figure 9 illustrates the
relationship between energy and exposure buildup
factor (EBF) for various mean free path (mfp)
values. Various types of chemical reactions take
place in a wide range of natural situations. There is
a significant relationship between the binding
energies of elements with high atomic numbers and
their atomic numbers, leading to a distinct peak in
the first area. The EBF values remain consistent
inside the Compton resonance zone. Pair
production is considered the third most important
sector due to the fact that absorption processes
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lead to a slight rise in EBF. The Hastalloy C-276
alloy type has the lowest identified EBF value. This
illustrates the effectiveness of materials in reducing
the effects of gamma radiation. The Hastalloy C-
276 alloy demonstrated superior isolation compared
to other investigated alloy types, which have the
lowest EBF values. Figure 10 demonstrates a
consistent  relationship  between the energy
absorption building factor (EABF) and photon
energy (MeV). The figure covers a range of 5 to 40
mean free paths (mfp). The MCNP technique was
used in the last phase to compute the TF values for
all the different alloy types. The MCNP method
was used in the last step to calculate the
transmission factor (TF) values for all kinds of
alloys. The TF values of each alloy types were
calculated by manipulating the energy levels and
thicknesses. This method was used to examine the
variations in thickness and energy of the alloy types
being studied and how these affected
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Figure 10(a-h). Variation of energy absorption buildup
factors (EABF) of all investigated alloy types at different
mean free path values.

the TF behaviors. Consequently, two F4 tally
meshes yielded different results, which were later
retrieved from the output file for the purpose of
calculating transmission factors. After completing
the input file, we executed the MCNP code using
the specified input file as the selected input. Figure
11 illustrates the transmission factor (TF) values of
the alloy types being studied. The graph illustrates
an inverse relationship between TF values and alloy
thickness, with a decreasing trend as the TF values
grow. The behavior is consistent across different
energy levels and may be attributed to the
proportionate increase in gamma-ray absorption in
the alloy attenuator. This increase is directly related
to the equivalent increase in the thickness of the
material. The greater absorption found in the
thicker alloy resulted in a reduction in the emission
of secondary gamma rays from the alloy attenuator.
When comparing this decrease with the main
gamma-ray parameter, the decrease in transfer
function (TF) values becomes evident. The TF
values shown by the Hastalloy C-276 alloy type,
however, were much greater than those of the other
alloy types.
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Figure 11(a-c). Transmission Factors (TFs) of all
investigated alloy types as a function of used
radioisotope energy (MeV) at different alloy thicknesses.

4. Conclusions

The study looks closely at how well eight different
alloys attenuate the ionizing radiation, paying
special attention to important numbers like the
effective atomic number (Zer), the linear
attenuation coefficient (LAC) and the mass
attenuation coefficient (MAC). The study also
looks at the half-value layer (HVL) and the tenth-
value layer (TVL), as well as the mean free path
(MFP) and the effective removal cross-section for
fast neutrons (FNRCS). The findings consistently
demonstrate that Hastelloy C-276 is the optimal
material in many domains, making it an excellent
selection  for rigorous radiation  shielding
applications. Hastelloy C-276 had the greatest
linear attenuation coefficient (LAC) and mass
attenuation coefficient (MAC) values among the
measured photon energies. This demonstrates its
exceptional ability to effectively block gamma
radiation. This alloy also exhibited the lowest half-
value layer (HVL) and tenth-value layer (TVL)
values, which are crucial for reducing the required
thickness of shielding materials. Moreover, the low
mean free path of Hastelloy C-276 renders it very
effective in obstructing gamma rays. This is further
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enhanced by its elevated effective atomic number,
which enhances its total shielding capabilities.
Additionally, the Effective Removal Cross Section
(Xr) values identified in the study demonstrate
Hastelloy C-276's superior protection against fast
neutrons. The research further discovered that
Hastelloy C-276 had the lowest EBF values, hence
confirming its ability to efficiently reduce gamma
radiation exposure. Furthermore, Hastelloy C-276
exhibited low Exposure Buildup Factor (EBF)
values, underscoring its effectiveness in mitigating
the adverse effects of gamma radiation. An
important component of the research was analyzing
the Fast Neutron Removal Cross Section (FNRCS),
which is a crucial measure for evaluating a
material's capacity to protect against fast neutrons,
known for their challenging attenuation. Hastelloy
C-276 and Nimonic 80A had better neutron
absorption properties, which suggests they might
work well in situations where protection against
both gamma radiation and neutrons is needed.
Furthermore, Monte Carlo simulations using the
MCNP algorithm proved that Hastelloy C-276 had
higher transmission factor (TF) values than the
other alloys. As a result, it exhibited enhanced
absorption characteristics and reduced secondary
gamma ray emission. The Monte Carlo N-Particle
(MCNP) simulations, which calculated
Transmission Factor (TF) values at different energy
levels and alloy thicknesses, revealed that Hastelloy
C-276 displayed higher TF values compared to
other alloy types. While these higher TF values
indicate that more gamma radiation passes through
this alloy, the proportion of absorbed radiation
increased significantly when thicker alloy materials
were used. The simulation results demonstrated a
noticeable decrease in TF values as the alloy
thickness increased, indicating enhanced gamma-
ray absorption. Particularly at high energy levels of
15 MeV, Hastelloy C-276 maintained minimal TF
values, providing excellent shielding. This
reduction in TF wvalues also implies a lower
emission of secondary gamma rays. This thorough
assessment highlights the crucial significance of
choosing suitable materials for radiation shielding,
especially in high-risk settings such as nuclear
reactors and medical institutions. The results
support the conclusion that Hastelloy C-276 is a
great choice for radiation shielding because it
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protects well with a relatively thin material. To
summarize, this study emphasizes the importance
of choosing the right materials for radiation
protection and emphasizes the ongoing need for
research to create and enhance materials that can
offer excellent shielding abilities while maintaining
safety in different industrial and medical uses. The
inclusion of FNRCS in the assessment process
further exemplifies the need for a comprehensive
approach to determining the most efficient
shielding materials. For future research, it is
recommended that the scientific community
continues to explore the development of new alloy
compositions and further investigates their radiation
shielding properties, particularly in high-energy
applications such as space exploration and
advanced nuclear technologies.
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