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Abstract: Due to their excellent heat resistance, superalloys are used predominantly in the
manufacturing of engine parts and accessories for aircraft and aerospace equipment. The Monte
Carlo simulation (MCNP-5) code was performed to estimate the mean track length of the incident
photons inside six different alloys. Then, based on the simulated track length, other important
v-ray shielding parameters were calculated. In this study, the highest mass attenuation coefficient
was obtained for alloys encoded MAR-302 and MAR-247 and varied in the range 0.035-72.94
and 0.035-71.98 cm?-g~!, respectively. The lowest mass attenuation coefficient was found for
alloys coded Inconel-718 and Nimocast-75 with a range of 0.033-59.25 and 0.32-59.30 cm?-g~!,
respectively. Use was made of a recently developed online program Phy-X/PD to calculate the
effective atomic number, equivalent atomic number, and the buildup factors for the alloys of
interest. The effective removal cross-section for the fast neutron was also calculated for the studied
alloys: the highest value was found for the alloys coded with Inconel-718 (Y = 0.01945 cm?-g~1)
and Nimocast-75 (Y g = 0.01940 cm?-g~1), and the lowest value was obtained for alloy coded MAR-302
(Xr =0.01841 cm2-g_1). Calculated data indicate that MAR-302 and MAR-247 are superior candidates
for shielding of gamma-rays, while Inconel-718 and Nimocast-75 MAR-302 are suitable for the
shielding of fast neutrons.

Keywords: MCNP; SRIM; superalloys; y-ray and neutron; shielding parameters

1. Introduction

Technologies that are vital to the fields of medicine, agriculture, energy generation, and more,
are based on utilizing different types of radiation to function. Even though this offers a multitude
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of benefits, exposure to some types of radiation can be extremely harmful [1,2]. Radiation exposure
can lead to permanent cell damage, cancer, and even death. Based on these risks, it is necessary to
implement careful safety measures to protect people who are engaged in applications of radiation on a
daily basis in various purposes [34].

To reduce the possible harm against radiation, three principles can be used to protect against
overexposure: time, distance, and shielding. The latter, shielding, has been widely investigated by
researchers in the last couple of decades [5]. Radiation shielding provides a barrier between the
radiation source and the person, with the material acting as a medium for reducing the incoming
photon intensity. A range of materials are commonly used for the purpose of radiation shielding.
Concretes are structurally strong and can be enhanced by introducing metals into its composition;
however, they are prone to cracking and wear over time, making other materials possibly more
efficient [6-10]. Another material, glass, offers the ability to have a transparent shield while having
a wide range of compositions that can be altered to improve its shielding ability [11-15]. Lead is a
common element used in radiation shields because of its high density and low cost, which greatly
improves the efficiency of the material. As is widely known, however, lead is a highly toxic substance
to both humans and their environment. Over recent years, its use has increasingly become more
limited. Therefore, substitutes that offer the same efficiency as the lead while being environmentally
friendly must be investigated [16].

In recent years, alloys have gained increasing attention as other possible shielding materials.
Alloys are metallic substances composed of multiple elements. By creating alloys, the properties of the
original metals are enhanced including characteristics such as strength, heat resistance, and shielding
ability. Alloys can be classified based on their size, application, or base metal. A multitude of alloys
with different base metals has been investigated for their radiation shielding ability. These include
nickel, lead, tungsten, copper, iron, and more. Many of these base metals have shown great ability at
attenuating radiation, making them viable materials for protection against the adverse effects of ionizing
radiation [17-22]. Due to their excellent heat resistance properties, alloys are used predominantly in a
wide range of applications, from aircraft and automobiles to electronics and batteries.

Metal atom vibration due to the interaction with the radiation could lead to a reduction in
thee ductility of the material. As a result, the breaking of the ionic and covalent bonds take place
between the atoms in the materials. This can lead to a change in the material crystal structure,
which results in permanent damage to the shielding equipment/materials [23]. Materials used for the
purpose of radiation shielding in a reactor environment must have high radiation absorption capacity,
a combination of strength and metallurgical stability, and have high resistivity against temperature,
chemical corrosion, etc. [24,25]. Materials with a stronger crystal structure such as superalloys can
endure these effects and can serve better shielding, mechanical, and chemical performances. Co and
Ni-based superalloys have the advantages of resisting many severely corrosive environments and show
high resistance to pitting and crevice corrosion. Additionally, superalloys have shown better strength
for creep-rupture at temperatures up to 700 °C. Moreover, the sufficiently high density (over 9 g-cm™3
for some alloys) and good shielding characteristics for y-rays and neutrons make it a good choice to be
used in many applications such as gas turbines, rocket motors, spacecraft, pollution-control equipment,
and nuclear reactors [26].

The efficiency of a material as a radiation shield is defined by calculating certain shielding
parameters. The most important one, the mass attenuation coefficient, defines the ability for photons to
penetrate through a material and is a good indicator of the viability of a substance. Another common
parameter is the half-value layer (HVL), which characterizes the materials’ thickness that is able to
reduce the intensity of the incoming radiation into half. The mean free path (MFP) is the reciprocal of
the mass attenuation coefficient and describes the average distance between collisions, with a lower
value meaning a more effective material. Effective atomic number (Z¢), the average atomic number of
a compound or mixture, is another useful parameter.
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2. Simulations and Theoretical Aspect

2.1. Monte Carlo N-Particle Transport Simulation Code

Monte Carlo simulation code (MCNP-5) was used to estimate the shielding parameters of the
studied alloys in the energy range between 0.015 and 15 MeV. All components used in this simulation
(such as surface-, cell-, material-, source-, and NPS card) are described in the input file and shown in
Figure 1. The surface and cell cards detail the (2 cm in diameter) source that was placed inside one end
of a lead collimator with a 2.1 cm in diameter slit. The studied alloys were placed on the other side of
the collimator at a distance of 10 cm from the y-ray source. The alloys were assumed to be a disk 3 cm
in diameter. The composition of the alloys in (wt.%) is given in Table 1. The detector was considered to
be tally F4 to estimate the track length of the cell flux inside the studied alloys. The detector was placed
at a distance of 10 cm from the alloy samples. The source card (SDEF) describes the mono-energetic
gamma-ray source placed at the center of a shielded lead cylinder (length 50 cm, diameter 35 cm),
and the source intensity, distribution, and direction of the photon emission (+Z). The cutoff card
NPS was set for the emission of 10° histories. Moreover, the MCNP-5 code can automatically extract
the required energy from various nuclear and atomic data libraries such as the Evaluated Nuclear
Data File (ENDF) system, Advanced Computational Technology Initiative (ACTI), the Evaluated
Nuclear Data Library (ENDL), Evaluated Photon Data Library (EPDL), and the Activation Library
(ACTL), etc. [27-29].

Detector tally (F4) -
Alloy samples_

Lead collimator

Gamma ray source

Lead shielding

Figure 1. The geometry used for the gamma-ray shielding simulation.

Table 1. The chemical composition of the selected alloys in (wt.%).

Alloy Fractional Abundance (wt.%) Density

Code. C C C Mo W Ta Al Ti Hf Zr B Ni Fe Nb (gem™)
MAR-247 0.02 850 10.00 0.65 10.00 3.00 560 1.00 1.40 0.04 0.02 59.63 0.00 0.00 8.53
MAR-302 0.85 2150 56.94 0.00 10.00 9.00 0.00 0.20 0.00 0.00 0.01 0.00 150 0.00 9.21
Inconel-625 0.00 21.50 0.00 9.00 0.00 0.00 020 020 0.00 0.00 0.00 61.00 2.00 3.60 8.44
Inconel-718 0.00 19.00 0.00 3.00 0.00 0.00 050 090 0.00 0.00 0.00 5250 1850 5.10 8.22
Nimocast-75 0.12 20.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 79.88 0.00 0.00 8.44

WI-52 0.85 21.50 63.65 0.00 11.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 2.00 0.00 8.88

2.2. Radiation Shielding Parameter Calculation

The simulated track length was used to calculate the linear attenuation coefficient (LAC) of the
studied alloys in the mentioned energy range. The mass attenuation coefficient (MAC) is calculated
based on the simulated average track length and LAC, as described in Equation (1). The MAC is used
to describe the capacity of a given material to attenuate incident radiation. Aside from the evaluation
of the MAC using the Monte Carlo simulation, it was calculated theoretically using XCOM software.
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The MAC for any material consists of the ith constituent element and can be calculated according to
Equation (2) [1].
LAC

p(gem)
(MAC)alloy = Z w; * (MAC)z (2)

(MAC) )

alloy —

where (MAC) alloyr @ir P, and (MAC); refer to the MAC of the studied alloys, the weight fraction,
and MAC for the ith constituent element, respectively.

The half value layer (HVL) is calculated based on the results of the linear attenuation coefficient
(LAC, or p) as presented in Equation (3). The HVL describes the thickness of the material required to
diminish the incident intensity to a half of its initial value.

In(2)

HVL = ——~
p (em™)

3)
The MFP refers to the distance that the radiation travels in the studied shielding materials between
two subsequent collisions and can be calculated according to Equation (4).

MFP = — 1 @)

p (em)

Furthermore, other shielding parameters such as Z.g, equivalent atomic number (Zeg),
geometric progression fitting parameters exposure buildup factor (EBF), and energy absorption
buildup factor (EABF) were calculated using a newly developed software, Phy-X/PSD, in the energy
range of 0.015-15MeV [30]. The SRIM program was used to calculate the stopping power and projected
range of the protons and alpha particles [31].

3. Results and Discussion

The MCNP-5 simulated MAC values for the studied alloys and calculated MAC values using
the XCOM software are presented in Table 2 and Figure 2. The maximum MAC values for all
the investigated alloys were achieved at a low photon energy of 0.015 MeV. The maximum MAC
values varied between 72.938 and 59.259 cm?-g~! for alloys encoded as MAR-302 and Nimocast-75,
respectively. The MAC values sharply decrease with the increase in gamma energy because of the
photoelectric interaction (PE). Around a gamma photon energy of 0.02 MeV, a slight increment in the
MAC values was observed for the Inconel-625 and Inconel 718 alloys. This small increase was due to
the K-absorption edges of niobium (Nb) and tantalum (Ta), which appeared at 0.019 and 0.02 MeV,
respectively. The small increase in the MAC values reflects the small concentration of Nd and Ta in the
Inconel-625 and Inconel 718 alloys. Another increase in the MAC values was observed around 0.07 MeV
for alloys encoded as MAR-302, MAR-247, and WI-52. This peak was due to the K-absorption edge of
tungsten (W), which appears at 0.069 MeV. Above 0.2 MeV, the MAC values reduced more slowly with
the increase in the incident photon energy because of the dominance of Compton scattering (CS) at this
energy, which is proportional to Z.E~! [14,32]. Above several MeV, the MAC values demonstrated a
reverse trend and had a slightly upward trend when increasing the incident photon energy. This slight
upward trend was due to the pair production (PP) process, which is proportional to Z2?.Log (E) [33].
The lowest MAC was achieved at high gamma photon energy (15 MeV) and varied in the range of
0.0323-0.0348 cm?-g~! for alloys encoded as MAR-302 and Inconel-625.
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Table 2. The simulated and calculated mass attenuation coefficients for the studied alloys.

The Mass Attenuation Coefficient (cm?-g~1)

Energy MAR-274 MAR-302 Inconel 625 Inconel 718 Nimocast WI-52

(MeV)
MCNP-5 XCOM Diff(%) MCNP-5 XCOM Diff(%) MCNP-5 XCOM Diff(%) MCNP-5 XCOM Diff(%) MCNP-5 XCOM Diff(%) MCNP-5 XCOM Diff (%)

0.015 71.987  73.030 1.449 72938  72.025 1.252 65.726  65.708 0.027 59.259  59.004 0.431 59.309  57.783 2.573 66.368  66.245 0.185

0.03 10.873  11.140 2.458 11.142  10.863 2.505 9.557 9.549 0.075 11.056  10.418 5.771 10939  11.357 3.818 9.858 9.830 0.282

0.05 2.692 2.746 2.021 2.741 2.698 1.570 2.288 2.287 0.064 2.630 2.519 4.246 2.636 2.758 4.623 2414 2.412 0.083

0.8 0.069 0.070 1.840 0.070 0.069 1.420 0.068 0.068 0.142 0.068 0.067 0.541 0.068 0.066 2.186 0.068 0.068 0.121

0.060 0.062 3.596 0.061 0.060 0.673 0.061 0.061 0.954 0.060 0.060 0.422 0.060 0.059 1.437 0.059 0.060 0.945

0.037 0.037 2.570 0.037 0.037 1.556 0.037 0.037 0.420 0.037 0.037 0.446 0.037 0.036 1.739 0.036 0.036 0.157

0.033 0.033 1.752 0.033 0.033 1.146 0.032 0.032 0.293 0.032 0.032 1.056 0.032 0.032 1.400 0.032 0.032 0.003

Q@ | U1 | W | =

0.032 0.033 1.043 0.033 0.032 0.636 0.031 0.031 0.227 0.031 0.031 1.627 0.031 0.031 0.972 0.031 0.031 0.076

10 0.033 0.033 0.733 0.033 0.033 0.413 0.031 0.031 0.188 0.032 0.031 1.897 0.031 0.031 0.770 0.031 0.031 0.109

15 0.035 0.035 0.251 0.035 0.035 0.005 0.032 0.032 0.167 0.033 0.032 2.302 0.032 0.032 0.410 0.033 0.033 0.139
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Nb and Mo K-edges around 0.02 MeV | MAR-247 XCOM
% / — MAR-302 XCOM

Inconel-625 XCOM
Inconel-718 XCOM
—— Nimocast-75 XCOM
— WI-51 XCOM
MAR-274 MCNP-5
MAR-302 MCNP-5
Inconel-625 MCNP-5
Inconel-718 MCNP-5
Nimocast-75 MCNP-5
WI-52 MCNP-5

]

O % X DO

MAC (cm2.g™)

Energy (MeV)

Figure 2. The mass attenuation coefficient (MAC) of the studied alloys using the MCNP-5 code and
XCOM software.

The MCNP-5 simulated MAC values were compared with the values obtained by the XCOM
software (Table 2 and Figure 2). The comparison revealed that the simulated and calculated results
were close to one another for all the investigated alloys. The comparison also showed that the
highest MAC was obtained for alloys encoded as MAR-302 (range 0.035-72.94 cm?-g~1) and MAR-274
(range 0.035-71.98 cm?-g~1). The small variation between the MAC of the MAR-302 and MAR-247 alloys
was due to the difference in the main constituent elements of alloys: cobalt and nickel. The lowest MAC
was obtained for the alloy encoded as Inconel-625 and varied in the range of 0.0323-59.308 cm?-g ™! for
photon energies between 0.015 and 15 MeV.

The half-value layer (HVL) of the studied alloys was theoretically calculated using the simulated
MAC for y-ray energies between 0.015 and 15 MeV and the results are illustrated in Figure 3. It can
be observed that the HVL values were close to one another at low energies such as at 0.015 MeV.
After that, the HVL values progressively increased with the increase in photon energy due to the PE
interaction. Above 0.2 MeV, the HVL values steadily increased with an increase in gamma energy,
based on the CS process. At energies greater than several MeV, the HVL values were observed to
decrease with an increase in photon energy due to the pair production process, which is the main
interaction for high energy gamma-rays. The MAR-247 alloy possessed the thinnest HVL, which varied
in the range of 0.001-2.159 cm, while the Inconel-625 alloy had the thickest HVL, which varied between
0.001 and 2.604 cm.
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Figure 3. Variation of the half-value layer (HVL) of the studied alloys against the incident
gamma-ray energy.

The mean free path (MFP) of the investigated alloys was calculated based on the simulated MAC
values for a gamma-ray energy range of 0.015-15 MeV. The variation of the MFP versus the gamma
photon energies for all selected alloys is shown in Figure 4. The variation of the MFP versus the gamma
photon energies is similar to the variation of HVL discussed previously. The lowest MFP was obtained
for the MAR-247 alloy and varied between 0.001 and 3.361 cm, while the highest MFP was achieved
for the alloy encoded as Inconel-625 and varied between 0.002 and 3.936 cm. Moreover, the MFP
of the studied alloys were compared with other common radiation shielding materials in Figure 4:
ordinary concrete, commercial glass R5-253 G18, and lead at some fixed energies (0.5, 1, 5, and 15 MeV).
The MFP of the studied alloys was lower than the MFP of ordinary concrete and commercial glass
RS-253 G18. In contrast, the MFP of the studied alloys was higher than the MFP of Pb, with the
MEP for lead varying between 0.0546 and 1.557 cm for gamma photon energies between 0.5 and
15 MeV, respectively.

T j [ MAR-274 T j T
[ Wi-52
20 [ Nimocast n
[ MAR-302
[ Jinconel 718
[ Inconel 625
Concret
15 M =
3
L
& 10 =
=
5 4
QP N %) \?)
Energy (MeV)

Figure 4. The mean free path (MFP) of the studied alloys versus incident gamma-ray energy.
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The effective atomic number (Zqg) is used to describe a multi-element material in terms of its
elements. The calculation of Z.g is based on the calculated MAC, electronic cross section, and atomic
cross section. The variation of the Z.g versus the y-ray energies is presented in Figure 5a for
the investigated alloys. The Zgg trend can be explained through photon interaction phenomena.
Values reach their maximum in the PE interaction region because of the dependence of the photoelectric
cross-section with Z45 [34]. In the PE interaction region, two sudden increases appeared at around 0.02
and 0.07 MeV. The first increase appeared at around 0.02 MeV for the Inconel-625 and Inconel-718 alloys.
This increase was due to the K-absorption edges (X-ray) of Nb and Mo, which appeared at 0.019 and
0.02 MeV, respectively. The second increase was detected at around 0.07 MeV for MAR-247, MAR-302,
and WI-52 alloys. This second increase was due to the W K-edges, which appeared at 0.069 MeV. Then,
the Zg values sharply decreased with the increase in y-ray energy because of the PE cross-section,
which was proportional to E™3%. In the region where CS was dominant, Z.¢ demonstrated a moderate
reduction with an increase of y-ray energy, since the CS cross-section varied with Z. Above several
MeV, the Z reversed its downward trend and began to increase with an increase in photon energy
due to the PP cross-section, which varied with Z2.

o T —O— MAR-M 247 N o T T e
—/\— MAR-M 302 —/\— MAR-M 302 [b]
50 + [a] —¥— Inconel 625 4=—¥— Inconel 625
—s'¢— Inconel 718 —¢— Inconel 718
L —O— Nimocast 175 /-\0_45 _—<>—Nimocastl75 |
’% —— WI-52 e —— WI-52
45 15
' )
) °o
—g T £
5 = M :
= 40 4 o
) = |
2" |
g 2 ]
4= =
()
30 - 1 8 304 o
25 4——rrrrmr—— 25 4r———rrr———rrr——rrrm
0.01 0.1 1 10 0.01 0.1 1 10

Energy (MeV) Energy (MeV)

Figure 5. Variation of the atomic number of the investigated alloys versus incident gamma-ray energy:
(a) effective atomic number (Zg), (b) the equivalent atomic number (Zeq).

The chemical composition of a material plays an important role in its Z.¢ value and the value of
other shielding parameters. The MAR-302 alloy, with tungsten (W), tantalum (Ta), and hafnium (Hf)
contents, possessed the highest Z., while Nimocast-75 had the lowest, which mainly consisted of
nickel (Ni) and chromium (Cr).

The equivalent atomic number Zcq is the first step to calculate the buildup factors of the studied
materials and describes the material in term of its equivalent elements. Unlike the Z, the Zeq of
the selected alloys is calculated based on the ratio between the Compton scattering mass attenuation
coefficient and the total mass attenuation coefficient of the sample at energies of 0.015-15 MeV. Figure 5b
demonstrates that the Zeq tends to decrease in the energy region where the PE is prevalent. As energy
keeps increasing, the Zeq values have an increasing trend with the increase of the CS interaction
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for all the alloys. At 1 MeV, the Z¢q reached its maximum, varying between 27.31 and 45.96 for the
Nimocast-75 and MAR-302 alloys, respectively. Above 1.5 MeV, the Z¢q gradually reduced due to the
dominancy of the PP interaction inside the studied alloys.

Based on these factors, it can be concluded that the MAR-247 and MAR-302 alloys possess the
most desirable shielding characteristics among the investigated alloys, while the Inconel-625 and
Inconel-718 alloys possess the least effective shielding ability. The desirable attenuation ability of
the MAR-247 and MAR-302 alloys is related to their chemical composition, which contains heavy
elements with good shielding characteristics such as tungsten (W), tantalum (Ta), and hafnium (Hf).
The less effective shielding characteristics of Inconel-625 and Inconel-718 are also due to their chemical
composition, which mainly consists of nickel (Ni) and chromium (Cr).

The energy absorption and exposure buildup factors (EABF and EBF) were calculated according
to [30]. The variation of the buildup factors EABF and EBF versus the gamma-ray energy at some
penetration depths (PD) between 0.5 and 40 mfp is shown in Figures 6a—f and 7a—f. The lowest EABF
and EBF values for the selected alloys were obtained at the lowest tested photon energy. The energy of
gamma photons is completely absorbed during the PE interaction. Thus, photons cannot contaminate
inside the selected alloys, which reduces the buildup factors. At middle energies where the CS
interaction is prevalent, the calculated values of EABF and EBF for all the selected alloys increase
as energy increases. As a result of the CS interaction, a secondary photon can be produced and
accumulated inside the selected alloys. Thus, the buildup factors greatly increase in the CS interaction
region. Past this region, the values of the buildup factors begin to slowly decrease with the increase of
photon energy, above 1.5 MeV more specifically. This decrease is due to the photons that have enough
energy to create electron-positron pairs with low kinetic energy. For energies greater than 8 MeV,
the values of EABF and EBF quickly increased with increasing energy, especially at high penetration
depths (PD > 20). Figures 6 and 7 show that the highest values of EABF and EBF were obtained for the
MAR-302 alloy, while the lowest values were obtained for the WI-51 alloy.

0
[a] MAR-247 |61 MAR-302

o
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Figure 6. Variation of the energy absorption buildup factor versus the gamma-ray energy at
various penetration depths.for the investigated alloys: (a) MAR-247, (b) MAR-302, (c) Inconel-625,
(d) Inconel-718, (e) Nimocast-75, (f) WI-51.
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Figure 7. Variation of the exposure buildup factor (EBF) versus the incident gamma-ray energy at
various penetration depths for the investigated alloys: (a) MAR-247, (b) MAR-302, (c) Inconel-625,
(d) Inconel-718, (e) Nimocast-75, (f) WI-51.

The variation of buildup factors with the penetration depth (PD) for the selected alloys is presented
in Figure 8 at some fixed gamma-ray energies (0.015, 1, and 15 MeV). At around 0.015 MeV, for all
the selected alloys, the values slowly increased with the increase in the PD. At 1 MeV, where CS is
prevalent, EBF and EABF steadily increased with the increase in PD, especially at high PD (>20 mfp).
Additionally, at high energies, the values quickly increased with the penetration depth, especially for

PD >20.
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Furthermore, the ability of the selected alloys to attenuate fast neutrons was evaluated. The effective
removal cross-section ) g (cmz-g‘l) for fast neutrons was calculated according to Equations (5)
and (6) [35]

ZR(cmz-g_l) =0.190 27078 (2 <8) (5)

Y (em?g) = 012527055 (7> 8) )

Figure 9 illustrates the } g of fast neutrons for the selected alloys. The data presented in
Figure 9 demonstrates that the Y g varied between 0.01945 and 0.01841 cm?-g~!. The highest effective
removal cross-section was achieved for the Inconel-718 (Ygr = 0.01945 cm?-g~!) and Nimocost-75
(Xr = 0.01940 cm?-g~!) alloys. The alloys also possessed the lowest Z.; among the selected samples.
The lowest effective removal cross-section was achieved by the MAR-302 alloy (Y = 0.01841 cm?-g~1)
because it possessed the highest Z.¢ among the studied alloys.

0.020 T T T T T T T T T

o

o

=

©
1

0.018 4

0.017 +

0.016 +

Effective removal cross section Y5 (cm?.g™Y)

°

o

=
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S

Figure 9. The fast neutron effective removal cross-section of the studied alloys.

Finally, the SRIM program was applied to evaluate the ability of the studied alloys to shield
charged particles. Figure 10 shows the variation of the mass stopping power (MSP) and the projected
range (PR) versus the kinetic energy of the incident charged particles. The MSP of the charged particles
mainly depends on two factors. The first is the kinetic energy of the charged particle. At low energies,
the calculated MSP values gradually increase with the increase in the kinetic energy of the incident
particles. Around 0.1 and 0.8 MeV, the MSP reaches its maximum values for proton and alpha particles,
respectively. It should be noted that the MSP for protons reaches its peak at a lower kinetic energy than
alpha particles because the mass of a single proton is lower than one alpha particle. The maximum MSP
varied between 0.218 and 0.242 MeV-cm?-mg ™! for protons, while the maximum MSP for alpha particles
varied between 0.676 and 0.743 MeV-cm?mg~!. As the kinetic energy keeps increasing, the MSP
values for both proton and alpha particles drastically decrease, which continues at higher energies.
The second factor is the chemical composition of the selected alloys. The alloys with high contents of
heavy elements such as W, Hf, and Ta (MAR-247, MAR-302, and WI-52) possessed lower MSP values,
while the alloys with light elements (Inconel-625, Inconel-718, and Nimocast-75) possessed much lower
MSP values at all kinetic energies for both protons and alpha particles.



Appl. Sci. 2020, 10, 7680 12 of 14

T T T T
0304 |[a] Protonl | [a] ProtonI 2
5 —o— MAR-247 250 4 1
& B
—~o025 2 —— MAR-302 - |
= —#— Inconel-625 (3
£ —— Inconel-718 32001 i 1
o 0.20 —o— Nimocast-75) @
g —— w52 £ 150 —o— MAR-247
N S —&— MAR-302
@ 015 3 —#— Inconel-625
\% S 100+ —#— Inconel-718
S ’
o 2 —o— Nimocast-75
0.10
g g —— w52
50 4
0.05 4
0
0.00 v v T v v y T y
0.01 0.1 1 10 0.01 0.1 1 10
Kinetic energy (MeV) Kinetic energy (MeV)
1.0 T T T 35 T
[b] Alphal [b] Alpha I
304 —
0.8 R
a =
=) £ 254 ) -
3 3 g
= 06 @ 0 |
5 e
> S s —o— MAR-247
(] % % 2 —&— MAR-302
é 0.4+ mﬁggg; k=i —#— Inconel-625
a .2 10 —#*— Inconel-718
n —#— Inconel-625 o .
> —+— Inconel-718 T Nimocast- 75
Wi
0.2 —o— Nimocast- 75 51 o= Wis2 v
—— WI-52 et
0
0.0 T T T T T T T T
0.01 0.1 1 10 0.01 0.1 1 10
Kinetic energy (MeV) Kinetic energy (MeV)

Figure 10. Variation of the mass stopping power (MSP) and the projected range versus the kinetic
energy.for the projected particles: (a) Protons, (b) Alpha particles versus.

Figure 10 illustrates the variation of the projected range (PR) for protons and alpha particles
against the kinetic energy of the incident particles. The calculated PR increased exponentially with
the increase of the kinetic energy of the charged particles. The highest PR was obtained at a kinetic
energy of 10 MeV for the MAR-247 alloy (a PR equal to 275.42 pum for both proton and alpha particles,
respectively), while the lowest PR was obtained for the Nimocast-75 alloy (with a PR equal to 241.49
and 25.83 um for both particles, respectively).

4. Conclusions

In this study, the radiation shielding ability of six alloys coded as MAR-302, MAR-247, Inconel-625,
Inconel-718, Nimocast-75, and WI-52 were evaluated. The studied alloys had a different chemical
composition and their densities varied in the range of 8.22-9.21 g cm™3. The gamma radiation
shielding features were simulated using the MCNP-5 code in the energy range between 0.015 and
15 MeV. The XCOM program was used to validate the simulated MAC values for the selected alloys.
Additionally, the SRIM program was used to calculate the stopping power and projected range of

protons and alpha particles. The current study recorded the following outcomes:

1.  The highest MAC was achieved for thee eMAR-302 and MAR-247 alloys and varied between
0.035-72.938 cm?-g~! and 0.035-71.98 cm?-g~!, respectively, while the lowest MAC was
achieved for Inconel-718 and Nimocast-75 and varied in the range of 0.033-59.25 cm?-g~!
and 0.032-59.30 cm?-g ™!, respectively.

2. The obtained results between the simulated MAC using the eMCNP-5 code and theoretical MAC
using the XCOM database were proven to greatly agree with each other.

3. The thickest HVL was achieved for the alloy encoded as Inconel-625 and varied between 0.001
and 2.604 cm, while MAR-247 had the thinnest HVL, which varied between 0.001 and 2.159 cm.

4.  The highest values for the Zqs and Zoq were achieved for the alloys encoded as MAR-302
and MAR-247.

5. The lowest fast neutron effective removal cross-section was obtained for MAR-302
(Xr = 0.01841 cm?.g7!), while Inconel-718 (Y = 0.01945 cm?.g~!) and Nimocost-75
(Xr = 0.01940 cm?-g~!) had the greatest values.
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According to the aforementioned results, the studied alloys (especially MAR-302 and MAR-247)
were proven to be highly effective against charged-particles and fast neutrons. Thus, MAR-302 and
MAR-247 are desirable shielding materials for gamma-ray applications, despite their low fast neutron
effective removal cross-section.
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