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a b s t r a c t

Neutron and gamma-ray shielding properties of Inconel 718 reinforced B4C (0-25 wt%) were investigated
using PSD software. Mean free path (MFP), linear and mass attenuation coefficients (LAC,MAC), tenth-
value and half-value layers (TVL,HVL), effective atomic number (Zeff), exposure buildup factors (EBF),
and fast neutron removal cross-sections (FNRC) values were calculated for 0.015e15 MeV. It was found
that MAC and LAC increased with the decrease in the content of B4C compound by weight in Inconel 718.
The EBFs were computed using G-P fitting method for 0.015e15 MeV up to the penetration depth of 40
mfp. HVL, TVL, and FNRC values were found to range between 0.018 cm and 3.6 cm, between 2.46 cm and
12.087 cm, and between 0.159 cm�1 and 0.194 cm�1, respectively. While Inconel 718 provides the
maximum photon shielding property since it offered the highest values of MAC and Zeff and the lowest
value of HVL, Inconel 718 with B4C(25 wt%) was observed to provide the best shielding material for
neutron since it offered the highest FNRC value. The study is original in terms of several aspects;
moreover, the results of the study may be used in nuclear technology, as well as other technologies
including nano and space technologies.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Despite increasing nuclear applications in various fields, nuclear
radiation has played a critical role in recent years. The radiation
applications have been successfully used in industry, medicine,
research and development studies, and agriculture. The gamma-ray
and neutron sources are not only sensitive laboratory equipment
but also hazardous for human health. Therefore, life and radiation
cannot be separated because radiation is inevitable in our daily life.
Accordingly, radiological measurements and radiation protection
are significant subjects for nuclear studies particularly for acceler-
ators, nuclear power plants, detector manufacturers, and other
widespread use of radioactive isotopes in several fields [1e4]. Ra-
diation shielding is required for the protection from the hazardous
effects of gamma-rays and penetrative neutrons. The following
three factors change the intensity of penetrating radiation of neu-
trons and gamma-rays: distance, shielding, and time. The shielding,
which is implemented naturally or by utilizing composite mate-
rials, has been widely and effectively used for protection from
hazards of radiation. The interactions between the radiation and
by Elsevier Korea LLC. This is an
the atoms in the shielding material provide an advantage in
decreasing the radiation effect. Passive shielding should be
designed to provide a durable and non-toxic solution with less
secondary radiations. It should also offer multiple functions, con-
venience, cost-effectiveness, as well as effective protection [4e6].

Recently, novelmultifunctional composites have been studied to
improve gamma-ray shielding materials. Due to the widespread
use of gamma-ray's active isotopes in agriculture, industry, and
medicine, researching the interaction and absorption of gamma
radiation in materialsis important. The atomic, electronic, and
molecular cross-sections, mass energy-absorption coefficient
(MAC), electron density, effective atomic number, mean free path
(MFP), exposure buildup factor (EBF), energy absorption buildup
factor (EABF), and the tenth-value and half-value layer (TVL, HVL)
thicknesses of thematerials are important and useful parameters to
understand their physical properties in terms of their shielding
effectiveness [6e8].

All or some of these parameters were determined for alloys
[5e7], minerals [8,9], gemstones [10,11], polymers [12], amino acids
[13], semiconductors [14], superconductors [15], glasses [16e19],
and building materials [20e22] in the last decade. Moreover,
several researchers tried to determine these parameters by
applying various methods [23,24]. According to the results of these
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studies, the radiation shielding materials were frequently found to
have a significant effect on the protection of human life and other
materials from their degrading effects. As it is well known, the
harmful radiations emitted by unshielded radioactive sources have
degrading effects on human life and other materials. The radiation
shielding materials decrease the dangerous radiation dosage by
direct interaction with radiation, thereby reducing the radiation
energy.

According to LambereBeer lawI ¼ I0e�mx, whereIdenotes the
transmitted intensity, I0 denotesthe incident intensity, mdenotes
the linear attenuation coefficient (LAC), and xdenotes the thickness
of the shielding material, gamma rays collimated into a narrow
beam are decreased by a shield. Depending on the physical state of
the material, the absorber density is proportional to linear atten-
uation coefficients. In case each condition is not met, this law
cannot beused. The law can only be used by utilizing a correction
factor, i.e. the ''buildup factor''. The buildup can be defined as the
ratio of the total value of the specified radiation at any point to the
contribution of the radiation to that value by reaching the point
without undergoing a collision. It is a significant quantity for esti-
mating the distribution of photon flux in the irradiated medium.
Several computer codes including ADJMON-I [25,26], PALLAS [27],
and EGS4 [28] can be used to compute buildup factors. Two types of
buildup factors are computed: (a) EBF and (b) EABF [29,30]. While
the values of these factors are computed using variousmethods, the
G-P fitting method provides the most appropriate value [31].
American National Standards ANSI/ANS 6.4.3 [32] provides the
buildup factors of 23 elements with atomic numbers (Z) ranging
between 4 and 92 by using the G-P method covering the energy
range 0.015e15 MeV up to penetration depth of 40 mfp. Several
researchers studied the EBF and EABF for various mixtures, com-
pounds, composites, amino acids, and carbohydrates [33], polymers
[34], concretes [35], bismuth borosilicate glasses [36], supercon-
ductors [37], and solvents [38]. These studies indicate the conve-
nience of the G-P method in computing both buildup factors, EBF
and EABF.

High-density materials such as metals, concrete, metal alloys,
lead bricks, and multiple layers of single slabs of pure elements (Pb,
Al, Cu, Fe, Mo) are used for radiation shielding [39]. The type and
activity of radiation, its dose rate, and the source material which is
satisfactory for the externalshielding determine the required type
and amount of shielding. Owing to their outstanding internal
properties, superalloys perform well at high temperatures. Super-
alloys, which are based on nickel, cobalt, or iron, show suitable
oxidation resistance, superior strength at high temperatures, and
high heat corrosion resistance. As high-temperature alloys, nickel-
based alloys are the most widely used ones. Consequently, nickel-
based alloys are frequently used in the aerospace, marine, power
generation turbine components, petrochemical, nuclear reactor,
and pollution control equipment industry [40e43]. Nickel-
basedsuperalloys are the major materials preferred for high-
temperature applications in aircraft and power systems. These al-
loys are effectively used because of their stability at high temper-
atures as well as their extreme resistance to corrosion [44]. The
chromium and molybdenum content in the alloy providesa sig-
nificant increase in the corrosion resistance property [45]. The
strength of nickel-based alloys can be improved by using the solid
solution strengthening method or by hardening them through
intermetallic compound precipitation in the face cubic center (fcc)
matrix. Inconel 718 is also a typical nickel-based superalloy. Nickel-
based superalloys of Inconel 625 and Inconel 601 are derivatives of
the Inconel 718 alloy. As a special series of nickel-based superalloys,
Inconel alloys differ from others in terms of the weight of alloying
elements content. In their study, ZelinXu et al. reported that the
increase in the amount of B4C content in the Inconel 625 alloy
1050
increased its hardness and wear resistance [46].
Due to its superior strength at high temperatures and high heat

corrosion resistance, Inconel 718 has been widely used as a su-
peralloy in various applications. Inconel 718 is widely used in the
rocket components, aircraft, gas turbines, and nuclear reactors in-
dustry since it offers microstructural stability, high corrosion
resistance, and high strength up to the temperature of 650 �C. As a
nickel-chromium alloy, Inconel 718 has significant contents of iron,
niobium, and molybdenum, and it can be hardened by g00 precipi-
tation. Since the density of Inconel 718 superalloy is very, it can be
used as a gamma-ray shielding material [47].

Therefore, studying the features of Inconel 718 in detailis
exciting. In recent years, Inconel 718 and its composites have been
developed, and the powder metal parts were performed by the
powder metallurgy method [48]. Many types of particle reinforced
composites are used in industrial applications. Several types of
ceramic materials, SiC, and B4C are widely used to reinforce metal
alloy matrixes [49,50]. In the literature, many studies have exam-
ined various shielding materials manufactured by adding B and B
compounds into various materials [51]. The B4C compound is an
ideal addition for the neutron and gamma-ray radiation shielding
materials due to their high hardness, good melting point, good
modulus, impact properties, and good tribological properties, as
well as good chemical resistance [50e53]. The concentration of
elemental boron in B4C is 85%. Natural boron is known to contain
19.8% high-cross-section isotope. On the other hand, natural B4C
contains 14.7%10B in its content. While the thermal neutron ab-
sorption cross-section of 10B is 3840 b, this value is about 600 b for
the natural B4C [53,54]. Because the absorption cross-section of
boron is high, these materials can absorb gamma rays, thermal
neutrons, and fast neutrons effectively, thereby, enabling the ma-
terial as a neutron absorber for dry caskstorages, as well as wet
storage pools [53,54]. Numerous studies concentrated on the B4C
content of the shielding material to confirm its suitability for nu-
clear shielding applications.The increase in the B4C content was
reported to cause an increase in the neutron and gamma-ray
shielding capacity of the material [55e57].

The present study aims to research the gamma-ray and neutron
attenuation behaviors of a novel shielding material of Inconel 718
superalloy containing B4C (0e25 wt%) particle using the Phy-X
platform. These composite materials'shielding effectiveness for
gamma-ray and neutron has not been studied until now. In this
study, the LAC, MAC,TVL, HVL, MFP,and EBF, Zeff, and FNRC values of
the B4C (0e25 wt%) particle-reinforced Inconel 718 superalloy
composites were theoretically calculated considering the radiation
shielding for the first time. Moreover, the EBFs values were
computed for the photon energy ranging between 0.015 MeV and
15 MeV up to penetration depths of 40 mfp using the G-P fitting
method. Furthermore, all the values calculated for these composite
materials by running the Phy-X platformwere compared with each
other.

2. Materials and computational method

2.1. Materials

Inconel 718 superalloy powder and reinforced B4C (5 wt%, 10 wt
%, 15 wt%, 20 wt%, 25 wt%) powder were utilized as the starting
material for the theoretical calculation of Inconel 718 matrix
composites. Inconel 718 superalloy powders used in studies were
obtained from Sandvik Osprey Limited (United King-
dom).Gasatomized Inconel 718was used asmatrix metal powder in
the present study. While the pycnometer densityof gas atomized
Inconel 718 was 8.20 g/cm3, the pycnometer density of B4C powder
was 2.52 g/cm3. Matrix powder particles, which usually havea
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spherical form, are shown in Fig. 1. The chemical composition of the
Inconel 718 superalloy powder used in the study is given in Table 1.
Fig. 2 presents the energy-dispersive X-ray (EDX) spectroscopy
analysis of Inconel 718 powders. Fig. 3 presents the size distribution
of the powders, which was determined using alight particle sizing
system (Malvern Panalytical Mastersizer 3000-E). Inconel 718
powder with an average size of about ~9.68 mm at D10,
~24.92 mm at D50, and ~50.68 mm at D90 were produced by gas
atomization. The B4C particle, which has an average size of about
~4.60 mmat D50, ~2.65 mmat D10, and ~8.25 mmat D90, was used as
reinforcement material. EDX analyses and SEM images of Inconel
718 powder indicated that the present study may form a basis for
new experimental studies. The study will provide the needed
insight to compare the results of the further experimental studies
using composite samples that will be produced using Inconel 718
powder with spherical form.

According to the rule of mixture, theoretical densities of com-
posites were calculated as follows: Inconel 718 reinforced B4C (5 wt
%),7.91 g/cm3 (density); Inconel 718 reinforced B4C (10 wt%), 7.63 g/
cm3 (density); Inconel 718 reinforced B4C(15 wt%), 7.34 g/cm3

(density), Inconel 718 reinforced B4C (20wt%), 7.06 g/cm3 (density);
Inconel 718 reinforced B4C (25 wt%),6.78 g/cm3 (density). Inconel
718, Inconel 718 reinforced B4C (5 wt%), Inconel 718 reinforced B4C
(10 wt%), Inconel 718 reinforced B4C(15 wt%), Inconel 718 rein-
forced B4C (20 wt%), and Inconel 718 reinforced B4C (25 wt%) were
defined as S1, S2, S3, S4, S5, and S6, respectively.
2.2. Computational method

2.2.1. Mean free path,tenth-value layer,and half-value layer
In terms of its energy,the radiation could be described as non-

ionizing and ionizing. There are two principal types of ionizing
radiations:directly ionizing radiations and indirectly ionizing ra-
diations. Radiations of energetic particles carrying an electric
charge, such as beta particles, alpha particles, protons, and other
recoil nuclei comprise the directly ionizing radiations. Direct action
of these radiations on electrons of atoms of the media through
which they pass causes ionization. On the other hand, indirectly
ionizing radiations, such as x-ray or gamma-ray photons and
neutrons, are not charged. These radiations provide ionization by a
more complicated mechanism where energetic secondary charged
particles are emitted tocause most of the ionization.

Since heavy ions may interact with nuclei, they mayslow down
Fig. 1. SEM image of Inconel 718 powders with spherical form.
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in the medium. The incident ion may be fragmented during these
interactions. This fragmentation depends on the characteristics of
the medium, the type of the ion, and its energy. Usually, the initial
velocity of these fragments is about the same as the velocity of the
primary ions, they have a smaller nuclear charge. Since the rate of
energy loss varies depending on the square of the nuclear charge,
they offer a lower rate of energy loss compared to the primary ion.
Therefore, the variation in the energy loss, as well as the ranges of
the particles are large. The effect of fragmentation on the absorbed
dose distribution in linear energy transfer determines the signifi-
cance of primary beam ions'fragmentation. An absorber nucleus
may also be subjected to fragmentation due to inelastic in-
teractions. The energies of the charged fragments resulting from a
target nucleus fragmentation will be lower than those of the frag-
ments resulting from a projectile. Therefore, the dose caused by the
target fragments is usually deposited locally [57e59].

The interaction between the directly ionizing radiation and
shielding media is very strong; therefore, it can be stopped easily.
On the other hand, indirectly ionizing radiation may penetrate very
easily; therefore, massive and expensive shielding may be required.
Because of these reasons, the shielding of neutrons and photons,
which are the most frequently encountered types of indirectly
ionizing radiation, attracts attention today [57e59].

When a gamma-ray with an energy of 10,000 times greater than
that of the visible photons ray interacts with the matter, the main
processes of photoelectric absorption, pair production, and
Compton scattering (CS) are observed. On the other hand, when the
gamma rays with low energy interact with matter, it causes a
photoelectric effect leading to the emission of photoelectrons. Also,
the gamma rays with intermediate energy lead to an increase in the
Compton scattering phenomenon. In most absorbing materials, the
cross-sections of photoelectric interactions are sufficiently high,
and their energies are lower than 500 keV. Moreover, the cross-
sections of the CS are important for the energies ranging between
100 keV and 10 MeV, and the pair-production process becomes
significant for the energies above 2 MeV [57e59].

Depending on the physical state, the absorber density of the
material is proportional to linear attenuation coefficients. However,
usually, the MAC is used for eliminating the density dependence.
Thus, MAC values (cm2/gr) of alloys are defined as follows:

m

r
¼
X
i

wi

�m
r

�
i

(1)

wherer,m, and wi denote the sample density, linear attenuation
coefficient (LAC), and the weight fraction, respectively [59].mis
dependent on the incident gamma-ray energy and Z of the ele-
ments of the medium.

Shielding materials’HVL, TVL, and MFP properties are required
to calculate the strength of gamma-ray shielding. HVL and TVL are
thicknesses of the sample that will decrease the intensity of the
primary photon beam in the order of half and tenth. These values
can be computed as follows [60]:

HVL¼ ln 2
m

(2)

TVL¼ ln 10
m

(3)

MFPðcmÞ¼ 1
m

(4)



Table 1
Chemical composition of Inconel 718 powders.

Powder C Mn Si B Cr Mo Ni Nb Cu Al Ti Fe

Inconel 718 Min. 0.03 e e e 17.0 2.8 50 4.75 e 0.2 0.65 M
Max. 0.06 0.12 0.22 0.006 21.0 3.3 55 5.50 0.3 0.8 1.15 M

Fig. 2. Results of the EDX analysis of the Inconel 718 powders.

Fig. 3. Particle size distribution plot of the Inconel 718 powders.
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2.2.2. Exposure buildup factors
The buildup factors can be calculated using the Geometric

Progression (G-P) fitting method. The studied composite materials’
(S1eS6) gamma-ray exposure buildup factors were also calculated
using the Geometrical Progression equation. It is well known that
this equation accurately gives the buildup factors of various ma-
terials in a wide energy range and thickness [34,60e64].

The G-P fitting parameters and EBFs of the studied composites
were computed using the interpolation method. These parameters
were computed in the following three stages as.

(a) Computing Zeq
(b) Computing G-P fitting parameters
(c) computing EBF and EABF.

Gamma-ray's interaction with them edium, pair-production,
Compton scattering, photoelectric, and absorption dependson en-
ergy and Z. Thus, Zeq varies concerning the photon energy for each
interaction. However, the photons buildup in the medium mainly
because of the multiple scattering events by Compton scattering.
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Therefore, only the Compton scattering interaction process could
be used to obtain the Zeqvalues of the studied composites. The Zeq
value was predicted using the ratio ofðm=rÞCompton=ðm=rÞTotal at a
specific energy level with the corresponding element at the same
energy. In this way, the values of ðm=rÞComptonand ðm=rÞTotalwere
calculated using WinXCom for the elements with Z between 4 and
40 in the energy region ranging between 0.015 and 15 MeV [61,62].
The value of Zeq was calculated using the equations in the inter-
polation method [63]. Similarly, the G-P fitting parameters were
also calculated. The G-P fitting parameters of the elements were
received from the database of the ANS-6.4.3 standard. Also, the EBF
values were predicted using the G-P fitting parameters (b,c, a, Xk,
and d) in the gamma-ray energy range between 0.015 and 15 MeV
up to 40 mfp using the following equations [63];

BðE;XÞ¼1þ b� 1
K � 1

�
Kx �1

�
for Ks1 (5)



Fig. 4. The plot of the mass attenuation coefficients (MAC) versus the gamma-ray energy.

Fig. 5. The plot of the linear attenuation coefficients (LAC) versus the gamma-ray energy.
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BðE;XÞ¼1þ ðb�1ÞX for K ¼ 1 (6)

KðE;XÞ¼ cXa þ d
tanhðX=XK � 2Þ � tanhð�2Þ

1� tanhð�2Þ (7)

for the penetration depth of ðXÞ � 40 mfp.where KðE;
XÞdenotes the dose multiplicative factor, Xdenotes the source-
detector distance for the medium in terms of mfp, b denotes the
value of EBF at 1 mfp, andb,c,a,XK , and ddenote the calculated G-P
fitting parameters [64].

2.2.3. Fast neutron removal cross-section (FNRCS)
Neutrons have been widely used in several fields of medicine
1053
including radiotherapy, radiobiological research, nuclear medicine,
boron neutron capture therapy (BNCT), as well as nuclear reactors,
particle accelerators, and industry. Although the neutrons do not
cause direct ionizing radiation, they directly enter the nuclei of
substances. Thus, they show indirect ionizing radiation character-
istics [65]. Because of this behavior of neutrons, studies on neutron
shielding are quite important. Because neutrons are particles
without charge, they can interact with a medium through various
mechanisms. such as inelastic and elastic scattering, neutron cap-
ture, nuclear fission, and nuclear spallation. The fast neutron
removal cross-section

PP
R
is a common parameter to compute the

potentiality. It is defined as follows:



Fig. 6. The plot of the HVL versus the gamma-ray energy.

Fig. 7. The plot of the TVL versus the gamma-ray energy.

U. G€okmen Nuclear Engineering and Technology 54 (2022) 1049e1061
X
R

¼
X
i

ri

 X
R

=r

!
i

(8)

where, ðPR=rÞi and ri denote mass removal cross-section and the
partial density of the ith constituent, respectively. The mass
removal cross-section values of the elements were adopted from
Chilton and Kaplan [66,67].
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3. Results and discussion

3.1. Linear and mass attenuation coefficients(LAC, MAC)

MAC values of the S1eS6 composites versus the energy of
gamma rays are calculated for the energy levels between the
13,8 keV and 15 MeV by using the Phy-X application. The Phy-X/
PSD is an online application thatruns on are mote server. The
configuration details of this remote server with the Ubuntu 14.04.3
LTS operating system are as follows: Intel(R) Core(TM) i7-2600 CPU



Fig. 8. The plot of the MFP versus the gamma-ray energy.
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@ 3.40 GHz,1 GB installed memory. The programming language of
the application is NodeJS v8.4.0 serving with Nginx 1.15.8. A secure
256 Bit Positive SSLencryptionis used between the client and server
to ensure security [64]. The users need to access the https://phy-x.
net/PSD address to be able to run the PSD software. The Geometric
Progression (G-P) fitting method is offered to compute the buildup
factors.

Fig. 4 shows the MAC versus gamma energy by the weight
fractions of the B4C compound in Inconel 718 superalloy matrix
composite materials. According to the figure, MAC values decrease
sharply for all the studied composites (S1eS6). Also, the total mass
attenuation coefficient (m/r), which depends on the energy applied,
decreases with the increase in the weight fraction of the B4C
compound in the Inconel 718 superalloy matrix composite. This
coefficient also decreases with an increase in gamma-ray energy,
which ranges between 13.8 keV and 15 MeV, owing to the different
densities and chemical composition of these materials. The values
of (m/r) are observed to be higher in low-energy regions while they
decrease until 1.5 MeV for the S1e S6 matrix composites. On the
other hand, the MAC values are observed to decrease slightly after
1.5 MeV; then, they seem stable below 4 MeV. The photoelectric
effect is a dominant factor for low-level energy, and the cross-
section of the photoelectric effect proportionally changes with Z4-
5. On the other hand, the pair production process is the dominant
factor for high-level energy, and the cross-section of this process is
related to Z2. The significance of Compton scattering increases after
0.3 MeV since MAC values reduce more slowly compared to the
increase in the photon energy. This can be attributed to the prev-
alence of Compton scattering at medium energies and the change
in the cross-section of the photon-sample interaction with Z/E in
the medium-level energy regions [68]. It reveals that the density is
important in terms of affecting both MAC values of the photon
energy and variations in the chemical composition of the materials.
As a result, the computed values of the total mass attenuation co-
efficients imply that a decrease in the weight fraction of the B4C
compound in Inconel 718 superalloy matrix composites leads to
1055
better attenuation performance as a gamma shielding material.
Fig. 5 shows the LAC versus gamma energy by the weight frac-

tions of B4C compound in the Inconel 718 superalloy matrix com-
posites. Similar to MAC values, the LAC values also decrease with
the increase in the weight fraction of the B4C compound in the
Inconel 718 superalloy matrix composites, thereby making it an
undesirable material for radiation shielding. This is because the B4C
compound's atomic number (Z) is lower than that of the Inconel
718 superalloy. The attenuation of the gamma-ray gets higher in
line with the higher figures of Z values of the materials.
3.2. Tenth-value and half-value layers (TVL,HVL)

As seen in Fig. 6 and Fig. 7, the HVL and TVL values for various
gamma rays increase with the increase in the weight percentage of
the B4C content in the Inconel 718 superalloy matrix composites.
This is attributed to the different densities and chemical composi-
tions of the Inconel 718 superalloy matrix composites with various
weight fractions of the B4C compound. As can be seen, HVL and TVL
decrease with the decrease in the photon energy, and they become
stable after 10 MeV for the S1eS6 matrix composites. The HVL and
TVL values show a significant change in the energy range between
0.013 MeV and 10 MeV depending on the chemical composition.
The HVL values of the S1eS6 matrix composites are observed to
range between 0.018 cm and 0.9 cm at the low-energy region
(0.013 MeV < E < 0.3 MeV). On the other hand, these values are
observed to range between 0.9 cm and 3.6 cm at the high-energy
region (0.3 MeV < E < 10 MeV). Also, the range of the TVL values
of these composites is between 0.004 cm an2.46 cm for the low-
energy region (0.013 MeV < E < 0.3 MeV), while it is between
2.46 cm and 12.087 cm for the high-energy region
(0.3 MeV < E < 10 MeV). Moreover, the HVL and TVL values change
inversely proportional to the density of thesematerials. Composites
with lower HVL and TVL values show higher shielding against
gamma-ray photons. Since Inconel 718 superalloy has the mini-
mum HVL and TVL values, it provides an excellent shielding ability

https://phy-x.net/PSD
https://phy-x.net/PSD


Fig.9. (aef) The variation of the exposure buildup factor of matrix composite materials (S1eS6) with photon energy for 0.5 mfp, 5 mfp, 10 mfp, 20 mfp, and 40 mfp.
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against gamma radiation. Consequently, because Inconel 718 su-
peralloys with B4C addition have a low gamma absorption cross-
section, these materials cannot absorb a wide range of gamma
rays effectively.
3.3. Mean free path (MFP)

Fig. 8 presents the MFP values and the gamma-ray energy of the
S1eS6 composites. The figure reveals that the thickness of the S6
composite should be higher compared to other composites for all
energy regions. Since the S1 composite shows the minimum MFP
values, it can be interpreted that it provides the best shielding
compared to others. As already stated, the MFP value of the alloys
changes depending on the density and the Z value of the elemental
composition. Fig. 8 reveals that MFP values decrease with the
decrease in the photon energy and become stable after 10 MeV
similar to HVL and TVL. The MFP value shows a significant change
depending on the chemical composition.
3.4. Exposure buildup factors

Fig. 9(aef) shows the variation of the EBFs by the gamma-ray
energy considering the weight fraction of the B4C compound in
the Inconel 718 superalloy matrix composites for a penetration
depth between 0.5 and 40 mfp. The figure reveals that the increase
in the penetration depth of the materials results in an increase in
the thickness of the interacting medium.As a result, the scattering
events in the interacting medium increases, particularly for the
material with the highest equivalent atomic number. Thus, it causes
larger EBF values. The variation of the EBFs can be attributed to the
interaction cross-section which depends on the photon energy and
the Z of the elements. Accordingly, the S1 composite has the highest
EBF values, the S6 composite has the lowest EBF values. The S1eS6
composites have lower EBF values in the low and high photon
energy regions. The EBF values have a peak at 0.6 MeV for the
S2eS6 composites and at 0.4 MeV for the S1 composite in the in-
termediate energy region due to a very high rate of multiple scat-
tering. The photons may lose most of their energy or completely
disappear at low energies dominated by the photoelectric effect
process [69]. Since most photons are absorbed by the sample in this
region, the EBF values get lower. Since the Compton Scattering
process is dominant after the energy level of 0.1 MeV, other scat-
terings begin to increase. Photons leave the sample strongly or lose
little energy due to secondary scatterings. Therefore, the EBF values
get their highest values in all series. Fig. 9(aef) also reveals that the
EBF values begin to decrease again after the energy level of 1 MeV.
This can be attributed to the pair production (PP) process which is
effective in higher energy levels. Similar to the PE, the photons also
lose their energy or disappear completely in the PP process.
Sometimes, secondary scattering and photon buildup may be
observed depending on the sample content. Usually, the EBF values
are observed to reduce in the higher energy regions in all samples.
Also, the pair production phenomenon is observed to dominate the
Compton effect for energies higher than 10 MeV. This phenomenon
results in lower values of the buildup factor at this energy region for
the S1eS6 composites because of the absorption behavior of this
process. Moreover, the EBF values are observed to increase with the
increase in the depth of penetration. This is an expected result since
the photons strengthen each other in case of an increase in the
thickness of the material.

Fig. 10 shows the variation of the effective atomic numbers (Zeff)
in the S1eS6 composites due to different photon energies. The Zeff
Fig.9. (cont
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value is very sensitive to variations in these composite materials.
The Zeff value decreases when the energy gets higher due to the CS
phenomena. The increase in the gamma energy and weight fraction
of the B4C compound in the Inconel 718 superalloy matrix com-
posites decreases the Zeff values. With the increase in the photon
energy, the Zeff value is observed to reduce at the beginning, then
becomes stable, and finally increases. It can be concluded that the
materials have higher Zeff values in photoelectric effect regions and
pair production regions while they have the lowest Zeff values in the
Compton effect region. It can be summarized that the S1 composite,
which has the highest m/r and Zeff values and the lowest HVL value,
provides the best photon shielding compared to other matrix
composites.

The results of the analyses indicate that the Inconel 718 super-
alloy matrix composites absorb a wide range of gamma-rays
effectively. Since shielding material and its thickness are decided
depending on the incident gamma-ray energy, this study suggests
that each quantity depends on the energy.
3.5. Fast neutron removal cross-section (FNRC)

In neutron shielding studies, the effective neutron removal
cross-section SR (cm�1) is a significant parameter, and higher
values of it indicate better shielding capacity [65]. Table 2 presents
the FNRC values of the S1eS6 composites. The S6 composite was
found to have the highest removal cross-section because its Zeff
value and density are low. The FNRC values also reveal the neutron
shielding effectiveness of the studied Inconel 718 superalloy matrix
composites with B4C addition. Therefore, it can be concluded that
lower values of Zeff elemental composition and density have a key
role in better neutron shielding.
4. Conclusion

The present study aimed to provide a computational tool that
would perform calculations of important physical quantities for the
gamma-ray attenuation in the B4C (0e25 wt%) particle-reinforced
Inconel 718 superalloy. The shielding properties of the B4C
(0e25 wt%) particle-reinforced Inconel 718 superalloy were stud-
ied for the first time to use not only in nuclear technology but also
in other technologies such as nanotechnology and space tech-
nology.The effects of the weight percentage of the B4C content in
these superalloy materials on the gamma-ray attenuation were
determined. The LAC, MAC, EBF,TVL, HVL,MFP, Zeff, and FNRC values
of the B4C (0e25 wt%) particle-reinforced Inconel 718 superalloy
(which contains special alloy elements such as Ni, Cr, Nb, Mo, etc.)
composites were theoretically calculated for the first time to eval-
uate gamma and neutron radiation shielding effectiveness using
the PSD software. The computed values of the MAC indicated that
the decrease in the weight fraction of the B4C compound in the
Inconel 718 superalloy composites improved the attenuation per-
formance of the materials, which could be used as shielding
materials.The MFP, HVL, and TVL values were observed to increase
with an increase in the gamma-ray energies and theweight fraction
of the B4C compound in the Inconel 718 superalloy composites. This
was due to density and variations in the chemical composition of
these superalloy materials. The higher values of MFP, HVL, and TVL
imply that thicker materials are required to attenuate radiation to a
safe level. Therefore, materials with lower HVL values, rather than
thosewith higher HVL values, are desired to reduce the cost and the
size. Consequently, because the Inconel 718 superalloy materials
with B4C addition have a low gamma absorption cross-section,
inued).



Fig. 10. Zeffvalues calculated by Phy-X software for the S1eS6 composites.

Table 2
FNRC values of the S1eS6 composites.

S1 S2 S3 S4 S5 S6

FNRC(1/cm) 0.159 0.169 0.177 0.183 0.189 0.194
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these materials cannot absorb a wide range of gamma rays effec-
tively. It decreases with the increase in the weight fraction of the
B4C compound in the content, thus making it an undesired material
for shielding. This is because the B4C compound's atomic number
(Z) is lower than that of the Inconel superalloy. The gamma-ray
attenuation capacity of the material increases with the increase
in its Z value. The G-P fitting equationwas used to calculate the EBF
value for the photon energy range between 0.015 MeV and 15 MeV
up to the penetration depth of 40 mfp. The FNRC values of these
composites were calculated using the partial density method. The
Inconel 718 superalloy material with B4C (25 wt%) was found to
have the highest FNRC values due to its low Zeff value and low
density. Therefore, the S6 (Inconel 718 superalloy material with B4C
(25 wt%) was found to be the best shielding material for neutrons.
Since the choice of the shielding material and determining the
required thickness of the shielding material depend on the incident
gamma-ray energy, this study suggests that each quantity depends
on the energy. It can be concluded that the promising properties
and the fundamental parameters investigated in the present study
would help utilize the involved elements in improving the shield-
ing performance of the materials against the gamma-ray and
neutron. Hence, this study is original from a variety of aspects, and
its results may be used not only in nuclear technology but also in
other technologies such as nano technology and space technology.
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