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Abstract: High entropy alloys (HEASs) represent a novel class of materials
characterized by their unique composition of four or more principal elements in
near-equiatomic ratios, offering exceptional properties for various applications.
This study investigates the gamma radiation shielding parameters of selected
HEAs, namely FeCoNiCrMn, TaNbHfZrTi, NbMoTaw, AIMoNbV, and
NbTaTiV. Mass attenuation coefficients (MAC) were calculated by using EpiXS
program over a photon energy range of 0.015-15 MeV and these results were
verified using with the WinXCOM software. The results show that the MAC
values are highest at low photon energies due to the photoelectric effect, with
notable peaks corresponding to the K-shell absorption edges of specific elements.
At photon energy of 0.015 MeV, the MAC values for the FeCoNiCrMn,
TaNbHfZrTi, NoMoTaWw, AIMoNbV, and NbTaTiV alloys are 57.6, 90.4, 98.9,
27.8, and 81.5 cm?¥g, respectively. Among these alloys, NbMoTaW exhibits the
highest MAC value, whereas AIMoNbV displays the lowest. The half-value layer
(HVL) and mean free path (MFP) values were also found thinner for NoMoTawW
at all of the photon energies. Additionally, the effective atomic number (Zes) and
exposure buildup factors (EBF) were analyzed. The results demonstrate that
NbMoTaW and TaNbHfZrTi, offer superior radiation shielding capabilities
compared to conventional shielding materials, with higher usability in
environments subjected to gamma radiation. These findings underscore the
promise of HEAs in advanced shielding applications, showcasing their ability to
enhance safety and performance in sectors with high demands.
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Oz: Yiiksek entropili alasimlar (HEA'lar), yaklasik esit oranlarda dért veya daha
fazla temel elementin benzersiz bilesimiyle karakterize edilen ve cesitli
uygulamalar i¢in olaganiistii 6zellikler sunan yeni bir malzeme sinifin1 temsil
eder. Bu calisma, FeCoNiCrMn, TaNbHfZrTi, NbMoTaw, AIMoNbV ve
NbTaTiV gibi secili HEA'larin gama zirhlama parametrelerini arastirmaktadir.
EpiXS programi kullanilarak 0.015-15 MeV enerji araliginda kiitle azaltma
katsayilari (MAC) hesaplanmis ve bu sonuglar WinXCOM yazilimi ile
dogrulanmigtir. Bulgular, MAC degerlerinin, fotoelektrik etki nedeniyle diisiik
foton enerjilerinde en yiiksek oldugunu ve belirli elementlerin K-sogurma
kiyilarma karsilik gelen belirgin pikler gosterdigini ortaya koymaktadir. 0,015
MeV foton enerjisinde, FeCoNiCrMn, TaNbHfZrTi, NbMoTaw, AlIMoNbV ve
NbTaTiV alasimlart igin MAC degerleri sirasiyla 57.6, 90.4, 98.9, 27.8 ve 81.5
cm?/g'dir. Bu alasimlar arasinda NbMoTaW en yiiksek MAC degerini
sergilerken, AIMoNbV en diigiik degeri gostermektedir. Yar1 kalinlik (HVL) ve
ortalama serbest yol (MFP) degerleri de tiim foton enerjilerinde NbMoTaW i¢in
daha ince bulunmustur. Ayrica, etkin atom numarasi (Zesr) ve maruz kalma
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birikim faktorleri (EBF) de analiz edilmistir. Sonuglar, NbMoTaW ve
TaNbHf{ZrTi'nin, geleneksel koruma malzemelerine kiyasla iistiin radyasyon
koruma yetenekleri sundugunu ve gama radyasyonuna maruz kalan ortamlarda
daha ytiksek kullanilabilirlik sagladigini gostermektedir. Bu bulgular, HEA'larin
gelismis zirhlama uygulamalarinda vaat ettiklerinin altin1 ¢izerek, yiiksek
taleplerin oldugu sektorlerde giivenlik ve performansi artirma yeteneklerini
ortaya koymaktadir.

1. Introduction

High entropy alloys (HEAS) mark a notable departure from traditional alloy design. These alloys
are different because they consist of five or more elements mixed in nearly equal proportions, rather
than having a single primary metal with small amounts of other elements added. This design strategy
leads to a high mixing entropy. As a result, HEAs exhibit a unique combination of properties, such as
increased strength, hardness, and improved resistance to wear and corrosion (Buluc et al., 2017; Filho
et al., 2020; Yaykash, et al., 2023a). These alloys are especially valuable for their potential use in
environments that face extreme conditions, such as high temperatures and corrosive settings. The
distinctive makeup of HEAs contributes to markedly improved properties, including impact resistance,
stability at high temperatures, and biocompatibility (Socorro-Perdomo et al., 2021).The wide range of
possible alloy combinations also results in an unparalleled variety of configurations, allowing properties
to be customized to meet specific engineering requirements. The field has experienced rapid growth,
driven by international collaborations and scientific workshops to share recent advances and explore
future research avenues. For example, a major international workshop held in China in 2014 aimed to
enhance discussions on scientific challenges and identify critical areas for further development of HEAS
(Lu et al., 2015).

As knowledge of HEAs deepens, attention has shifted from simply grasping their fundamental
properties to investigating their practical uses. These include applications in ballistic protection and
potential uses in the aerospace and automotive industries, which capitalize on their superior mechanical
properties and resistance to deformation under stress (Filho et al., 2020).

High entropy alloys thus emerge as a promising category of materials that defy conventional
metallurgical methods with their innovative properties and extensive potential for application across
various high-demand sectors. Continuing the exploration of high entropy alloys (HEASs), these materials
are distinguished by their inherent ability to endure harsh operating conditions. A key characteristic of
HEA:s is their outstanding high-temperature properties, making them ideal for use in turbine blades in
jet engines and components in nuclear reactors. These alloys maintain a stable microstructure at high
temperatures, preserving their strength and resisting oxidation and wear for long durations (Miiller et
al., 2019; Ren et al., 2022).

Research has further demonstrated the adaptability of HEAS by incorporating elements such as
Yttrium, which significantly boosts mechanical properties by refining the microstructure and improving
phase stability. This type of elemental adjustment creates opportunities to tailor alloys for specific
performance requirements, offering customized solutions for industries needing materials with highly
specialized performance characteristics (Ren et al., 2022). The field of HEAs is also branching into the
area of amorphous alloys, applying the high entropy concept to non-crystalline materials. These high
entropy amorphous alloys (HEAAS) are attracting interest for their ability to merge the advantages of
amorphous materials (i.e high strength and soft magnetic properties) with the thermal stability and
resistance to crystallization typical of the high entropy approach (Tunes et al., 2023).Overall, high
entropy alloys embody a dynamic area within materials science that consistently extends the limits of
alloy design and applications. Their evolution is driven by both theoretical understanding and
experimental breakthroughs, opening up promising new pathways for advancements in materials
technology.

Recently, many studies have been conducted on the usability of HEAs in nuclear applications.
Lu et al. successfully synthesized Ti2ZrHfVV0.5Mo00.2 and investigated its suitability for nuclear
applications in detail. The results obtained indicate that the displacement damage (dpa: Displacement
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per atom) of the synthesized HEA has a small value of 0.03 and is promising as an alternative to currently
used nuclear materials (Lu et al., 2019). Jia et al. successfully synthesized TiVNbTa HEA and
investigated its suitability for nuclear applications under He bombardment. Their results showed that
TiVNDbTa refractory alloy has a small enough dpa (0.3) value to be promising for nuclear applications
(Jia et al., 2021).

In another study, Zhang et al. (2021) calculated the radiation resistance of Mo0.5NbTiVCr0.25
and Mo0.5NbTiV0.5Zr0.25 refractory alloys with He ion radiation. Both refractory alloys were found
to have high radiation resistance and are promising for nuclear applications. Ferreiros et al. (2023)
synthesized VNbCrMo refractory alloy using arc melting method and neutron absorption properties
were investigated. The results showed that VNbCrMo refractory alloy has the potential to be used for
nuclear applications. In other study on boron nitride nanosheet-reinforced WNiCoFeCr HEAs
demonstrated significant improvements in structural, physical, mechanical, and radiological shielding
properties with the addition of B4C, making them suitable for radiation protection applications (Kavaz
etal., 2022). Yaykash et al. (2023b) produced a new high-entropy alloy, CoCrFeNiAg, and determined
its radiation shielding properties experimentally using a **'Cs source and a Nal(TI) detector system. The
results showed that HEA has excellent radiation shielding properties and these properties are promising
for use in nuclear technology and the radiation industry. They also showed that the crystal size decreases
with increasing alloying time and the synthesized alloy exhibits thermal stability over a wide temperature
range.

In this study, the gamma radiation shielding parameters of some HEAs, i.e “FeCoNiCrMn,
TaNbHfZrTi, NbMoTaW, AIMoNbV and NbTaTiV (Shang et al., 2021)” were comprehensively
evaluated, MAC, HVL, MFP, Z« and buildup factors of selected HEASs in the photon energy range of
0.015-15 MeV were obtained and the results were evaluated in terms of radiation shielding.

2. Material and Methods

The mass attenuation coefficient (MAC) quantifies the likelihood of interaction per unit mass
for a given shielding material. It is formulated according to the Beer-Lambert law, as shown in Equations
1 and 2 (Rammah et al., 2020).

MAC = —“—11(1) 1
_'um_p_ptnlo (1)

[=1e ™ @)

In these equations Io represents the incident photon intensity, I denotes the attenuated photon
intensity, and t is the thickness of the sample. The linear attenuation coefficient is denoted by u, while

wu/p represents the mass attenuation coefficient.

Another shielding parameter related to the linear attenuation coefficient is the mean free path
(MFP), which is the average distance a photon travels through a material before interacting. The MFP
is determined by Equation 3 (Yildiz Yorgun, 2019).

MFP =1/u ©)

The half-value layer (HVL) is the thickness of material required to attenuate radiation intensity
by half. The HVL can be calculated using Equation 4 (Issa et al., 2020).

HVL = ”‘72 4)

Composite materials, which consist of multiple elements, contain a large number of atoms and
electrons at a specific energy level. In such cases, the effective atomic number (Z¢) can be calculated
using Equation 5 (Perisanoglu et al., 2020).
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When gamma rays interact with a material via Compton scattering, secondary photons are
produced with energies equal to or lower than the incident photons. These photons deposit their energy
into the medium, leading to secondary radiation. This phenomenon can be quantified using the "buildup
factor." The Buildup Factor is defined as the ratio of the total radiation value at a specific point within a
medium to the contribution of radiation reaching that point without any interaction. There are two types
of buildup factors:

Energy Absorption Buildup Factor (EABF) focuses on photon absorption as the quantity of
interest. Exposure Buildup Factor (EBF) pertains to the amount of radiation exposure to air after passing
through the absorber. These definitions and distinctions are well-documented in the literature (Harima,
1993; Ekinci et al., 2019; Issa et al., 2019). In this study, the EABF and EBF values for the alloys were
calculated using the EpiXS program (Hila et al., 2021) employing the Geometric Progression (GP)-
Fitting method. Detailed computational steps for these calculations can be found in many previous works
(Kavaz, 2019; Abouhaswa & Kavaz, 2020; Kavaz et al., 2020).

3. Results

In this study, the gamma radiation shielding parameters of some selected high entropy alloys
FeCoNiCrMn, TaNbHfZrTi, NoMoTaW, AIMoNbV and NbTaTiV (Shang et al., 2021) have been
extensively investigated. For this purpose, the mass attenuation coefficients (MAC, cm?/g) of the
selected alloys in a wide photon energy range of 0.015-15 MeV were obtained by EpiXS software (Hila
et al., 2021). EpiXS is a specialized software program designed for calculating mass attenuation
coefficients and other photon interaction parameters, offering precise computational capabilities for
radiation shielding studies. The verification of the obtained results was carried out with the results
obtained with WinXCOM software (Gerward et al., 2004). WinXCOM is a widely used software tool
for calculating photon cross-sections and mass attenuation coefficients, providing reliable and validated
results for various materials. The results are listed in Table 1 and the variation of MAC values with
photon energy is presented in Figure 1. From Figure is seen that the change in MAC values shows that
the matter interacts with the photon in different ways. Since the photoelectric effect is dominant at low
energies, MAC values have the highest values. It is seen that MAC values decrease rapidly as the energy
increases. However, small sudden peaks occur around 20 keV and 70 keV. The peaks around 20 keV
are the K shell absorption edges of Nb and Mo (18.98 and 19.99 keV) and around 70 keV are the K shell
absorption edges of Ta, W and Hf (65, 67 and 69 keV).

—o— FeCoNiCrMn
—o— TaNbHfZrTi
—a— NbMoTaw
—o— AIMoNbV
—o— NbTaTiV E

100

10 +

MAC (,, cm?/g)

Photon energy (MeV)

Figure 1. Variation of mass attenuation coefficient (MAC) against photon energy for the HEA samples.
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Since the Compton scattering process is active in the medium energy region (Z/E), the MAC
values have the lowest values in the 0.4-3 MeV range due to secondary scattering. Beyond 3 MeV, MAC
values start to increase again. Since the photon-matter interaction cross-section is proportional to Z2 in
the pair formation process, MAC values increase with the increase in the atomic number of the elements
in the alloys. From Table 1, at 0.015 MeV, MAC values are 57.6, 90.4, 98.9, 27.8 and 81.5 cm?g for
FeCoNiCrMn, TaNbHfZrTi, NbMoTaW, AIMoNbV and NbTaTiV alloys, respectively. NoMoTawW
alloy has the highest MAC values, while AIMoNbV has the lowest MAC values.

Figure 2 shows the variation of half value layer (HVL) for selected high entropy alloys. The
HVL refers to the half-thickness of a material and is used to assess the radiation shielding capacity of
the material. At low energies (up to 0.1 MeV), the HVL values of all alloys are low and very close to
each other. As the energy increases (towards 10 MeV), the HVL values of all alloys increase, meaning
that at higher energies these materials need to be thicker. The alloy with the highest HVL values is
NbMoTaW, while the alloy with the lowest HVL values is AIMoNbV. The NbTaTiV alloy has an
average HVL value and shows less HVL increase with increasing energy compared to other alloys.
TaNbHfZrTi and FeCoNiCrMn alloys follow a similar trend and have similar HVL values with
increasing energy. For high-energy photons, NoMoTaW alloy provides the highest protection, while
AIMoNDbV alloy is effective at lower energies.

Table 1. Mass attenuation coefficients (up, cm?g) for HEA samples found with EpiXS and WinXCOM

Mass attenuation coefficient(cm?/g)

Photon energy

(MeV) FeCoNiCrMn TaNbHfZrTi NbMoTaw AlIMoNbV NbTaTiV
WinX EpiXS WinX EpiXS WinX EpiXS WinX EpiXS WinX EpiXS
0.015 57.551 57.617 90.771 90.499 99.398 98.911 27.967 27.863 81.795 81.519
0.02 25938 25.980 62.305 62.406 69.243 57.728 59.210 35.159 54.433 54.516
0.03 8.269 8.289 21.446 21.464 24.037 24.059 20.574 20.600 18.666 18.683
0.04 3.673 3684 9960 9.950 11.189 11.176 9.449 9.462 8.653  8.643
0.05 1982 1988 5497 5469 6.179 6.150 5143 5153 4.773 4.752
0.06 1219 1223 3397 3352 3816 3.774 3132 3142 2952 20919
0.08 0.601 0603 5126 5135 5726 5736 1455 1460 4.258 4.266
0.1 0.375 0376 2901 2908 3244 3247 0.828 0.830 2421 2.424
0.15 0.197 0.197 1.049 1.052 1166 1.168 0.338 0.338 0.888 0.890
0.2 0.146 0.146 0536 0537 0590 0592 0.206 0.207 0.462 0.463
0.3 0.110 0.110 0.239 0.239 0.257 0.257 0.127 0.127 0.214 0.214
0.4 0.094 0.094 0.152 0.152 0.161 0.161 0.100 0.100 0.141 0.141
0.5 0.084 0.084 0.115 0.115 0.120 0.120 0.087 0.086 0.109 0.109
0.6 0.077 0.077 0.095 0.095 0.098 0.098 0.078 0.078 0.092 0.092
0.8 0.067 0.067 0.074 0.074 0.075 0.075 0.066 0.066 0.073 0.072
1 0.060 0.060 0.063 0.063 0.063 0.063 0.059 0.059 0.062 0.062
15 0.049 0.049 0.049 0.049 0.049 0.049 0.048 0.047 0.049 0.049
2 0.042 0.042 0.043 0.043 0.043 0.043 0.042 0.042 0.043 0.043

3 0.036 0036 0.039 0.039 0039 0.039 0.036 0036 0.038 0.038
4 0.033 0.033 0.0388 0.038 0.038 0.038 0.034 0.034 0.037 0.037
5 0.031 0031 0.038 0.038 0039 0.039 0.033 0.033 0.036 0.036
6 0.030 0.030 0.088 0.038 0.039 0.039 0.032 0.032 0.036 0.036
8 0.030 0.030 0.040 0.040 0.041 0.041 0.033 0.033 0.038 0.038
10 0.030 0.030 0.042 0.042 0.044 0.044 0.033 0.033 0.039 0.039
15 0.031 0.031 0.047 0.047 0.049 0.049 0.036 0.036 0.043 0.043
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Figure 2. Variation of half value layer (HVL) against photon energy for the HEA samples.

Figure 3 shows the mean free path (MFP) values of the proposed high entropy alloys and
conventional shielding materials as a function of photon energy. As with the HVL, at low energies, the
MFP values of all materials are low and close to each other. As the energy increases, the MFP values of
all materials increase, meaning that at higher energies the photon absorption capacity of these materials
decreases. RS520 commercial glass is the conventional material with the best radiation shielding
capacity. Conventional shielding materials such as concretes and commercial glasses have moderate
MFP values and may be less effective in a given energy range compared to high entropy alloys.
NbMoTaW alloy has lower MFP values compared to other high-entropy alloys and conventional
materials at all energies, meaning they provide more effective radiation protection. Overall, however, it
can be said that all of the selected high-entropy alloys are better than conventional materials in
attenuating gamma radiation.
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11 4
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0.1 1
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Figure 3. Comparison of MFP values of HEA samples with commonly used shielding materials.
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Figure 4 provides a detailed view of how different HEA samples perform in terms of their
effective atomic number (Zerr) in the range 0.015-15 MeV of photon energy. In the 0.015-0.1 MeV
energy range, Zesr takes the largest values due to the variation of the photoelectric absorption cross-
section with Z*®°. Around 20 keV, the Ze values of Nb and Mo and around 70 keV of Ta, W and Hf
show sudden increases due to the K layer absorption edges. At intermediate and high energies, the Z
dependence of the photon-matter interaction decreases. Therefore, the Ze change is slow in these
regions. NbMoTaW and TaNbHfZrTi alloys are characterized by high Zes values in all energy regions.
On the other hand, FeCoNiCrMn and NbTaTiV alloys are less effective compared to other alloys with
low and constant Zs values.

] —— FeCoNiCr'Mn T
70 - —o— TaNbHfZrTi
1B —a— NbMoTaw
—o— AIMoNbV 4
—a— NbTaTiV

al [¢)]
o (&)
PR P |

K,

Effective atomic number (Z )
8
PR
L

w
a1
P |
L

w
o
P |
L

”J

0.1 1 10
Photon Energy (MeV)

Figure 4. Variation of effective atomic number (Ze ) against photon energy for the HEA samples.

Figure 5 presents the EBF values of five HEAs over a wide range of photon energies at
penetration depths of 1-15 mfp. For all samples, the EBF starts from a lower value at the lowest energies,
increases to a peak as the energy increases and decreases again at higher energies. Except for
FeCoNiCrMn, for the other alloys there is a sharp increase in EBF values at low photon energies (around
0.02 and 0.07 MeV), indicating high interaction and accumulation. These increases are due to the
absorption edges of the high atomic number elements in the four alloys. The peak of the EBF shifts to
lower energies as the thickness of the material increases. This indicates that for thicker materials, the
maximum exposure buildup occurs at lower photon energies. As the material becomes thicker (more
MFP), the peak EBF value becomes higher. This means that thicker materials have a greater buildup
factor, likely due to more opportunities for photons to scatter within the material. The initial rise, peak,
and subsequent fall of the EBF with energy result from the complex interaction between different types
of photon interactions with matter, such as photoelectric absorption, Compton scattering, and pair
production. At low energies, FeCoNiCrMn alloy has the lowest EBF values. NbMoTaW and
TaNbHfZrTi alloys, which have the highest Zes values in the medium energy range, have the lowest
EBF values and are the best radiation absorbers. At high energies, since the photon-matter interaction
changes with Z2, FeCoNiCrMn and AIMoNbV alloys with the lowest Ze values have the lowest EBF
values. When all radiation shielding parameters are examined, NoMoTaW and TaNbHfZrTi alloys have
higher usability as radiation shields.
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Figure 5. Variation of exposure build-up factors (EBF) against photon energy at different penetration
depths for HEA samples.

4. Discussion and Conclusion

This study provides a comprehensive evaluation of the gamma radiation shielding capabilities
of selected high entropy alloys (HEAS), nhamely FeCoNiCrMn, TaNbHfZrTi, NbMoTaW, AIMoNbV,
and NbTaTiV. The key findings are as follows:

1. The MAC values were calculated using the EpiXS program across a photon energy range of 0.015-
15 MeV and were verified using WinXCOM software. The results indicate that MAC values are
highest at low photon energies due to the photoelectric effect, with notable peaks corresponding to
the K-shell absorption edges of specific elements. Alloys containing heavy elements were found to
have larger MAC values. For 0.015 MeV, the MAC for the FeCoNiCrMn, TaNbHfZrTi, NobMoTaWw,
AIMoNbV, and NbTaTiV alloys are 57.6, 90.4, 98.9, 27.8, and 81.5 cm?/g, respectively. Among
these alloys, NbMoTaW demonstrates the highest MAC value, while AIMoNbV shows the lowest.
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2. The HVL and MFP values suggest that thicker HEA samples are required to achieve effective
shielding at higher photon energies. Specifically, NoMoTaW showed the highest MAC and lowest
HVL values, indicating superior shielding capabilities, while AIMoNbV have the lowest.

3. The effective atomic number (Zes) and EBF analyses revealed that NbMoTaW and TaNbHfZrTi
alloys have higher radiation shielding potential compared to conventional materials. These alloys
exhibited higher Z« values across all energy regions, suggesting better photon interaction and
absorption characteristics.

4. Among the studied alloys, NbMoTaW and TaNbHfZrTi demonstrated the best overall performance
in gamma radiation shielding. They provide higher usability in environments subjected to gamma
radiation, outperforming traditional shielding materials.

The findings from this study underscore the potential of HEAs in advanced shielding
applications. Their unique combination of high MAC values at low energies, lower HVL and MFP
values at higher energies, and superior Zes and EBF performance makes them promising candidates for
enhancing safety and performance in sectors requiring effective radiation shielding. Furthermore, this
study demonstrates the superior radiation shielding capabilities of HEAs by establishing the comparative
performance of selected HEAs with conventional shielding materials. This provides an important
benchmark for future studies and highlights the superior performance of HEAs.
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