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Abstract 

 

Eutectic high entropy alloy, a new kind of high 

entropy alloy, has great interest due to the widespread 

use in high temperature applications with perfect 

mechanical features. Our motivation to do this work 

is the absence of studies about the radiation shielding 

performances of this new type alloys. The aim of the 

work was to determine the photon protection 

parameters such as linear and mass attenuation 

coefficients, mean free path, half value layer, 

effective atomic number, fast neutron removal cross 

section and buildup factors of the eutectic high 

entropy alloys, (CoCrFeNiNb0.25Ta0.20; 

CoCrFeNiTa0.4;CoCrFeNiTa0.75;CoCrFeNiTa0.25H

f0.25; Co2MoxNi2VWx) by using Phy-X/PSD 

software. XCom was also performed to obtain the 

mass attenuation coefficients of the alloys, and a good 

agreement was obtained. It was concluded that 

Co2MoxNi2VWx has the most shielding property 

while CoCrFeNiNb0.25Ta0.20 shows the least 

shielding feature among the alloys. It was also 

determined that Co2MoxNi2VWx has the highest 

neutron shielding ability. As a result, it is noted that 

eutectic high entropy alloys can be evaluated as new 

type shielding materials for radiation related 

applications. 
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1. Introduction 

 

        Since reported firstly by Cantor et al. (2004) and 

Yeh et al. (2004), high entropy alloys (HEAs) are the 

new alloy systems consisting of at least four major 

elements. HEAs with perfect mechanical, thermal and 

chemical properties have great interest from 

researchers (Aygun 2023; Sakar et al. 2023; Chen et 

al. 2023; Xiao et al. 2020).  Recently, eutectic HEAs 

(EHEAs) have been proposed as a kind of HEAs 

firstly by Lu et al. (2014) by adding an appropriate 

element to the HEA. The combination of FCC 

(ductile phase) with BCC or intermetallic ones (hard 

phase) with good creep resistance and stable defect 

structures makes the alloys attractive for the studies in 

high temperature applications. The microstructure 

features of the EHEAs are also effective for radiation 

resistance in materials (Wang et al. 2023).  EHEAs 

can be used in several industries, such as aerospace, 

automotive, electronics, etc. Therefore, recently, 

many researches have been carried out by developing 

eutectic microstructures for the purpose of obtaining 

better combination of mechanical properties (Wang et 

al. 2023; Jiao et al. 2023; Mukarram et al. 2021; Li et 

al. 2022; Chen et al. 2021). 

 

Increasing application areas of radiation and 

technological developments necessitate the 

production of effective radiation shielding materials 

for human health. The alloys used in high temperature 

and radiation related applications were studied for 

their radiation shielding performances previously 

(Xiao et al. 2020; Chen at al. 2023; Sakar et al. 2023; 

Aygun, 2023; Aygun and Aygun, 2023). But, the new 

type EHEAs have not been studied by radiation 

protection features, yet. The objective of determining 

radiation shielding properties of the EHEAs is 

necessary for closing this lack in the literature. The 

linear and mass attenuation coefficients (LAC and 

MAC), effective atomic number (Zeff), mean free path 
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(MFP), half value layer (HVL), atomic cross section 

(ACS), electronic cross section (ECS), fast neutron 

removal cross section (FNRCS) and build up factors 

(EBF and EABF) are the photon protection 

parameters which are significant to learn the degree 

of protection of the alloys. In this regard, for the 

purpose of estimating the photon protection 

performances of the alloys 

(CoCrFeNiNb0.25Ta0.20/D1; CoCrFeNiTa0.4/D2; 

CoCrFeNiTa0.75/D3; CoCrFeNiTa0.25Hf0.25/D4; 

Co2MoxNi2VWx/D5) Phy-X/PSD developed for 

shielding, photon attenuation and dosimetry including 

a wide energy range of 1 keV-100 GeV was used. 

XCom software (Berger and Hubbell, 1987) was also 

used which is developed to acquire photon interaction 

cross-sections and MAC values of an element, 

compound or mixture in the 1 keV–100 GeV wide 

energy region.  

 

2. Materials and Methods 

 

In the study, EHEAs reported previously for 

their mechanical properties were chosen. The 

chemical components of the alloys were used for the 

calculations (Jiang et al. 2016; Jiang et al. 2018; 

Mukarram et al. 2021; Jiao et al. 2023) and given in 

Table 1.  

The rule of mixture is used for calculation of 

density (ρmix) of the alloys (Xiang et al. 2019): 

𝜌𝑚𝑖𝑥 =
∑ 𝑐𝑖𝐴𝑖

𝑛
𝑖=1

∑ 𝑐𝑖𝐴𝑖
𝑛
𝑖=1

𝜌𝑖

                                       (1)             

Ai, ci and ρi, and are atomic fraction, atomic weight of 

element ith and density, respectively. 

The MAC can be found by the Eq. 2: 

𝐼 = 𝐼0𝑒−𝜇𝑡                  (2) 

𝜇𝑚 =
𝜇

𝜌
= 𝑙𝑛(𝐼0/𝐼)/𝜌𝑡 = 𝑙𝑛(𝐼0/𝐼)/𝑡𝑚                     (3) 

where μ (cm−1) is the linear and μm (cm2/g) is the 

mass attenuation coefficients, respectively. 

MAC can be also determined by Eq. 4 (Jackson 

and Hawkes, 1981); 

𝜇 𝜌⁄ = ∑ 𝑤𝑖(𝜇 𝜌⁄ )𝑖𝑖                                         (4)  

𝑤𝑖 is the weight fraction and (𝜇 𝜌⁄ )𝑖 is the MAC of 

the ith constituent element. 

 

ACS (σa) can be obtained by the equation 

formulated as; 

𝐴𝐶𝑆 = 𝜎𝑎 =
𝑁

𝑁𝐴
(𝜇/𝜌)                          (5) 

𝑁𝐴 is the Avogadro’s number and 𝑁  is the atomic 

mass of materials.  

ECS (𝜎𝑒) is found by the equation (Han & 

Demir 2009a); 

𝐸𝐶𝑆 = 𝜎𝑒 =
𝜎𝑎

𝑍𝑒𝑓𝑓
                  (6) 

Zeff can be found by Eq. 7 (Manohara and 

Hanagodimath, 2007).  

𝑍𝑒𝑓𝑓 = 𝜎𝑎/𝜎𝑒               (7)     

                                               

HVL and MFP are calculated by Eqs. 8-9; 

 

𝐻𝑉𝐿 =
𝐼𝑛(2)

𝜇
                                                              (8) 

𝑀𝐹𝑃 =
1

𝜇
                                        (9) 

EBF and EABF can be obtained by the equations 

below (Harima et al. 1986; Harima, 1993). Geometric 

progression (G-P) fitting parameters for the alloy are 

determined by in Eq. 11 (ANSI/ANS, 1991). Buildup 

factors can be determined by Eq. 12 and 13, 

determining K(E,x) in Eq. 14.  

 

 𝑍𝑒𝑞 =
𝑍1(𝑙𝑜𝑔𝑅2−𝑙𝑜𝑔𝑅)+𝑍2(𝑙𝑜𝑔𝑅−𝑙𝑜𝑔𝑅1)

𝑙𝑜𝑔𝑅2−𝑙𝑜𝑔𝑅1
          (10) 

 𝐹 =
𝐹1(𝑙𝑜𝑔𝑍2−𝑙𝑜𝑔𝑍𝑒𝑞)+𝐹2(𝑙𝑜𝑔𝑍𝑒𝑞−𝑙𝑜𝑔𝑍1)

𝑙𝑜𝑔𝑍2−𝑙𝑜𝑔𝑍1
         (11)  

𝐵(𝐸, 𝑥) = 1 +  
(𝑏−1)(𝐾𝑥−1)

(𝐾−1)
       for   K ≠ 1 (12) 

𝐵(𝐸, 𝑥) = 1 + (𝑏 − 1)𝑥           for   K =1          (13)  

𝐾(𝐸, 𝑥) = 𝑐𝑥𝑎 + 𝑑
tanh(

𝑥

𝑋𝑘
−2)−tanh (−2)

1−tanh (−2)
for x ≤ 40 mfp   

                (14)  

The R1 and R2 values are the (μm)Compton/(μm)Total  

the adjacent elements with Z1 and Z2 atomic numbers. 

F is the (G-P) fitting parameters (a, b, c, d, XK 

coefficients) of the sample. F1 and F2 are the G-P 

fitting parameters for  Z1 and Z2 atomic numbers at an 

energy, respectively. X  and E are penetration depth 

and primary photon energy, respectively.  

The FNRCS (∑𝑅) value of the material is 

determined as follows (Sakar, 2020; Woods, 2013):  

          ∑𝑅 = ∑ 𝜌𝑖(∑ /𝑅 𝜌)𝑖𝑖                                     (15) 

where 𝜌𝑖 is the partial density of the compound and 

(∑ /𝑅 𝜌)𝑖 is the mass RCS of the ith constituent 

element. 
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3. Results 

 

Based on the chemical components of EHEAs 

were taken from literature (Table 1) and the photon-

matter interaction parameters of the alloys were 

determined. Dependences of the found MAC values 

versus photon energies (1keV-100GeV) are given in 

Fig. 1(a). At low (1-100keV), mid (100keV–5MeV) 

and high (>5 MeV) energies MAC values decreased 

apparently with increasing energy, a little changed 

and increased with increasing energy under the effect 

of the photoelectric (PE), Compton scattering (CS) 

and pair production (PP), respectively. XCom was 

also used to calculate the MAC values of the EHEAs 

to see the agreement of the results by Phy-X/PSD 

(Fig. 1). The MAC values of the RHE alloys and 

formerly studied super alloys for several energies are 

given in Table 2.  

Table 1. Chemical compositions of the studied 

EHEAs. 
Sample/S

ample 

code 

CoCrFeNi

Nb0.25Ta

0.20 /D1 

CoCrFe

NiTa0.4

/D2 

CoCrFe

NiTa0.7

5/D3 

CoCrFeNi

Ta0.25Hf0

.25/D4 

Co2Mo

xNi2V

Wx/D5 

Co 22.28 22.81 21.1 21.80 25.74 

Fe 22.53 21.45 21.1 22.03 - 

Nb 4.900 - - - - 

Ta 4.500 12.64 15.6 5.480 - 

Ni 22.56 21.44 21.1 22.07 19.62 

Cr 23.23 21.66 21.1 22.77 - 

Hf - - - 5.860 - 

W 

V 

Mo 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

23.60 

10.19 

20.85 

Density 8.709 9.572 9.897 9.258 13.155 

 

Variation of the calculated LAC values as a 

function of photon energies (1keV-100GeV) is given 

in Fig. 1(c). LAC is the parameter used for obtaining 

MAC, HVL and MFP parameters. Due to the density 

effect, bigger differences are observed for LAC 

values. D5 alloy has the biggest LAC value while D1 

alloy has the lowest one at the same energy. 

The HVL and MFP are the other parameters 

related to thickness. HVL and MFP values varying as 

a function of energies calculated by the code are seen 

in Fig. 2. At the energies dominant by CS, most 

photons have a high probability of scattering. So, 

thicker materials are required because their absorption 

probability is lower and the MFP of photons is longer. 

Having lower values of HVL and MFP at high 

energies indicates better shielding capability. The 

HVL values in the same energy region are ordered as 

D5<D3<D2<D4<D1. The ascending order of MFP 

values is D5<D3<D2<D4<D1. Based on the found 

results, alloy D5 has the lowest HVL and MFP 

values, whereas D1 alloy has the highest ones. 

Therefore, it can be noted that D5 has the highest 

shielding feature among the alloys. The shielding 

capacity of the EHEAs are analyzed by the 

comparison of HVL values with those of previously 

given alloys and shown in Fig. 2(b). 

The probability of interaction per electron and 

per atom per unit volume of a material is named as 

ECS and ACS, respectively. Varying of ECS and 

ACS results as a function of photon energies are seen 

in Fig. 3. If the alloy has greater values of ACS and 

ECS, it can be considered as a better protective alloy. 

Based on the values of ACS and ECS, the shielding 

potential of the D5 alloy is the highest among them. 
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Figure 1. The variations of MAC (a) MAC of other 

alloys (b) and LAC (c) values versus photon energies. 

 

Zeff values varying versus photon energies are 

seen in Fig. 4. PE effect causes maximum Zeff   values 

at low energies. The highest Zeff at ≈0.005 MeV can 

be observed by the K-absorption edge of Cr and that 

at ≈0.07 MeV can be observed for K-absorption edge 

of Ta and W as seen in Fig. 4. The values decreased 

apparently, then increased with increasing energy and 

stayed constant in the higher energies. The highest 

Zeff values are achieved for D5 with the presence of 

W and Mo (higher atomic numbers); whereas lowest 

Zeff values are observed for D1 with no contribution 

of Hf, Mo and W. Thus, D5 alloy shows the highest 

shielding potential, while D1 shows the lowest 

shielding property. 

 
Figure 2. The variations of HVL (a) HVL of other 

alloys (b) and MFP (c) values versus photon energies. 
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Figure 3. The variations of ACS (a) and ECS (b) 

values versus incident energy. 

 

 
Figure 4. The variations of Zeff values versus incident 

energy. 

 

 

 

 

 

 

 

Table 2. Comparison of the MAC values for the EHEAs and previously reported alloys. 
Energy 

(MeV) 

D1 D2 D3 D4 D5 Rene 80 

(Aygun 

and 

Aygun, 

2022) 

Rene 95 

(Aygun 

and 

Aygun, 

2022) 

Inc 617 

(Aygun 

and 

Aygun, 

2023) 

Inc 800HT 

(Aygun 

and 

Aygun, 

2023) 

In625 

(Sayyed 

et al. 

2020) 

In718 

(Sayyed 

et al. 

2020) 

0.015 60.61 68.41 70.62 67.03 72.63 64.38 63.06 59.14 60.60 65.70 59.00 

0.03 9.957 10.17 10.56 9.931 16.12 10.44 10.83 10.83 8.763 9.549 10.41 

0.05 2.420 2.498 2.607 2.432 4.047 2.537 2.633 2.626 2.101 2.287 2.51 

0.8 0.068 0.069 0.069 0.068 0.070 0.068 0.068 0.068 0.067 0.068 0.067 

1 0.060 0.061 0.061 0.061 0.061 0.061 0.061 0.060 0.060 0.061 0.060 

3 0.036 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.036 0.037 0.037 

5 0.032 0.033 0.033 0.033 0.034 0.033 0.033 0.032 0.032 0.032 0.032 

8 0.031 0.032 0.032 0.032 0.036 0.031 0.032 0.031 0.030 0.031 0.031 

10 0.031 0.032 0.033 0.032 0.036 0.032 0.032 0.031 0.030 0.031 0.031 

100 0.046 0.049 0.050 0.049 0.058 0.047 0.047 0.046 0.044 - - 

1000 0.057 0.060 0.062 0.060 0.071 0.058 0.058 0.057 0.054 - - 
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Figure 5. The variations of EBF values of D1 (a) D2 (b) D3 (c) D4 (d) D5 (e) versus photon energies. 
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Figure 6. The variations of EABF values of D1 (a) D2 (b) D3 (c) D4 (d) D5 (e) versus photon energies. 

 

EABF and EBF of the EHEAs were obtained for 

16 penetration depths by Phy-X/PSD. The changes of 

buildup factors versus photon energies are given in 

Figs. 5-6.  In PE region, buildup factors are small due 

to the fact that photons with low-energies are 

absorbed by their all energies. In CS region, since the 

large number of photons are scattered, photon 

accumulation increased and the factors achieve 

highest values in the mid-energy region. In PP region, 

photons are absorbed strongly. Hereby, the buildup 

factors have lower values at high energies. Depending 

on the values of EABF and EBF, the lowest photon 

cluster is observed for D5 EHEA than the other 



14 |  Z. Aygün and M. Aygün EAJS, Vol. 9 Issue 1 

alloys. The peak observed at ≈0.07 MeV can be due 

to K-absorption edge of Ta or W (Aygun, 2023). 

 

FNRCS values of the EHEAs were determined 

and given in Fig. 7. It can be said that the highest 

value is obtained for D5 and the lowest one is for D1. 

 
Figure 7. FNRCS values of the EHEAs. 

 

4. Conclusions 

 

In the paper, photon protection parameters of 

EHEAs were calculated by Phy-X/PSD code in the 

energies of 1 keV-100 GeV to learn the photon 

protection abilities. Xcom was also used for obtaining 

MAC values and it is seen that the results are 

compatible. It was examined that HVL values of the 

EHEAs are lower than those of previously reported 

alloys. It can be also mentioned that 

Co2MoxNi2VWx has highest shielding ability than 

the others, while CoCrFeNiNb0.25Ta0.20 has the 

lowest shielding property among the alloys. In 

general, the shielding performances of the alloys can 

be ordered as D5>D3>D2>D4>D1. Obtained FNRCS 

values make possible to use the alloys also for 

neutron shielding. Consequently, it is north worthy to 

say that the EHEAs can be estimated as new kind of 

shielding materials in radiation related areas with 

their superior features. 
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