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Abstract 

In this research to estimated total and partial interaction, and radiation shielding properties of 

HEA alloys of FeMnCoCr, FeMnCoCrNi6 and FeMnCoCrNi14. Radiation shielding effectiveness 

of HEA alloys were estimated by determine m, Zeff and Nel at photon energies ranging 10–3 – 105 

MeV using WinXCom computer software program. EBF were simulated by G–P fitting theory at 

energies ranging 15 keV – 15 MeV up to deep penetration 40 mfp. The results indicated that, 

FeMnCoCrNi14 alloy was found excellent radiation shielding. This study indicated that 

FeMnCoCrNi14 can be developed for radiation shielding materials. 
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Introduction  

Since starting of study and design on high entropy alloys (HEAs), indexing is record and show 

in Web of Science (WoS) and find that HEAs is emerging layer of alloys that are lately being 

popularly studied [1 – 4]. The alloy materials are found using in many sectors of industrials such 

as in irradiation, nuclear reactors, aerospace, engineering materials, petro–chemical industries and 

biomedical implants [5 – 8]. In sector of photon interaction, there are many important parameters 

like effective electron density (Nel), effective atomic number (Zeff) and mass attenuation coefficient 

(m) which helping for using to explain and design for radiation protection efficiency of medium 

[9, 10].  

m values are commonly properties for medium which discuss the probability of interaction for 

radiations with medium. Zeff values are properties for mixture or compound like atomic number of 
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elements. These values are specific characteristics based on energy, helps to explain efficacy for 

shielding of medium and interprets radiations attenuation by medium. Nel values are another 

commonly properties for interaction between radiation and medium, which let average among of 

electrons per unit total mass for medium data. Moreover, exposure build–up factor is popularly 

use research for shielding medium [11 – 13].  

There are many methods to determine exposure build–up factor (EBF) like G–P fitting theory, 

Monte Carlo theory and iterative theory. American Nuclear Society (ANS, 1991) estimate EBF 

using G–P fitting theory for 23 elements at energies ranging 15 keV – 15MeV up to deep 

penetration 40 mfp [14]. 

In this context, total and partial interactions of alloy were discussed. m, Zeff and Nel values 

were calculated and explained at energies ranging 10–3 – 105 MeV. Lastly, EBF properties of 

alloys have been computed. The computation will give useful data for alloys was use in shielding 

medium applications. 

Theories and Computation 

Shielding radiation: m, Zeff and Nel 

The behavior of photoelectric absorption effect (PE), incoherent (Compton) scattering (C) and 

pair production (PP) interaction can be discussed by photon interaction with alloys. m of alloys 

was the probability of interaction with medium and estimated theoretically by using mixture rule 

and WinXCOM software program and using following by equation (1) [15];  
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Here wi and mi are weight fraction and total mass attenuation coefficients of ith in element in 

mixture, respectively.  

The total interaction cross–section (σt) of alloys have been computed with helped of m and 

estimated by equation (2) [16]; 
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Here M = ΣiAini is molecular weight of alloy, Ai and ni are atomic weight of ith element and 

molecule amount of formula units, respectively. NA is constant value of Avogadro. Effective 

atomic cross–section (σt,a) were computed by equation (3) [16, 17]; 
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Total electron cross–section (σt,el) were determined by equation (4) [17, 18]; 
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Here fi is fractional abundance of ith, Zi is atomic number of ith element. Zeff values have been 

simulated from equation (5) [16 – 18]; 
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The Nel of alloys have been computed from equation (6); 
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Exposure build–up factor (EBF) 

EBF value is commonly value used design medium for radiation shielding. EBF was obtained 

by computing from Geometrical Progression (G–P) fitting method at energy ranging  

15 keV – 15 MeV and this value can be following from equation (7) – (9). Firstly, the knowledge 

of equivalent atomic number (Zeq) value is very important as Zeq values must lie at specific 

energies between Z1 and Z2 atomic numbers (Z1 < Zeq < Z2) [19, 20]. 
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Here E and K are energy and multiplication factor per mfp, respectively and K was obtained 

from equation (9); 
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Here x is distance traveled in mfp. b is buildup factor at 1 mfp. Xk, a, b, c and d are parameters 

of G–P fitting. 

Results and Discussion 

The compositions for FeMnCoCrNi HEA alloys are presented in Table 1. The total and partial 

interaction, m, Zeff and Nel at energies ranging 10–3 – 105 MeV for alloy samples have been shown 

in Fig. 1 – 4, respectively. The EBF values of alloys with energies at different deep penetration 

(1, 5, 10, 15, 20, 25, 30, 35, and 40 mfp) are presented in Fig. 6 (a) – (c). The EBF values for 
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alloys with deep penetrations at energy 0.015, 0.15, 1.50, and 15 MeV are presented in  

Fig. 7 (a) – (d). 

 

 Table 1 Composition of FeMnCoCrNi alloys. 

Sample 
Weight fraction 

Fe Mn Co Cr Ni 

FeMnCoCr 0.50 0.30 0.10 0.10 – 

FeMnCoCrNi6 0.34 0.20 0.20 0.20 0.06 

FeMnCoCrNi14 0.20 0.20 0.20 0.26 0.14 

 

The total and partial interaction and μm of alloys 

The m of total and partial photon interaction was exhibited in Fig. 1; results from 

FeMnCoCrNi14, at different photon energy ranging, there are three partial interaction processes: 

1. photoelectric absorption effect (PE) at low energy (1 – 500 keV), 2. incoherent (Compton) 

scattering (C) at intermediate energy (500 keV – 1 MeV) and 3. pair production (PP) at high 

energy (1 MeV – 100 GeV). From Fig. 1, for energies more than 10 keV and 50 keV, m of 

coherent and incoherent (Compton) scattering was decreased sharply, respectively, that due to 

both are inverse with photon energies. The change of m for C occurred chemical composite 

whereas it had m trend like coherent scattering. The m of PE was decreased rapidly with 

increased photon energies that may be due to occurred from the change in cross section of 

photoelectric by inversely proportional of photon energies E3.5. The chemical compositions of 

alloy are important due to m for PE dependence on atomic number of medium by interaction is  

Z4 – 5. The m of PP in nuclear field and electric field was increased to 500 MeV and therefore it 

nearly constant that due to m of PP was direct variation with log E. The PP in nuclear field and 

electric field were dependence on Z2 and nearly linear constant, respectively. 
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Fig. 1 Interaction of FeMnCoCrNi14 alloy at energies ranging 10–3 – 105 MeV for total  

  and partial (with coherent). 
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Fig. 2 m of alloy samples at energies ranging 10–3 – 105 MeV. 

 

The m values of alloy samples in this work were calculated from WinXCom software program 

at energy ranging 10–3 – 105 MeV. Figure 2 is presented m values of all alloy samples which 

decrease exponentially with increasing energies. It is noted that m values of alloy samples are 

very high at low energy ranging and decrease quickly with increasing energies. Intermediate 

energies ranging, m values decrease, while at high energy ranging m values constant with 

increasing energies. These results can be discussed on photon interaction with medium. The PE 

and PP will appear at lower and higher energy ranging while at intermediate energy ranging the  

C is major one. At low energy ranging, curve is not continuous that because of absorption edge of 

elements as exhibited in Table 2. It is clear that m value increase with increasing Ni content in 

alloys. This increasing because of replacement of Fe (Z = 26) with Ni (Z = 28) and m value of 

FeMnCoCrNi14 is the highest among alloys, so, FeMnCoCrNi14 is excellent radiation shielding 

alloy. 

 

Table 2 absorption edge of elements (keV). 

Edge 
Elements 

Cr Mn Fe Co Ni 

K 5.99 6.54 7.11 7.71 8.33 

L1 – – – – 1.01 

 

Zeff and Nel of alloys 

The Zeff and Nel values with energies for all alloy samples have been presented in Fig. 3 and 

Fig. 4, respectively. From Fig. 3, Zeff value, for all alloy samples, increases with increasing of 

energies until 5 keV and suddenly drops at 5 – 6 keV. These suddenly drops can be discussed by 

atomic number of Cr (Z = 24) as 24.98 for FeMnCoCr, 24.83 for FeMnCoCrNi6 and 24.76 for 

FeMnCoCrNi14 [21]. In addition, the maximum Zeff value was found for FeMnCoCrNi14 alloy. 

This can be discussed on fundamental of weight fraction which FeMnCoCrNi14 has Ni content 
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highest. The Nel value of alloys has shown the same trend and behavior similar Zeff value as 

presented in Fig. 4. 
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Fig. 3 Zeff of alloy samples at photon energy ranging 10–3 – 105 MeV. 
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Fig. 4 Nel of alloy samples at photon energy ranging 10–3 – 105 MeV. 

 

EBF with photon energy  

The EBF of alloy samples, at energies ranging 15 keV – 15 MeV and at different deep 

penetrations, has been exhibited in Fig. 6 (a) – (c). Form figures, they are observed that EBF 

values of all alloy samples increase until highest value at intermediate energies and then 

decreased. These events were discussed on fundamental of the main partial of photon interaction 

processes at variation energy ranging as mentioned before. At low and high energy ranging, PE 

and PP were main interaction process, photon will be absorbed maximum. So, EBF values are 

decreased. At intermediate energy ranging, C is main interaction process as EBF values increased. 

This interaction, photon multiples scattering which resulting in more lift time of photon is long 
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and more probability to photon to escape medium. In fact, the increasing of deep penetration for 

medium that results in increase thickness, and that made photon increasing scattering in 

interacting medium. Especially, for medium with the highest Zeq as exhibited in Fig. 5, it results in 

high EBF values. 
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Fig. 5 Zeq of alloy samples at photon energy ranging 15 keV – 15 MeV. 
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Fig. 6 EBF of (a) FeMnCoCr, (b) FeMnCoCrNi6 and (c) FeMnCoCrNi14 alloys at energies 

 ranging 15 keV–15 MeV. 
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EBF with deep penetration 

Figure 7 exhibit an increase values of EBF with different deep penetration and energy  

(0.015, 0.15, 1.50, and 15 MeV) for all alloys. These because of EBF values saturate in lager deep 

penetration. At 0.015 MeV, Fig. 7 (a), EBF values are nearly constant (0.0042 – 0.0117) for deep 

penetration, 1 – 40 mfp. From Fig. 7 (a) – (c), FeMnCoCr alloy had found maximum EBF values 

at energy ranging 0.015 – 0.15 MeV until 40 mfp. At energy 15 MeV, FeMnCoCrNi14 showed 

highest EBF that due to pair/triplet interaction of all alloys produced electron/positron pair. The 

rest of positrons were annihilated by electron and generate two secondary photons at energy 0.511 

MeV. Photons probability for escape through higher thickness of alloys were increased, resulting 

in larger EBF values. Finally, the excellent radiation shielding medium, low values of buildup 

factors were desired. 
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Fig. 7 EBF VS deep penetration at energies, (a) 0.015, (b) 0.15, (c) 1.5, and (d) 15 MeV. 

Conclusion 

The mass attenuation coefficient for total and partial photon interactions (with coherent) of 

alloys have been estimated at energies ranging 10–3 – 105 MeV. The results shown that, these 

parameters increased with increased Ni content. At different energy ranging, at low energies, 

photoelectric absorption effect is major process, at intermediate energies, Compton (incoherent) 

scattering is main interaction process and pair production becomes main for high energies. For 
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excellent radiation shielding medium, high value of m, Zeff and Nel are desired while buildup 

factors are not. The m, Zeff and Nel values in the estimated alloy systems increased as Ni content 

increased while EBF values decreased. Clearly, the higher of Ni content in alloys will improve 

radiation shielding properties. So FeMnCoCrNi14 is the excellent radiation shielding alloy 

because of m, Zeff and Nel values were high and EBF values were low compared with the other 

alloys. 
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