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Abstract 

Nowadays, alloy materials have become increasingly important in radiation shielding due to their 

high density, which is crucial for effective radiation attenuation. The goal of this study was to evaluate 

several radiation shielding parameters, including the mass attenuation coefficient (MAC), half value 

layer (HVL), tenth value layer (TVL), and mean free path (MFP) for Nilo alloys 36, 42, and 48. These 

evaluations were conducted across a photon energy range of 1 keV to 100 GeV using the WinXCom 

software. Additionally, buildup factors (EABF and EBF) were simulated using the geometric 

progression (G-P) fitting method for energies ranging from 0.015 to 15 MeV, at depths corresponding 

to 1-40 mean free paths (mfp). Furthermore, fast neutron removal cross sections (ΣR) were 

determined using the partial density method for energies between 2 and 12 MeV. The results showed 

that Nilo alloy 48 exhibited the highest MAC and ΣR values, while its HVL, TVL, and MFP were the 

lowest among the samples. When comparing HVL, TVL, and MFP values of the Nilo alloys to 

hematite serpentine, it was found that all the Nilo alloy samples had lower values than hematite 

serpentine. These findings suggest that Nilo alloy 48 offers excellent radiation and fast neutron 

shielding, making it a promising candidate for the development of lead-free shielding materials. 
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Introduction 

The development of new materials plays a crucial 

role in advancing technology. Multi-component 

materials such as superconductors, composites, 

biomaterials, semiconductors, polymers, and alloys 

are gaining significant attention across various 

fields, including bioengineering, microelectronics, 

space technology, energy, construction, and 

transportation (Fernandes et al., 2021; Padhy et al., 

2024; Saleh et al., 2024). Alloys, in particular, are 

widely used in industries such as biomedical, 

pharmaceuticals, aerospace, transportation, and 

radiation shielding due to their high tensile strength, 

hardness, corrosion resistance, and environmental 

friendliness, making them less toxic compared to 

lead (Saleh et al., 2022; Wu et al., 2023). Nilo 

alloys, a family of multi-compound alloys primarily 

composed of nickel and iron (Ni-Fe), are known for 

their low thermal expansion, good ductility, and 

excellent strength and toughness (Padhy et al., 

2024). 

In dosimetry and radiation shielding, materials 

with high corrosion resistance, mechanical strength, 

atomic numbers, and density are essential (Kursun 

et al., 2023; Aldawood et al., 2024; Yaykaşlı et al., 

2023; Wu et al., 2023). Nickel-based alloys are 

commonly used in devices such as turbines, heat 

exchangers, and rocket motors due to their 

resistance to oxidation, high-temperature 

performance, and magnetic properties (Ekinci et al., 

2021; Liu et al., 2024a; Cheng et al., 2024), as well 

as in the development of radiation shielding 

materials (Aygün, 2021). Iron-based alloys, on the 

other hand, are known for their cost-effectiveness, 

excellent soft magnetic properties, better 

wettability, and environmental friendliness. These 

features make them widely used in devices like 

transformers, motors, generators, and relays (Huang 

et al., 2024; Khakwani, 2024; Liu et al., 2024b). The 

exceptional microstructural stability at intermediate 

temperatures, high creep strength, good corrosion 

resistance, and relatively low cost of Ni-Fe alloys 

make them highly promising for a variety of 

applications (Xu et al., 2023; Pan et al., 2024). Nilo 

alloys, which are composed of varying amounts of 

nickel and iron (e.g., Nilo 36, 42, and 48), are known 

for their high density compared to hematite 

serpentine concrete. This property is particularly 

important in radiation shielding applications. 

In this study, the radiation and fast neutron 

shielding properties of Nilo alloys 36, 42, and 48 

were analyzed. Radiation shielding parameters such 

as the mass attenuation coefficient (MAC), half 

value layer (HVL), tenth value layer (TVL), and 

mean free path (MFP) were evaluated using the  

 

 
WinXCom software over a photon energy range of 

1 keV to 100 GeV. Additionally, buildup factors 

were estimated using the geometric progression  

(G-P) fitting method for energies ranging from 

0.015 to 15 MeV, at depths corresponding to 1-40 

mean free paths (mfp). Fast neutron removal cross 

sections (ΣR) were also determined using the partial 

density method, with an energy range of 2 to 12 

MeV. The resulting data were analyzed in relation 

to the chemical compositions of the alloys to assess 

their shielding effectiveness. 

Materials and Methods 

Table 1 displays the results of this work, the various 

chemical compositions, and the Nilo alloy codes of 

samples used to compute the theoretical values for 

radiation shielding mechanisms. 
 

Table 1. Composition of chemicals and density of Nilo 

alloy 

Fraction of 

Elements 

(wt%) 

Samples code 

Nilo alloy 

36 

Nilo alloy 

42 

Nilo alloy 

48 

AS1 AS2 AS3 

Ni 38.000 42.000 48.000 

Fe 58.900 56.120 49.450 

C 0.100 0.050 0.050 

Mn 0.600 0.080 0.800 

P 0.025 0.025 0.025 

S 0.025 0.025 0.025 

Si 0.350 0.300 0.300 

Cr 0.500 0.250 0.250 

Al - 0.150 0.100 

Mo 0.500 - - 

Co 1.000 1.000 1.000 

Density 

(g/cm3) 
8.110 8.110 8.200 

 

Mass attenuation coefficient (MAC), half value 

layer (HVL), tenth value layer (TVL) and mean 

free path (MFP) 

As shown in Equation (1), the theoretical 

determination of MAC (cm2/g) for Nilo alloys 

samples was calculated using mixing law and 

assessed using WinXCom at energies range around 1 

keV-100 GeV. This software is famous and wildly 

used, which can be found in many researches 

(Ravangvong et al., 2022c; Sriwongsa et al., 2022, ):  
 

i m i= w ( )MAC        (1) 
 

Where wi and (µm)i denote fraction by weight and 

MAC of the ith component elements, respectively. 
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A thickness of a sample that reduces radiation 

intensity to 50% and 90% of its initial intensity, 

respectively, is known as HVL and TVL. These 

parameters were estimated using the linear 

attenuation coefficient (µ) equation using in 

equation (Pires, 2022; Kursun et al., 2023; 

Sreenivas et al., 2023; Subedi et al., 2023): 

 

0.693
HVL

μ
=

       (2) 

 

ln10 2.302
TVL

 
= =

      (3) 

 

The mean free path (MFP) represents the 

average particle travel time within the matter prior 

to collision. It is mostly referred to as relaxation 

time. Besides, the MFP is inversely proportional to 

μ value. The formula determining mean free path is 

according to equation 4 (Ravangvong et al., 2023; 

Lakshminarayana et al., 2023):  

 

1
MFP=

μ
        (4) 

 

Buildup factors (BFs) 

When assessing shielding, we use a correction 

term, the buildup factor (B), that accounts for the 

impact of both secondary photons and scattered 

radiation inside the irradiated matter. Moreover, the 

contribution of scattered photons is presented by the 

buildup factor, which is a unitless multiplicative 

factor. Hence, this parameter is employed to adjust 

the response of uncollided photons.  

At any given point, the ratio of the total 

number of photons (primary and secondary) to the 

photons number that have not collided and are still 

reaching that same point is known as B. The incident 

photon energy, target material’s thickness, and 

chemical composition all affect B’s value. 

Additionally, the revised Lambert-Beer law can be 

expressed as follows: 

 

0

μxI BI e=
        (5) 

 

Furthermore, energy absorption buildup factor 

(EABF) and exposure buildup factor (EBF) are the 

two types of buildup factors. The first has to do with 

how energy is deposited or absorbed in the intended 

material. The second is presented the exposure in air 

afterward crossing the target matter. 

To calculate buildup factors, the following 

three steps must be followed in order: (1) computing  

 

the equivalent atomic number (Zeq); (2) computing 

the parameters of G-P fitting (appointed by b, c, a, 

Xk, and d); and (3) computing the buildup factor.  

 

Zeq is a single parameter which explains 

properties of alloys in terms of equivalent elements 

and has been computed from ratio of Compton 

partial mass attenuation coefficient (μm)Compton 

associate with the total mass attenuation coefficient 

(μm)Total at same photon energy, using formula:  

 

1 2 2 1

2 1

(log log ) (log log )

log log
eq

Z R R Z R R
Z

R R

− + −
=

−
  (6) 

 

where Z1 and Z2 are atomic numbers of elements 

according to ratios R1 and R2, respectively. R is the 

ratio (μm)Compton/(μm)Total for alloys at same energy.  

The parameters of G-P fitting are computed by 

logarithmic interpolation method for Zeq.  

The parameters of G-P fitting for elements were 

taken report by the standard reference database, the 

American Nuclear Society ANSI/ANS-6.4.3. For 

alloys was using formula:  

 

1 2 2 1

2 1

(log log ) (log logZ )

log log

eq eqP Z Z P Z
P

Z Z

− + −
=

−
  (7) 

 

where P1 and P2 are value of G-P fitting parameters 

according to atomic numbers of Z1 and Z2, 

respectively at same energy. The parameters of G-P 

fitting of glasses were used to compute EABF and 

EBF as determined by:  

 

1
( , ) 1 ( 1)

1

xb
B E X K

K

−
= + −

−  for K  1  (8) 

 

( , ) 1 ( 1)B K X b x= + −
 for K=1     (9) 

 

and  

( )tanh 2 tanh( 2)
( , )

1 tanh( 2)

K

x
XaK E x cx d

− − −
= +

− −
  

for x  40 mfp               (10) 

 
where E and x are incident photon energy and 

penetration depth in terms of mean free path (mfp), 

respectively., a, b, c, d, and Xk are G-P fitting 

parameters. K parameter with deep penetration 

indicates photon dose multiplication and adjusts in 

configuration of the spectrum (Ravangvong et al., 

2022a; Kaur et al., 2024; Alda’ajeh et al., 2023;  

Hila et al., 2021). 
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Fast neutron removal cross-section (R) 

Neutrons interact with their surroundings 

through transmission, absorption, and scattering. 

The possibility of one or more of these processes 

happening is through the reaction of microscopic 

cross-section (Lakshminarayana et al., 2022, 

Mhareb et al., 2021, Sriwongsa et al., 2023). 

The fast neutrons (E > 0.1 MeV) R was 

estimated using relationship Eq. (6)  

 

( )iR R i
i

W =          (6) 

 

Where ρwi and ρ mean partial density, and total 

density of the medium, respectively. 

Results and Discussion 

Mass attenuation coefficient (MAC), half value 

layer (HVL), tenth value layer (TVL) and mean 

free path (MFP) 

Figure 1 shows the MAC values for Nilo alloy 

samples as a function of energy. The graph reveals 

that the MAC values for all samples are large at low 

energies, then decrease rapidly before gradually 

increasing as the energy rises. These trends can be 

explained by the different energy ranges, which are 

associated with the photoelectric effect (PE), 

Compton scattering (CS), and pair production (PP) 

processes. These processes are directly proportional 

to E−3.5, 𝐸−1, and log E, respectively (Ravangvong  

et al., 2022b). At low energies, the MAC values 

exhibit discontinuities due to the K- and L-shell 

absorption edges of the elements in the alloy 

samples, which result in the order of MAC values: 

AS3 < AS2 < AS1 at certain energies. The results 

indicate that the AS3 alloy sample has the highest 

MAC value. 

The HVL, TVL, and MFP as functions of 

energy are presented in Figures 2-4. The graphs 

show that the HVL, TVL, and MFP values for the 

AS3 alloy are the lowest, which can be attributed to 

the high nickel content and density of this sample. 

These results suggest that as nickel content and 

density increase, the penetrating energy decreases. 

When comparing the HVL, TVL, and MFP values 

of the alloy samples (AS1, AS2, and AS3) with 

hematite serpentine, it was found that all the alloy 

samples had lower values than hematite serpentine. 

This indicates that the alloy samples offer better 

radiation shielding properties than hematite 

serpentine (Bashter, 1997; Afaneh et al., 2022; 

Acikgoz et al., 2023; Al-Hadeethi and Sayyed, 

2023; Rouihem et al., 2024; Karthika et al., 2024). 
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Figure 1. MAC versus energy for alloy samples 
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Figure 2. HVL versus energy for alloy samples 
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Figure 3. TVL with energy for alloy samples 
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Figure 4. MFP with energy for alloy samples 
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Buildup factors (BFs) 

The Zeq quantity is a parameter used to 

evaluate the BFs (EABF and EBF) values, as shown 

in Figure 5. The Zeq values are small at low energies 

(E < 1.00 MeV), increase rapidly in the intermediate 

energy range, and then decrease at higher energies. 

These trends correspond to the dominance of the 

photoelectric effect (PE), Compton scattering (CS), 

and pair production (PP) processes in the respective 

energy ranges. The highest Zeq value was observed 

for the AS3 alloy, which has the highest nickel 

content and density (Alsaif et al., 2021). 
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Figure 5. Zeq with energy for alloy samples 
 

EABF and EBF are fundamental values used 

in planning radiation shielding material properties. 

These quantities are evaluated based on Zeq and G-

P-values, which can be explained in the context of 

different energy ranges-low, intermediate, and high- 

where PE, CS, and PP are the dominant processes, 

respectively. EABF and EBF values for the alloy 

samples, across energies (0.015-15 MeV) and 

varying penetration depths (PD), are shown in 

Figures 6 and 7. It was observed that the EABF and 

EBF values remain nearly constant at low energies 

due to the cross-section varying inversely with 

energy as E−3.5. At low energies, the alloy samples 

absorb the most radiation, resulting in lower EABF 

and EBF values. At intermediate energies, both 

values suddenly increase due to photon collisions, 

reflecting energy loss and prolonged energy 

collection in the sample. As PD increases, the 

scattering of photons also increases, leading to a rise 

in EABF and EBF values, which then decrease at 

high energies (Alsaif et al., 2021; Hila et al., 2021; 

Al-Saeedi et al., 2022; Kaur et al., 2024). 

Figures 8 and 9 illustrate the EABF and EBF 

values as a function of penetration depth (PD) up to 

40 mfp at specific energies of 0.015, 0.15, 1.5, and 

15 MeV. It was found that the EABF and EBF 

values remain nearly constant at 0.015 MeV, then 

increase with increasing PD at energies of 0.15-15 

MeV. This behavior is attributed to the dominant 

interaction processes at each energy, as mentioned 

earlier (Sayyed et al., 2018; Alsaif et al., 2021; 

Alsaif et al., 2023). 
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Figure 6. (a-c) EABF with energies ranging from 0.015-15 MeV until 40 mfp for alloy samples 
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Figure 7. (a-c) EBF VS energies ranging 0.015-15 MeV until 40 mfp for alloy samples 
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Figure 8. (a-d) EABF for alloy samples until 40 mfp at specific energies 
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Fast neutron removal cross-section; R 

The fast neutron shielding capability of  

an alloy refers to the probability that a fast neutron 

undergoes a first collision, effectively removing it 

from the group of penetrating, uncollided neutrons. 

This property is essential for measuring the neutron-

absorbing capacity of any material and is 

represented by the removal cross-section (ΣR), as 

shown in Figure 10. It was found that the AS3 alloy 

sample had the highest ΣR value, which can be 

attributed to its higher density. This indicates that 

the AS3 alloy is particularly effective at shielding 

fast neutrons (Sayyed et al., 2020; Effendy et al., 

2021). 
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Figure 10. The fast neutron removal cross-section for 

Nilo alloys 
 

 

Conclusions 

This work explained the radiation and fast neutron 

shielding properties of Nilo alloys with 

compositions 36, 42, and 48. The radiation shielding 

properties included the mass attenuation coefficient 

(MAC), half value layer (HVL), tenth value layer 

(TVL), mean free path (MFP), and buildup factors 

(BFs), while the fast neutron shielding property is 

described by the fast neutron removal cross-section. 

The results for radiation shielding properties across 

the energy range from 1 keV to 105 MeV show that 

the AS3 alloy sample had the highest MAC value, 

while its HVL, TVL, and MFP values were the 

lowest. Additionally, when comparing HVL, TVL, 

and MFP values between the alloy samples and 

hematite serpentine, the alloy samples exhibited 

lower values than hematite serpentine due to they 

had higher than density. For the BFs in the energy 

range of 0.015-15 MeV, the AS3 alloy showed the 

highest BFs values. Furthermore, the fast neutron 

shielding properties of the AS3 alloy were also the 

best, as it had the highest fast neutron removal cross-

section. These results suggest that the AS3 alloy is 

highly effective for both radiation and fast neutron 

shielding, making it a promising candidate for 

developing Pb-free materials. 
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Figure 9. (a-d) EBF for alloy samples until 40 mfp at specific energies 
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