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Abstract:  
 

Effective radiation shielding is critical across various sectors, including nuclear power 

generation and medical applications. This study evaluates the radiation attenuation 

properties of seven distinct alloy samples: 316 Stainless Steel, Zircaloy-4, Monel 400, 

Alloy 625, Titanium Grade-5 (Ti-6Al-4V), Niobium-Titanium (NbTi) Alloy, and Haynes 

230. Using the MCNP Monte Carlo simulation code and the Phy-X/PSD software, the 

gamma and neutron shielding capacities of these alloys were systematically investigated. 

Among the alloys, Haynes 230 exhibited superior gamma radiation attenuation 

efficiency. Furthermore, the Fast Neutron Removal Cross Section (FNRCS) values 

indicated that Haynes 230 (0.16375 1/cm) possessed comparable neutron shielding 

capabilities to 316 Stainless Steel (0.16758 1/cm) and Monel 400 (0.16818 1/cm), 

underscoring its robustness as a neutron shield. Although Monel 400 and 316 Stainless 

Steel demonstrated marginally better neutron shielding performance, Haynes 230 

remains a formidable contender due to its balanced performance against both gamma and 

neutron radiation, making it a promising candidate for applications requiring 

comprehensive radiation protection. Moreover, the study demonstrated that Haynes 230 

exhibited a significant advantage in terms of its linear attenuation coefficient, HVL, TVL, 

and mean free path (mfp) values, further solidifying its role as an efficient gamma-ray 

shield. Additionally, Monte Carlo simulations highlighted the superior transmission 

factor (TF) of Haynes 230, especially for thicker materials, positioning it as an ideal 

material for high-intensity radiation shielding applications. 

 

1. Introduction  

The selection of materials is essential in the field of 

radiation shielding to ensure both safety and 

efficiency [1]. Alloys are commonly preferred in this 

situation because of their distinctive blend of 

robustness, resistance to corrosion, and capability to 

reduce various forms of radiation [2]. 316 stainless 

steel is highly regarded for its exceptional corrosion 

resistance, which makes it essential in conditions 

where chemical stability is of utmost importance. 

Zircaloy-4 is primarily utilized in nuclear reactors 
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because of its favorable characteristics, including a 

low neutron absorption cross-section and excellent 

resistance to corrosion in hot water settings. Monel 

400, a nickel-copper alloy, is renowned for its 

remarkable corrosion resistance, even in the 

presence of very aggressive chemicals. Alloy 625, a 

superalloy made primarily of nickel, possesses 

exceptional resistance to both high temperatures and 

corrosive conditions, all while retaining its 

impressive tensile strength. Titanium Grade-5 (Ti-

6Al-4V), commonly referred to as the mainstay of 

the titanium sector, provides a remarkable 

equilibrium between durability and mass. Niobium-

titanium (NbTi) alloy is often used to make 

superconducting magnets because it has a unique 

combination of being strong mechanically and 

superconducting at low temperatures. Haynes 230 is 

a high-performance alloy composed of nickel, 

chromium, tungsten, and molybdenum. It 

demonstrates exceptional resistance to oxidation and 

maintains its stability under high-temperature 

conditions [3-9]. The Phy-X/PSD software was used 

to find out how well these alloys blocked radiation 

[10]. This software is a reliable tool for finding 

important shielding metrics like mass attenuation 

coefficients, effective atomic numbers, and electron 

densities. These metrics offer crucial insights into 

the ability of each alloy to reduce certain types of 

ionizing radiation. In addition, the study employed 

the Monte Carlo MCNP code, a widely recognized 

modeling tool, to calculate the gamma-ray 

transmission factors for each alloy. The MCNP code 

accurately predicts transmission factors by modeling 

the interactions of gamma photons with materials. 

These transmission factors are crucial for 

determining the amount of radiation that goes 

through a specific thickness of material [11-15]. 

 

2. Material and Methods 

 
2.1 Shielding Parameters 

 

Understanding how gamma rays are attenuated as 

they pass through a material is crucial in radiation 

studies. The relationship between the attenuated 

gamma rays I(x) and the initial unattenuated gamma 

rays I0(x) is described by the linear attenuation 

coefficient (µ), which represents the probability of 

gamma rays being absorbed or scattered per unit 

thickness of the material, measured in cm-1 [16-17].  

 

𝐼(𝑥) = 𝐼0𝑒
−𝜇𝑥                                                   (1)     

 

The mass attenuation coefficient (𝜇m = 𝜇/ρ) is used 

to normalize the linear attenuation coefficient by the 

material's density (ρ), making it a key parameter for 

comparing the radiation absorption properties of 

different materials. The half-value layer (HVL) is 

the thickness of a material required to reduce the 

intensity of gamma rays by the half. It is calculated 

using the linear attenuation coefficient as [16-17]: 

 

                  𝐻𝑉𝐿 =
𝑙𝑛(2)

𝜇
                                        (2)                                                                                       

 

This parameter is essential for evaluating a material's 

effectiveness in shielding against radiation. The 

tenth-value layer (TVL) is the thickness needed to 

reduce the intensity of gamma rays by a factor of ten. 

It is calculated similarly [16-17]: 

 

                  TVL =
𝑙𝑛(10)

𝜇
                                       (3)                                                                                          

TVL is particularly important in scenarios requiring 

more stringent radiation protection. The mean free 

path (MFP) is the average distance that a gamma-ray 

photon travels in a material before interacting. It is 

inversely related to the linear attenuation coefficient 

[16-17]: 

 

               mfp = 1/μ                                               (4)                                                                                                                    

 

This concept helps assess how effectively a material 

can slow down or stop gamma rays. In composite 

materials, the effective atomic number (Zeff) plays a 

crucial role, particularly in Compton scattering 

interactions. It is calculated using the total and 

electronic cross-sections (𝜎𝑇 and 𝜎𝑒 ) and helps in 

understanding the material's interaction with 

radiation [16-17]. 

 

             𝑍𝑒𝑓𝑓 =
𝜎𝑇

𝜎𝑒
                                                 (5) 

 

The effective electron density (Neff) is another 

important parameter that describes the electron 

density available for interaction with gamma rays in 

a material, influencing the scattering and absorption 

processes. Finally, the fast neutron effective removal 

cross-section (ΣR) is vital in environments with 

significant neutron exposure, such as nuclear 

reactors. It indicates how effective a material is at 

reducing the intensity of fast neutrons, with higher 

values representing better shielding capabilities [18-

19]. All these radiation shielding factors were 

analyzed using the Phy-X/PSD program, which 

allows for precise simulations of various alloy 

compositions and thicknesses, providing a detailed 

understanding of how different materials perform in 

radiation shielding applications. 

 
2.2 MCNP Monte Carlo Simulations 
 

Evaluating the efficacy of shielding materials in 

reducing the intensity of gamma rays, namely 
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primary and secondary gamma rays, is crucial. 

Having a comprehensive understanding of the 

underlying characteristics of gamma ray shielding is 

quite important. The transmission factor (TF) is an 

important measure that demonstrates the ability of 

materials to reduce the intensity of ionizing gamma 

rays [20]. The study used the MCNP Monte Carlo 

simulation program, specifically version 2.7.0, to 

calculate the transmission factor (TF) for the alloy 

materials under investigation. The transmission 

factor (TF) measures the proportion of gamma ray 

flux that is able to pass through a substance 

compared to the flux that first reaches the surface of 

the material. This ratio is computed for every 

individual element. To do this calculation, the 

average gamma ray intensity detected in the F4 tally 

mesh was divided by the average gamma ray 

intensity recorded in a uniform detection region [21]. 

The computation was conducted using the MCNP 

code, with two detection fields placed: one in front 

of the alloy to measure the intensity of the primary 

gamma rays entering the material, and another 

behind the alloy to measure the intensity of the 

gamma rays that had passed through the material 

[22]. Figure 1 illustrates the MCNP simulation setup 

used for computing the transmission factor. The 

simulation's input file consists of three main 

components: the cell, the surface, and the data card. 

The transmission factor was calculated by assessing 

the geometric parameters obtained from the input 

file. Initially, the cell formations were quantified in 

order to accurately determine their surface areas and 

densities. Afterwards, the exact arrangement of the 

surfaces for the layout of the transmission factor was 

established. The energy of the radioisotopes and the 

shape of the source were entered into the data card 

section during the final step. The original geometry 

was generated as a singular point releasing radiation 

uniformly in all directions with consistent 

characteristics. 

 

 
 

Figure 1. 3-D illustrations of designed MCNP  

simulation setup. 

 

3. Results and Discussions 
 

The objective of this research was to determine the 

effectiveness of several materials, including 316 

Stainless Steel, Zircaloy-4, Monel 400, Alloy 625, 

Titanium Grade-5 (Ti-6Al-4V), Niobium-Titanium 

(NbTi) Alloy, and Haynes 230, in blocking radiation 

over a broad spectrum of temperatures and energies. 

The energy of radiation is significantly reduced by 

two factors: the density of the substance and the 

atomic structure of the material [23-27]. Figure 2 

clearly displays the density values of the studied 

alloys.  

  
Figure 2. Density variation of investigated alloys. 

 

Figure 3 displays the linear attenuation coefficient, 

which represents the rate at which radiation intensity 

decreases per unit thickness. Furthermore, this 

graphic also illustrates the mass attenuation 

coefficient, which quantifies the ability of a material 

to block radiation regardless of its density. Based on 

the comparative results, Haynes 230 had the highest 

value among the examined alloys. Conversely, 

Zircaloy-4 had a greater MAC value, with Haynes 

230 closely behind as the second most esteemed 

alloy. Figure 4 displays the HVL and TVL 

parameters. These metrics represent the minimum 

thickness of the material required to decrease the 

radiation intensity to 50% and 10% of its original 

value. The data indicate that Haynes 230 exhibits the 

lowest values, indicating that the distance over 

which radiation may propagate through Haynes 230 

decreases as the energy level increases [28-32]. 

Figure 5 displays the mean free path (mfp) 

parameter, which quantifies the average distance that 

a photon may travel through a material without 

interacting with it. Haynes 230 also has the 

minimum value for this parameter. Some people call 

the fast neutron removal cross section (FNRCS) an 

important number that shows how well a material 

gets rid of or absorbs fast neutrons through different 
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(a) 

 

 

 
(b) 

 
Figure 3. Variation of (a) linear attenuation coefficient 

(cm-1) with photon energy (MeV) and (b) mass 

attenuation coefficients (cm2/g)for all investigated alloy 

types. 

 
(a) 

 
(b) 

Figure 4. Variation of the half-value layer (cm) and the 

tenth-value layer (cm) with photon energy (MeV) for all 

investigated alloy types. 

 

 
Figure 5. Variation of mean free path (cm) with photon 

energy (MeV) for all investigated alloy types. 

 

interactions, such as scattering or absorption. The 

FNRCS values for the examined alloys are shown in 

Figure 6. Haynes 230, like 316 stainless steel 

(0.16758 1/cm) and Monel 400 (0.16818 1/cm), 

shown notable effectiveness in shielding against 

neutrons with a surface area of 0.16375 1/cm. The 

performance of this material was similar to that of 

both of these materials. When assessing the 

suitability of a material for gamma-ray applications, 

it is important to take into account the effective 

atomic number (Zeff) as a key measure. This number 

is associated with the material's ability to attenuate 

the intensity of gamma rays [33-40]. Similar results 

have been obtained in previous studies [41-47]. 

Figure 7 displays the Zeff values of the alloys as they 

vary with photon energy. Figure 8 illustrates a linear 

correlation between the effective atomic number and 

the number of electrons (Neff). Both figures are 

shown as three-dimensional objects. Figure 9 

illustrates the relationship between energy and 

exposure buildup factor (EBF) for different mean 
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free path (mfp) values. Chemical reactions occurring 

in different natural contexts show that elements with 

large atomic 

 
 

  
Figure 6. Variation of fast neutron removal cross 

section (∑R, 1/cm) values of all investigated alloy types. 

 

 

 

 
Figure 7. Variation of effective atomic number (Zeff) with 

photon energy (MeV) for all investigated alloy types. 

 
Figure 8. Variation of effective electron density (Neff, 

electrons/g) with photon energy (MeV) for all 

investigated alloy types. 
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(e) 

 
(f) 

  
(g) 

 

Figure 9(a-g). Variation of exposure buildup factors 

(EBF) of all investigated alloy types at different mean 

free path values. 
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(f) 

 

  
(g) 

Figure 10(a-g). Variation of energy absorption buildup 

factors (EABF) of all investigated alloy types at different 

mean free path values. 

 

numbers have unique peaks due to their binding 

energies. Within the Compton resonance zone, the 

EBF values remain constant, and the production of 

pairs causes a little increase in EBF. Among the 

alloys studied, the Haynes 230 alloy has the lowest 

EBF value, suggesting superior performance in 

mitigating the effects of gamma radiation compared 

to the other alloys. Figure 10 depicts the correlation 

between the energy absorption buildup factor 

(EABF) and the photon energy (MeV). This 

connection is functional for mean free paths (mfp) 

ranging from 5 to 40. In the last phase of the study 

project, the Monte Carlo MCNPX approach was 

used to calculate the transmission factor (TF) values 

for all types of alloys examined. Modifications were 

made to both the amounts of energy and the 

thicknesses of the material in order to determine the 

TF values. The TF values, as seen in Figure 11, 

exhibit an inverse correlation with the thickness of 

the alloy, with the values decreasing as the thickness 

increases. This trend remains consistent throughout 

a broad spectrum of energy levels and may be 

attributed to the proportional increase in gamma-ray 

absorption as the thickness of the material increases. 

Thicker 
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Figure 11(a-c). Transmission Factors (TFs) of all 

investigated alloy types as a function of used 

radioisotope energy (MeV) at different alloy thicknesses. 

 

alloys provide more absorption, resulting in a 

reduction in secondary gamma-ray emission. Unlike 

the other alloys, the Haynes 230 alloy exhibited 

much higher TF values compared to the other kinds. 

 

 

0.01 0.1 1 10

102

105

108

1011

1014

E
n

e
rg

y
 A

b
s
o

rp
ti
o
n

 B
u

ild
u

p
 F

a
c
to

r 
(E

A
B

F
)

Energy (MeV)

Niobium-Titanium (NbTi) Alloy

 0.5mfp

 1mfp

 2mfp

 3mfp

 4mfp

 5mfp

 6mfp

 7mfp

 8mfp

 10mfp

 15mfp

 20mfp

 25mfp

 30mfp

 35mfp

 40mfp

0.01 0.1 1 10

100

101

102

E
n

e
rg

y
 A

b
s
o

rp
ti
o
n

 B
u

ild
u

p
 F

a
c
to

r 
(E

A
B

F
)

Energy (MeV)

Haynes 230

 0.5mfp

 1mfp

 2mfp

 3mfp

 4mfp

 5mfp

 6mfp

 7mfp

 8mfp

 10mfp

 15mfp

 20mfp

 25mfp

 30mfp

 35mfp

 40mfp

0.5 1.0 1.5 2.0 2.5 3.0

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

0.13

T
ra

n
s
m

is
s
io

n
 F

a
c
to

r 
(T

F
)

Thickness (cm)

 316 Stainless Steel

 Zircaloy-4

 Monel 400

 Alloy 625

 Titanium Grade 5 (Ti-6Al-4V)

 Niobium-Titanium (NbTi) Alloy

 Haynes 230

0.662 (MeV)

0.5 1.0 1.5 2.0 2.5 3.0

0.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

0.13

T
ra

n
s
m

is
s
io

n
 F

a
c
to

r 
(T

F
)

Thickness (cm)

 316 Stainless Steel

 Zircaloy-4

 Monel 400

 Alloy 625

 Titanium Grade 5 (Ti-6Al-4V)

 Niobium-Titanium (NbTi) Alloy

 Haynes 230

1.1732 (MeV)

0.5 1.0 1.5 2.0 2.5 3.0

0.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

0.13

T
ra

n
s
m

is
s
io

n
 F

a
c
to

r 
(T

F
)

Thickness (cm)

 316 Stainless Steel

 Zircaloy-4

 Monel 400

 Alloy 625

 Titanium Grade 5 (Ti-6Al-4V)

 Niobium-Titanium (NbTi) Alloy

 Haynes 230

1.3325 (MeV)



Duygu SEN BAYKAL, Ghada ALMISNED, Hessa ALKARRANI, H.O. TEKIN/ IJCESEN 10-3(2024)470-479 

 

477 

 

4. Conclusions 

 
The objective of the research was to determine the 

effectiveness of seven significant alloys—316 

Stainless Steel, Zircaloy-4, Monel 400, Alloy 625, 

Titanium Grade-5 (Ti-6Al-4V), Niobium-Titanium 

(NbTi) Alloy, and Haynes 230—in blocking 

radiation at varying energy levels and in diverse 

settings. The results revealed that Haynes 230 

consistently showed superior performance among 

the investigated alloys. Haynes 230 has the highest 

linear attenuation coefficient and competitive mass 

attenuation coefficient (MAC) values, making it an 

excellent option for shielding against gamma 

radiation. Moreover, it showcased the lowest values 

for HVL, TVL, and mean free path (mfp), 

underscoring its effectiveness in minimizing the 

distance that radiation may travel through the 

material. The Fast Neutron Removal Cross Section 

(FNRCS) value of Haynes 230 demonstrated its 

superior neutron-blocking capabilities in 

comparison to 316 stainless steel and Monel 400. 

Moreover, Haynes 230 exhibited a very low 

exposure buildup factor (EBF), indicating its 

exceptional ability to effectively shield against 

gamma radiation. The study also examined the 

effective atomic number (Zeff) and its relationship 

with photon energy, revealing that Haynes 230 has 

exceptional performance in gamma-ray applications. 

The Monte Carlo MCNPX simulations revealed that 

Haynes 230 exhibits the highest transmission factor 

(TF) values compared to all the other alloys studied, 

especially for thicker materials. This shows its 

ability to effectively absorb and reduce gamma 

radiation. In addition, Haynes 230’s balanced 

performance in both gamma-ray and neutron 

shielding demonstrates its versatility as a radiation 

shield in diverse applications, ranging from nuclear 

reactors to radiation therapy facilities. The findings 

suggest that Haynes 230’s combination of superior 

gamma attenuation, neutron shielding, and minimal 

buildup factor make it a strong candidate for 

environments with high radiation exposure, where 

both space efficiency and long-term material 

stability are critical factors. Haynes 230 is an option 

for radiation shielding applications because of its 

exceptional combination of high gamma and neutron 

shielding effectiveness. 
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