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ABSTRACT 

 

Pure iron and a Fe-based alloy containing 96 wt.% Fe, 3 wt.% Cu, and 1 wt.% C (hereafter coded as Fe3Cu1C) was 

fabricated via conventional powder metallurgy. The gamma radiation shielding quantities (linear attenuation coefficient 

(LAC), mass attenuation coefficient (MAC), half-value layer (HVL), mean free path (MFP), effective atomic number 

(Zeff), and radiation protection efficiency (RPE)) of pure Fe and Fe3Cu1C were investigated with the Geant4 simulation 

toolkit within the energy range between 0.04 MeV and 6 MeV. The MAC results were also compared with the XCOM 

theoretical program. The maximum RPE values were observed at the low energy region between 0.04 and 0.1 MeV, with 

values of 99.99% (0.04 MeV), 99.63% (0.05 MeV), 96.83% (0.06 MeV), 81.80% (0.08 MeV), and 65.59% (0.10 MeV) 

for Fe, while 99.99% (0.04 MeV), 99.55% (0.05 MeV), 96.42% (0.06 MeV), 80.68% (0.08 MeV), and 64.26% (0.10 MeV) 

for Fe3Cu1C. It can be deduced that the results obtained from the present investigation of the Fe3Cu1C material can be 

used for gamma radiation shielding, especially at low energies. 
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1. Introduction 

 

Radiation is critical, particularly in medical diagnostics 

and treatment. Ionizing radiation can be controlled, 

detected, and utilized to treat various diseases. However, 

despite its well-established benefits, radiation exposure 

must be carefully managed, as excessive or unintended 

doses pose serious risks to human health [1, 2]. In recent 

years, glasses and alloys have been investigated as 

potential materials for radiation protection [3-25]. Alloys 

have been preferred for internal equipment components, 

like mobile radiographic systems, industrial non-

destructive testing, military applications, and medical 

equipment, where mechanical strength, thermal stability, 

and durability precede transparency. 

Fe and Fe-based alloys are fundamental materials 

commonly used for mechanical durability and 

affordability, especially in construction. Due to its high 

density, iron (or iron-based alloys) has recently emerged 

as a viable material for radiation shielding applications. 

For example, Echeweozo et al. [12] evaluated the gamma 

radiation shielding endurance of Fe-Nb-Sc alloys doped 

with Al, Ga, Ge, and Si elements. The results showed that 

FeNbScGe had the highest mass attenuation coefficient 

(MAC) values among all investigated alloys. Similarly, 

Büyükyıldız et al. [13] measured the gamma attenuation 

of some heavy ferroalloys using the NaI(Tl) detector, and 

http://www.sciencedirect.com/science/journal/01678809
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they found notably high MACs. El-Khatib et al. [14] 

investigated the gamma radiation shielding properties of 

composites with iron metal dispersed within natural 

rubber. The results showed that the introduced shielding 

material can be used for radiation protection. Aygün [15] 

produced new stainless steel samples with three different 

contents and investigated the gamma attenuation ability 

of six different energies. The results showed that the 

stainless-steel alloys are candidate materials for nuclear 

applications. Akman et al. [26] studied the gamma 

radiation attenuation properties of some ternary alloys 

containing the Fe element, and notable findings were 

reported. 

This study aims to determine the photon shielding 

performance of pure Fe and Fe3Cu1C alloy. For this 

purpose, the shielding ability of Fe and Fe3Cu1C was 

investigated with the Geant4 simulation toolkit within 

the energy range between 0.04 MeV and 6 MeV, and the 

results were compared with the XCOM theoretical 

program. 

2. Materials and Methods 

2.1 Production of Fe and Fe3Cu1C Alloys with 

Powder Metallurgy 

Fe and Fe3Cu1C (96% Fe, 3% Cu, and 1% C) alloys have 

been produced by the traditional powder metallurgy 

technique. Three chemical elements, iron (Fe) (APS: 180 

µm, purity: 98%), copper (Cu) (APS: 40-50 µm, purity: 

99%), and carbon (C) (APS: 40-50 µm, purity: 99%), 

were employed in their high-purity powdered form 

(Nanocar Ltd. Co.). A 50.0 g powder mixture was 

prepared to produce identical samples. Fe was composed 

of 100 wt.% Fe and Fe3Cu1C composition was 96 wt.% 

Fe, 3 wt.% Cu, and 1 wt.% C. For Fe3Cu1C, 48.0 g of 

Fe, 1.5 g of Cu, and 0.5 g of C were precisely weighed 

and mixed. The entire batch was homogenized using a 

ball mill at 200 rpm for 24 hours, using a ball-to-powder 

mass ratio of 5:1 [11]. Following the milling process, the 

powder was divided into equal portions (5.0 g each), 

uniaxially pressed into cylindrical pellets (1.00 cm in 

diameter, 0.754 cm in thickness), and sintered at 500°C  

 

 

 

 

 

 

for 1 hour. The density (ρ) of the alloys was measured 

using Archimedes' principle with distilled water (ρ=1.0 

g/cm3) as the immersion liquid, and it was found as 7.167 

g/cm3 for pure Fe and 6.904 g/cm3 for Fe3Cu1C. The 

whole process is represented in Fig. 1. 

2.2 Theoretical Background 

The mass attenuation coefficient (MAC - µm) has been 

determined using the Beer-Lambert law (Eq. 1) [3, 5-7, 

11], 
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where µ is the linear attenuation coefficient (LAC), I0 

represents the intensity of the incident photons, and I is 

the intensity of the transmitted photons passing through 

the materials of different thicknesses (x).  

The half-value layer (HVL) (Eq. 2) is defined as the 

thickness required to reduce radiation levels by 50 % and 

is calculated as 
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The mean free path (MFP) (Eq. 3) is the average distance 

a photon travels before interacting with the material. 

1
cmMFP
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The effective atomic number (Zeff) indicates the number 

of electrons per atom that interact with photons and is 

given by Eq. 4 [27]. 
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Fig.1 Schematic representation of the sample preparation process involving weighing, ball milling, pressing, sintering, 

and measuring density 
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To evaluate the radiation shielding performance of the 

materials, radiation protection efficiency (RPE) (Eq. 5) 

can be used and defined as 

( ) ( )% 1 100xRPE e −= −                   (5) 

2.3 Monte Carlo simulation codes Geant4 and XCOM 

theoretical program 

To determine the linear attenuation coefficient (LAC) 

values for Fe and Fe3Cu1C, the GEometry ANd 

Tracking (Geant4) platform and XCOM: Photon Cross 

Sections Database [28] were used. The Geant4 view of 

the simulations, namely Fe and Fe3Cu1C samples as 

absorbers, a point radioactive source, lead (Pb) 

collimators to prevent the scattered photons, and a 3×3 

inch NaI(Tl) scintillation detector (ORTEC 905-4) are 

exhibited in Fig. 2. The NaI(Tl) detector was located at a 

distance of 30 cm from the point of the gamma source. 

The samples were placed between the source and the 

NaI(Tl) detector at a distance of 15 cm. A 5.7 cm lead 

collimator surrounded the NaI(Tl) detector. Before and 

following the sample, two lead blocks with thicknesses 

of 5 cm were positioned. A narrow pinhole with a 

diameter of 0.1 cm was drilled exactly at the center of 

each block. This configuration was a collimation system 

to ensure that gamma rays emitted from the point source 

travel in a straight, well-defined beam path toward the 

sample. Simulations were performed using 106 incident 

photons for each thickness of the samples (0.1, 0.2, 0.3, 

and 0.4 cm). 

In the Geant4 simulations, the G4EmPenelopePhysics 

electromagnetic physics list was utilized to model photon 

interactions accurately across a broad energy range. The 

Fe3Cu1C alloy was defined using elemental 

compositions by weight fraction, allowing precise 

control over material properties and ensuring consistency 

with their experimental counterparts. 

3. Results and Discussions   

In this study, the Fe3Cu1C alloy was selected as a 

candidate material to investigate whether minor 

additions of Cu and C to Fe can preserve radiation 

shielding effectiveness while improving mechanical and 

chemical stability. This composition can offer a safer and 

more structurally resilient alternative to conventional 

shielding materials such as lead and concrete. 

The gamma radiation shielding performance of Fe and 

Fe3Cu1C alloy was evaluated using the Geant4 

simulation toolkit within the photon energy range of 

0.04-6 MeV. For each photon energy, simulations were 

conducted for four different material thicknesses (0.1, 

0.2, 0.3, and 0.4 cm) to obtain transmitted photon counts. 

The linear attenuation coefficients (LACs), which are 

inherently dependent only on the material and photon 

energy, were determined by fitting these counts to the 

exponential attenuation model. Additionally, to confirm 

statistical convergence and robustness, selected 

simulations were repeated using different random seeds, 

which resulted in negligible variation. These steps 

validate both the methodological and statistical 

reliability of the simulation outcomes. An example of the 

fitted attenuation curve for 0.05 MeV is presented in Fig. 

3. This procedure was systematically applied for all 

energy levels considered in the study. 

 

Fig. 2 Simulation setup for gamma radiation shielding studies. (The dimensions of the NaI(Tl) detector were defined to 

match its real-world physical specifications. Photomultiplier tube (PMT) was not included. Gamma-ray trajectories are 

illustrative and do not represent actual photon paths.) 
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MAC values of Fe and Fe3Cu1C alloy obtained by 

Geant4 simulations and XCOM program with different 

photon energies are presented in Fig. 4. As shown in Fig. 

4, MAC values declined with the increment of photon 

energies. This trend was consistent with the well-known 

dominance of the photoelectric effect at lower energies 

and the progressive contribution of Compton scattering 

at intermediate energies [29]. The MAC values of the 

alloys were in between (3.5932±0.0318)-(0.333 

±0.0001) cm2/g for Fe, and (3.5965±0.0340)-

(0.0299±0.0004) cm2/g for Fe3Cu1C. The maximum 

MAC values of both alloys were found at 0.04 MeV, and 

the minimum MACs were at 6 MeV. 

Moreover, the MAC values calculated with the XCOM 

software and simulated with the Geant4 code are listed in 

Table 1. The relative deviation (RD) between the Geant4 

and XCOM results can be calculated by 

[RD=((MACXCOM-MACGEANT4)/MACXCOM)×100]. Acc-

ording to Table 1, the calculated differences between 

XCOM and Geant4 were in between 0.06-3.32% for Fe 

and 0.01-3.54% for Fe3Cu1C. The difference between 

the XCOM and Geant4 results was less than 3.54%, and 

this validated the obtained MAC values. Geant4 (with the 

Penelope physics list) and XCOM used distinct photon 

cross-section datasets. Geant4 results were obtained 

through random Monte Carlo sampling, whereas XCOM 

values were deterministic. Even with high photon 

statistics, minor uncertainties may influence the final 

results. Also, our simulation setup (Fig. 2) approximated 

ideal collimation and detector response conditions, while 

XCOM assumed an idealized narrow-beam, infinite-

medium geometry. These factors can explain the minor 

discrepancies that remain within acceptable limits for 

radiation shielding simulations. 

The half-value layer (HVL) and mean free path (MFP) 

values for Fe and Fe3Cu1C are presented in Table 2. The 

HVL and MFP values depended on photon energies and 

increased as photon energies increased. For instance, at  

 

Fig. 3 Counts (105) against material thickness (cm) for Fe and Fe3Cu1C at 0.05 MeV 

 

Fig. 4 The mass attenuation coefficient (MAC) of Fe (left) and Fe3Cu1C (right) against energy. The red solid line 

represents the theoretical results obtained from XCOM. Error bars have been added to the simulation data to indicate 

statistical uncertainties 
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Table 2. The half-value layer (HVL) and mean free path 

(MFP) obtained by the Geant4 simulation for pure Fe and 

Fe3Cu1C alloy 

Energy 

(MeV) 

Fe Fe3Cu1C 

HVL 

(cm) 

MFP 

(cm) 

HVL 

(cm) 

MFP 

(cm) 

0.04 0.0269 0.0388 0.0317 0.0457 

0.05 0.0495 0.0714 0.0582 0.0840 

0.06 0.0803 0.1159 0.0943 0.1361 

0.08 0.1627 0.2348 0.1911 0.2757 

0.10 0.2599 0.3750 0.3053 0.4404 

0.15 0.4927 0.7108 0.5791 0.8355 

0.20 0.6620 0.9550 0.7775 1.1216 

0.30 0.8816 1.2719 1.0359 1.4945 

0.40 1.0278 1.4828 1.2087 1.7438 

0.50 1.1473 1.6551 1.3477 1.9443 

0.60 1.2511 1.8050 1.4733 2.1256 

0.80 1.4456 2.0856 1.7002 2.4529 

1.00 1.6039 2.3139 1.8800 2.7123 

1.50 1.9778 2.8533 2.3213 3.3489 

2.00 2.2756 3.2830 2.6889 3.8793 

3.00 2.6139 3.7710 3.0576 4.4112 

4.00 2.9043 4.1900 3.4260 4.9426 

5.00 3.0703 4.4295 3.6573 5.2764 

6.00 3.2674 4.7138 3.8688 5.5815 

0.08 MeV, the HVL and MFP values were 0.1627 cm and 

0.2348 cm for Fe and 0.1911 cm and 0.2757 cm for 

Fe3Cu1C, respectively. At 1.5 MeV, these values rose to 

1.9778 cm (HVL) and 2.8533 cm (MFP) for Fe, and 

2.3213 cm and 3.3489 cm for Fe3Cu1C. Across all 

energies, the Fe3Cu1C alloy exhibited higher HVL and 

MFP values than pure Fe, indicating its relatively lower 

photon attenuation efficiency. 

 

 

 

 

 

 

Fig. 5 The effective atomic number (Zeff) of the Fe3Cu1C 

alloy 

Fig. 5 shows the difference in effective atomic number 

(Zeff) in the gamma energy spectrum of 0.04-6 MeV for 

Fe3Cu1C alloys. For pure Fe, it was found as Zeff =26. 

The Zeff values of Fe3Cu1C lied in between 25.753 and 

Table 1. Mass attenuation coefficients (MAC) obtained by the Geant4 simulation and XCOM program, with the deviation 

between the two methods for Fe and Fe3Cu1C 

Energy 

(MeV) 

Fe Fe3Cu1C 

Geant4 XCOM RD (%) Geant4 XCOM RD (%) 

0.04 3.5932±0.0318 3.629 0.99 3.5916±0.0354 3.632 1.11 

0.05 1.9534±0.0022 1.957 0.19 1.9545±0.0048 1.959 0.23 

0.06 1.2039±0.0018 1.205 0.09 1.2061±0.0014 1.206 0.01 

0.08 0.5943±0.0011 0.5952 0.14 0.5953±0.0010 0.5959 0.10 

0.10 0.3721±0.0003 0.3717 0.12 0.3726±0.0002 0.3721 0.13 

0.15 0.1963±0.0005 0.1964 0.06 0.1964±0.0005 0.1966 0.08 

0.20 0.1461±0.0002 0.1460 0.09 0.1463±0.0002 0.1461 0.11 

0.30 0.1097±0.0003 0.1099 0.17 0.1098±0.0002 0.1099 0.05 

0.40 0.0941±0.0001 0.094 0.15 0.0941±0.0001 0.09402 0.09 

0.50 0.0843±0.0001 0.08415 0.22 0.0844±0.0001 0.08416 0.23 

0.60 0.0773±0.0000 0.07704 0.34 0.0772±0.0001 0.07705 0.26 

0.80 0.0669±0.0000 0.06699 0.15 0.0669±0.0001 0.067 0.22 

1.00 0.0603±0.0002 0.05995 0.61 0.0605±0.0002 0.05996 0.83 

1.50 0.0489±0.0002 0.04883 0.12 0.0490±0.0003 0.04884 0.38 

2.00 0.0425±0.0001 0.04265 0.47 0.0423±0.0002 0.04265 0.71 

3.00 0.0370±0.0001 0.03621 2.12 0.0372±0.0003 0.0362 2.81 

4.00 0.0333±0.0001 0.03312 0.57 0.0332±0.0001 0.03309 0.32 

5.00 0.0315±0.0002 0.03146 0.13 0.0311±0.0002 0.03143 1.15 

6.00 0.0296±0.0003 0.03057 3.32 0.0294±0.0006 0.03053 3.54 
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25.029. Compared to pure Fe, a slightly reduced Zeff  

value was observed for Fe3Cu1C that indicated a 

decreased ability for photon interaction, especially in the 

lower energy range where the photoelectric effect was 

the most significant. This reduction can be attributed to 

incorporating the low-Z element, carbon, into the alloy. 

However, the difference was minimal enough that the 

overall attenuation performance remained comparable to 

the pure iron. 

Fig. 6 illustrates the radiation protection efficiency 

(RPE) of Fe and Fe3Cu1C alloy as a function of the 

energies in a 0.4 cm thickness. RPE values were in 

between 99.9966-8.1242% for pure Fe and 99.9951-

0.9219% for Fe3Cu1C. In summary, a 0.4 cm thick pure 

Fe at 0.04 MeV energy can stop 99.66% of incoming 

gamma photons, while the Fe3Cu1C alloy can stop 

99.55% of incoming photons. 

In Fig. 7, the MAC values of Fe and Fe3Cu1C were 

compared with some other Fe-based alloys at 0.08 MeV. 

Fe (0.5943 cm2/g) and Fe3Cu1C (0.5953 cm2/g) had 

higher MAC values than Fe/Cr18/Ni10 (0.5605 cm2/g), 

Fe/Cr21/Ni32.5 (0.5860 cm2/g), Fe/Cr25/Ni20 (0.570 

cm2/g), and Fe/Cr17/Ni72 (0.5511 cm2/g) [26]. On the 

other hand, the alloys named Fe/Cr16/Ni72 (0.6522 

cm2/g) [26], FeNbScAl (1.0315 cm2/g), FeNbScGa 

(1.0770 cm2/g), FeNbScGe (1.0934 cm2/g), FeNbScSi 

 

Fig. 6 Radiation Protection Efficiency (RPE) of Fe (left) and Fe3Cu1C (right) at a fixed sample thickness of 0.4 cm as a 

function of photon energy. Error bars represent the statistical uncertainties associated with the simulation results 

 

 

Fig. 7 Comparison of the MAC (cm2/g) values for pure Fe and Fe3Cu1C alloy (blue columns) with other Fe-doped alloys 

and materials (red columns) 
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(1.0301 cm2/g) [12], SSA1 (1.719 cm2/g), SSA2 (1.909 

cm2/g), SSA3 (2.144 cm2/g) [15] had higher MAC values 

than Fe and Fe3Cu1C. FeNbSc-based alloys [12], 

particularly those containing heavier elements such as 

Nb, Ga, and Ge, exhibited substantially higher MAC 

values than Fe3Cu1C. This suggested that incorporating 

elements with higher atomic numbers (Z) can 

significantly improve gamma-ray attenuation. Moreover, 

the SSA alloy series [15], which contained high-Z 

elements such as W, Mo, and Re, showed the highest 

attenuation performance among all samples analyzed. 

Conclusion 

This work evaluated the gamma radiation shielding 

performance of Fe and Fe3Cu1C alloy using the Geant4 

simulation toolkit within the different photon energies. 

The linear attenuation coefficients (LACs), mass 

attenuation coefficients (MACs), half-value layers 

(HVLs), mean free paths (MFPs), effective atomic 

number (Zeff), and radiation protection efficiency (RPE) 

were calculated, and the MAC results were compared 

with the XCOM theoretical data and some other Fe-

doped materials. The difference between the XCOM and 

Geant4 results was less than 3.54%, and this validated 

the obtained MAC values. The prepared Fe3Cu1C alloy 

radiation shielding performed better than the other Fe-

doped materials (Fe/Cr18/Ni10, Fe/Cr21/Ni32, 

Fe/Cr25/Ni20, and Fe/Cr17/Ni72). Compared to pure 

iron (Fe), the slightly lower effective atomic number 

(Zeff) observed in the Fe3Cu1C alloy indicated a 

reduced ability for photon interaction, particularly in the 

lower energy range where the photoelectric effect was 

the most significant. This reduction was attributed to 

incorporating a low-Z element, carbon, into the alloy. 

Although the Fe3Cu1C alloy exhibited a slightly lower 

radiation attenuation capacity than pure iron, it may offer 

advantages in other aspects. Carbon can increase 

hardness and tensile strength by promoting solid solution 

and carbide formation [30]. At the same time, copper can 

improve corrosion resistance and atmospheric durability 

in iron-based alloys [31]. While these effects were not 

experimentally evaluated in the present study, such 

enhancements could render Fe3Cu1C a more suitable 

candidate for radiation shielding applications requiring 

structural strength or environmental stability. 
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