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In order to eliminate or minimize the possible negative effects that may arise due to the use of 

increased artificial radiation, the radiation permeability properties of Al 6082 alloy material, Al 

6082+5% TiO2, Al+15% TiO2, and Al 6082+25% TiO2 metal matrix composite materials against 4 

MeV fast neutron and gamma radiation were analyzed in the NGCal program. Mass attenuation 

coefficient (MAC), mean free path (MFP), linear attenuation coefficient (LAC), tenth value layer 

(TVL), and half value layer (HVL) and parameters were analyzed for both fast neutron and gamma 

radiation. As a result of the analysis of 4 MeV energy fast neutron and gamma radiation, the linear 

attenuation values of the material against both fast neutron and photon increased depending on the 

increasing reinforcement ratio, while the half value layer, tenth value layer and mean free path values 

decreased. While the LAC values of Al 6082, Al 6082+5% TiO2, Al+15% TiO2, Al 6082+25% TiO2 

materials against fast neutrons vary between approximately 0.00074 cm-1 and 0.0173 cm-1, their LAC 

values against photons vary between 0.084 cm-1 and 0.96 cm-1. 
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1. INTRODUCTION 

With the spread of radiation such as X-ray, electron, beta, proton, gamma, neutron, and alpha, the field of 

radiation technologies has become increasingly widespread in recent years. Nuclear radiation is used in 

science, neutron capture therapy, agriculture, medicine, nuclear power plants, industry, and material 

inspection. Gamma rays are high-energy and intense ionizing radiation because they have short wavelengths 

and the highest frequencies in the electromagnetic spectrum. Neutrons are uncharged particles that are often 

used in nuclear reactors to produce nuclear, plant mutation breeding, cancer therapy, neutron imaging, 

neutron activation analysis, and neutron microscopy. Because they are uncharged, they easily pass through 

the material and react with the nucleus of the target atom. Although the basic theory of neutron shielding is 

known, the radiation shielding process is more complex than gamma rays due to its wide energy range. The 

most frequently used materials for neutron shielding in theoretical and experimental studies conducted by 

many researchers are; concrete, boron-containing compounds such as polyethylene, gadolinium, cadmium 

heavy metals, boron, boron nitrides, boron oxide, boron carbide, etc. (Reda & Saled, 2021; Chang et al., 

2023). Radiation protective materials are barriers designed to protect against various negative effects caused 

by radiation. They reduce the amount of dose that individuals are exposed to by attenuating or absorbing 

radiation. 
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Among the Mo–TiO2, TiO2, and Co–TiO2 nanocomposite materials produced by Mahmoud et al. (2024) and 

his colleagues, the Co–TiO2 composite obtained a LAC value of 0.845 cm−1 at 0.1 MeV energy and the best 

shielding material at 0.1 MeV energy was the Co–TiO2 composite. Jandaghian et al. (2024) designed a 

radiation shield for the ARGUS reactor. They found that the 180 cm thick shielding material they designed 

from barite concrete was better than the 230 cm thick polyethylene shielding material. In their studies 

examining the shielding properties of tellurium glasses against 100 kGy and 50 kGy, Juhim et al. (2023) 

determined that the Al2O3 ceramic added to tellurium increased the MAC value of tellurium glasses. Huo et 

al. (2024) in their studies investigating the gamma and neutron shielding properties of Sm2O3 filled polymer 

composite materials, found that Sm2O3 filling improved the radiation shielding properties of the composite 

material. Aldawood et al. (2024) in study to determine the radiation properties of Ti6Al4V alloy reinforced 

polymer composite materials with Ti6Al4V alloy reinforcement ratios ranging from 20-50% by weight, 

found that the LAC value of the material increased with increasing reinforcement ratio. Almuqrin et al. 

(2023) found that MoO3 reinforced C2H4 composites, which they investigated as an alternative material to 

concrete, showed better shielding properties than concrete at energies of 32.5 keV, 40.3 keV and 36.5 keV. 

Akman et al. (2021) as a result of experimental and theoretical gamma analysis of polymer composite 

materials reinforced with 5-10-15% FeCr, found that the shielding properties of the materials improved with 

increasing FeCr ratio. Huwayz et al. (2024) in their studies investigating the effect of BaO on the radiation 

shielding properties of SiO2-B2O3-SrO-ZrO2, found that the materials they produced were better than many 

conventional concrete materials and recently advanced glasses. Eke (2024), found that as the amount of WO3 

in the glass material incremented, the radiation shielding properties improved in his study of the effect of 

WO3 on ZnO-Na2O-B2O3 glasses. Nafee et al. (2024) investigated the X-ray shielding properties of polymer 

composite materials with different ZnO and CdO concentrations and found that the TVL value of the 

composite materials they manufactured was lower than that of gypsum and concrete materials. 

In the literature, many different materials are being investigated by many researchers, combining different 

types of materials (composite, Mg alloys, ceramics, glass, super alloys etc.), to be used as alternative 

materials to traditional materials. In this study, a composite material was designed to be an alternative 

material to traditional materials in shielding both fast neutron and gamma radiation. The Al 6082 matrix 

material in the Al 6xxx series, whose strength value can be increased by adding reinforcement materials, will 

be reinforced with TiO2 ceramic material at 5%, 15% and 25% and the radiation permeability of the Al 

60682 alloy, the tenth value layer (TVL), mass attenuation coefficient (MAC), mean free path (MFP), half 

value layer (HVL), and linear attenuation coefficient (LAC) parameters in neutron and gamma sources will 

be examined and analyzed in the NGCal program. 

2. MATERIAL AND METHOD 

NGCal, an online software (Gökçe et al., 2021), enables the theoretical calculation of MAC, LAC, HVL, 

TVL, MFP parameters that describe the shielding properties of compounds, elements and composite 

materials exposed to fast neutrons (4 MeV), thermal neutrons (25.4 meV) and photons (gamma and X-rays). 

It performs analysis in the range of 0.002 MeV photon energy to 20 MeV photon energy. Thanks to the 

program, information can be entered without restricting the content of oxides, carbides, etc. found in alloys 

and composite materials with mixed chemical composition. 

The units and formulas of the parameters used are given in Table 1. Information including 

matrix/reinforcement ratios and codes of the analyzed materials is given in Table 2.  
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Table 1. Information on shielding parameters 

Parameters Formulas Units References 

Linear attenuation coefficient (LAC) 𝐼 = 𝐼𝑜 𝑒
−µ𝑥 cm-1 (Alım et al., 2022) 

Mass attenuation coefficient (MAC) µ𝑚 =
µ

𝜌
 cm2/g (Kılıçoglu & Tekin, 2020) 

Half value layer (HVL) 𝐻𝑉𝐿 =
𝑙𝑛(2)

µ
 cm (Kavun et al., 2022) 

Tenth value layer (TVL) 𝑇𝑉𝐿 =
𝑙𝑛(10)

µ
 cm (Kılıçoglu & Tekin, 2020) 

Mean free path (MFP) 𝑀𝐹𝑃 =
1

µ
 cm (Kavun et al., 2022) 

I: Intensity after passing through material 

I₀: Initial intensity before entering material 

μ: Linear attenuation coefficient 

x: Thick of the material 

ρ: Density 

 

Table 2. Materials chemical composition 

Name of the sample Composition 

T0 Al 6082 

T5 Al 6082+5% TiO2 

T15 Al 6082+15% TiO2 

T25 Al 6082+25% TiO2 

3. RESULTS 

LAC 

Linear attenuation coefficients against photons and fast neutrons with 4 MeV energy The LAC values of the 

samples coded T0-T5-T15-T25 are given in Figure 1. In the face of a photon with 4 MeV energy; The LAC 

value of the material has raised because of increasing TiO2. The reason for this is that the higher the density 

and atomic number of the shielding material, the higher the probability of attenuating the incoming photon. 

This is because the atomic numbers of the Ti (22) and O (8) atoms that make up the TiO2 ceramic material 

are higher than the atomic numbers of Al (13), which is the main material of the Al 6082 alloy, and that TiO2 

ceramics is higher than Al 6082. A neutron with an energy above 1 MeV is called a fast neutron. Absorption 

of fast neutrons is practically impossible, therefore, to stop a fast neutron, its energy must first be reduced to 

the level of thermal neutrons fewer than 0.025 eV (first step - attenuation), and then such thermalized 

neutrons are captured (second step - absorption) (Piotrowski, 2021). The LAC values of the samples coded 

T0-T5-T15-T25 in the face of a fast neutron with 4 MeV energy; the LAC value of the material has raised 

due to increasing TiO2.  

This is because fast neutrons interact more with the shielding material as they pass through dense materials, 

causing them to lose their energy. When the graph is examined, the LAC values of the T0-T5-T15-T25 

coded materials against gamma are higher than the LAC value of the fast neutron. The reason for this is; 

gamma rays are a type of electromagnetic radiation. They lose their energy with the gamma shielding 

material by photoelectric effect (PE), pair production (PP) and Compton scattering (CS). Neutrons are 

electrically neutral particles. Neutrons can interact with the shielding material through various processes, 

these processes include scattering, thermalization, absorption and nuclear reactions. For these reasons, they 

have different LAC values despite having the same energies. 
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Figure 1. LAC graphs of samples coded T0-T5-T15-T25 

MAC 

The MAC values of the T0-T5-T15-T25 coded samples against photons and fast neutrons with 4 MeV 

energy are given in Figure 2. Depending on the decreasing TiO2 ratio, the MAC values of the materials 

against both photons and fast neutrons do not decrease. The MAC values of the T0-T5-T15-T25 coded 

samples against fast neutrons are approximately 0.000274 cm2/g; 0.00134 cm2/g; 0.00348 cm2/g; 0.0056 

cm2/g, respectively. Against photons, they have taken the values of approximately 0.031 cm2/g; 0.03111 

cm2/g; 0.03114 cm2/g; 0.03118 cm2/g, respectively. Because the LAC values of the materials against photons 

are higher than the LAC values against neutrons, the MAC values of photons are higher. The addition of 

TiO2 to Al 6082 caused increases in the density values of composite materials. The higher the number of 

atoms per unit volume in materials with high density, the higher the possibility of fast neutrons interacting. 
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Figure 2. MAC graphs of samples coded T0-T5-T15-T25 

TVL 

The HVL values of the T0-T5-T15-T25 coded samples against 4 MeV energy photons and fast neutrons are 

given in Figure 3. In the face of 4 MeV energy photons; the HVL value of the material decreased due to 

increasing TiO2. As a result of adding 25% TiO2 into Al 6082, the HVL value against 4 MeV neutron energy 

decreased by approximately 95.7%. This provided a significant decrease in the material thickness required 

for the Al 6082 material to be a neutron shielding material with the addition of TiO2. The thickness values of 

the materials to be used as neutron and gamma shielding materials are very important parameters in terms of 

usability, manufacturability and cost. For this reason, the addition of TiO2 increased the possibility of the 

material being usable as a neutron shielding material. Decreases occurred in the TVL values of the T0-T5-

T15-T25 coded samples due to the increasing TiO2 ratio against 4 MeV energy photons. However, the 

decrease in TVL values due to the increase in TiO2 is not as clear and sharp as the neutron TVL values. The 

addition of 25% TiO2 to Al 6082 caused a decrease of approximately 12.5% in TVL values. When photons 

interact with material, they could lose an important amount of energy in an interaction, causing their 

intensity to decrease more rapidly.  
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Figure 3. TVL graphs of samples coded T0-T5-T15-T25 

Neutrons, on the other hand, can pass through many nuclei without losing significant energy before they 

interact, causing them to travel a longer distance before they are effectively stopped. This has resulted in the 

difference between the distances required to decrease the density of the incident photon by 90% and the 

distances required to reduce the intensity of the neutrons by 90%, as shown in Figure 3. 

HVL 

The HVL values of the T0-T5-T15-T25 coded samples against photons and fast neutrons with 4 MeV energy 

are given in Figure 4. Depending on the increasing TiO2 ratio, the HVL values of the materials against both 

photons and fast neutrons decrease. The HVL values of the T0-T5-T15-T25 coded samples against fast 

neutrons are approximately 930.8 cm; 185.6 cm; 67.7 cm; 39.9 cm, respectively. In the photon case, they are 

approximately 8.2 cm; 7.99 cm; 7.57 cm; 7.19 cm, respectively. The HVL values of the photons are lower 

because the LAC values of the materials against photons are higher than the LAC values against neutrons. 

Neutrons have a high ability to penetrate matter, but since they do not experience electromagnetic 

interactions like gammas, they lose energy at a low rate. For this reason, the distance required to stop 

neutrons is generally much greater than that of gamma radiation. 
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Figure 4. HVL graphs of samples coded T0-T5-T15-T25 

MPF 

The MFP values of the T0-T5-T15-T25 coded samples against photons and fast neutrons with 4 MeV energy 

are given in Figure 5. Depending on the increasing doping ratio, there was a rapid decrease in the distance 

required for the material to make two successive successful collisions with fast neutron particles. There was 

a reduce in the MFP values against photons with 4 MeV energy. However, it was not as much as the 

decrease in the distance against fast neutrons. The MFP values of the T0-T5-T15-T25 coded samples against 

fast neutrons with 4 MeV energy varied between approximately 1343 cm and 58 cm. In the case of photons 

with 4 MeV energy, it varied between approximately 12 cm and 10 cm. Fast neutrons with energies of 4 

MeV can interact by inelastic scattering and elastic scattering. Depending on the type of scattering, this can 

affect the mean free path. Fast neutrons generally have higher mean free paths in lighter materials because 

they are less likely to interact with heavier nuclei. 
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Figure 5. MFP graphs of samples coded T0-T5-T15-T25 

4. CONCLUSION 

The increasing use of artificial radiation (nuclear power plants, hospitals, industry) leads to an increase in the 

annual dose intake determined by ALARA. This causes many irreversible damages on humans, animals and 

nature. For this reason, radiation shielding has attracted the attention of many researchers. For this reason, in 

this study, a study was carried out for a shielding material that can be used for neutron and gamma rays, 

which are ionising radiations. In this study, MAC, LAC, HVL, MFP and TVL analyses of metal matrix 

composite materials to which 5-15-25 wt.% TiO2 ceramic material was added to Al 6082 metal alloy were 

performed in NGCal program, which provides important information about photon and fast neutron 

radiations at 4 MeV energy. Among Al 6082, Al 6082+5% TiO2, Al 6082+15% TiO2 and Al 6082+25% 

TiO2 samples, Al 6082+25% TiO2 had the highest high LAC values against fast neutrons and photons, while 

Al 6082 alloy had the lowest LAC values. While Al 6082 alloy material had the highest HVL values against 

4 MeV energy fast neutrons and photons, Al 6082+25% TiO2 composite material had the lowest HVL 
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values. The MFP values of the T0-T5-T15-T25 coded samples against fast neutrons with 4 MeV energy 

varied between approximately 1343 cm and 58 cm. In the case of photons with 4 MeV energy, it varied 

between approximately 12 cm and 10 cm. By increasing the doping ratio of TiO2 ceramic material, the 

photon and fast neutron radiation shielding properties of 4 MeV energy Al 6082 material were improved. 

The shielding properties of TiO2 doped metal composites against photons were better than their shielding 

properties against neutrons. 
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