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This study investigated the radiation shielding performance of Al 7075 matrix composites reinforced 

with specific ratios (5-10-15%) of B4C and TiB2 ceramic reinforcement materials. Using Phy-x/PSD 

software, main radiation shielding parameters such as the mass attenuation coefficient (MAC) and linear 

attenuation coefficient (LAC) were analyzed for different MMC radiation shielding compositions. The 

primary objective of the study was to determine the radiation shielding performance of boron ore and its 

derivatives, which hold strategic importance for Türkiye, with the aim of expanding their application 

areas particularly in the defense industry and increasing their added value. It was observed that the 

addition of B4C slightly reduced gamma shielding compared to the Al 7075 (S1) due to its effect of 

lowering the material’s average atomic number (Z). 
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1. INTRODUCTION 

The rising use of radiation technologies in fields such as nuclear energy, medicine, aerospace, and industrial 

radiography has heightened the need for advanced shielding materials to protect personnel and sensitive 

equipment from the harmful effects of ionizing radiation (particularly neutrons and gamma rays) (Hubbell & 

Seltzer, 2004; Knoll, 2010). The intensity of natural radiation is considerably lower than that obtained through 

artificial means. In high-tech aerospace and defense applications, prolonged exposure to ionizing radiation 

(e.g., gamma, alpha, beta) necessitates the development of structural shielding materials that provide long-

term stability (Hubbell & Seltzer, 2004; Knoll, 2010; Albandar, 2019). 

 Materials traditionally used in radiation shielding, such as lead (Pb) or concrete, are inadequate in modern 

engineering fields particularly in aviation and mobile nuclear applications due to their high weight, toxicity, 

and limited mechanical strength (Sayyed et al., 2018). To address these weight limitations, metal matrix 

composites (MMCs) offer a highly practical approach by delivering robust radiation attenuation at a much 
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lower density (Dai et al., 2013; Akkas et al., 2015). Thanks to an exceptional balance of low density and high 

specific strength, aluminum alloys serve as the primary matrix in MMC manufacturing (Miller et al., 2000; 

Starke & Staley, 2011). Among these, the Al 7075 alloy is widely preferred in the aerospace and defense 

sectors where extreme toughness is required (Heinz et al., 2000; Williams & Starke, 2003). However, the low 

atomic number (Z) of aluminum fundamentally restricts its ability to attenuate radiation (Sayyed et al., 2018). 

A combination of functionally reinforcing particles offers an effective solution to overcome this capacity 

limitation. The incorporation of boron carbide (B4C) enhances the neutron absorption cross section, whereas 

TiB2 contributes to both elevated-temperature stability and effective photon attenuation (Akkurt et al., 2010; 

Toptan et al., 2010; Akkas et al., 2015). The combined use of these reinforcing particles simultaneously 

improves both the radiation shielding efficiency and the mechanical resistance of the composite against wear 

and deformation (Canakci & Arslan, 2012; Şakar et al., 2020). Research indicates that the neutron shielding 

capacity of aluminum matrices scales effectively with the amount of B4C added, yielding substantially higher 

attenuation coefficients at greater boron levels (Dai et al., 2013; Akkas et al., 2015). Although B4C guarantees 

high neutron absorption, it couldn’t act as a comprehensive shield on its own therefore its weak gamma 

attenuation. The addition of high-density phases such as TiB2 successfully compensates for this weakness, 

providing highly effective gamma resistance (Singh & Badiger, 2013; Agar et al., 2019). The low density, high 

corrosion resistance, and structural integrity of the AMCs formulated in this study demonstrate critical 

performance compatibility as defined by the modern aerospace and nuclear industries (Chen et al., 2025). 

Theoretically investigated the radiation shielding (neutron and gamma rays) performance of Al 7075 

composites reinforced with varying weight ratios of B4C/TiB2 ceramics, aiming to contribute to the 

development of next-generation lightweight composites that provide both structural strength and versatile 

radiation shielding. 

2. MATERIALS AND THEORETICAL ANALYSIS (PHY-X/PSD) 

Table 1 shows the weight percentage distribution of the elements in Al 7075 alloy.  

Table 1. Chemical composition of 7075 aluminum alloy 

Element Symbol Concentration (wt%) 

Aluminum Al 89.60 

Magnesium Mg 2.50 

Zinc Zn 5.60 

Copper Cu 1.60 

Manganese Mn 0.06 

Chromium Cr 0.23 

Silicon Si 0.10 

Iron Fe 0.20 

Titanium Ti 0.04 

Others (Trace*) - 0.07 

Total - 100.00 

The systematic coding scheme, weight percentage (%) compositions, and density values of the single-

reinforced and hybrid-reinforced composite specimens based on the Al 7075 matrix designed within the scope 
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of this study are presented in Figure 1. The density values of the Al 7075, B4C, and TiB2 materials used in the 

analysis are 2.81 g/cm3, 2.52 g/cm3, and 4.52 g/cm3, respectively (Shackelford & Alexander, 2001). 

 

Figure 1. Systematic representation and nomenclature of B4C and TiB2 reinforced Al 7075 matrix composite 

samples. 

The radiation interactions of the samples were determined using the Phy-x/PSD software. It has been reported 

in the literature that this software demonstrates over 99% agreement with the National Institute of Standards 

and Technology (NIST) database for complex composite systems and produces results with high reliability 

(Şakar et al., 2020). The technical details of the parameters analyzed are as follows (Equations 1–5): 

MAC (Mass Attenuation Coefficient): It is obtained by dividing the LAC by the material’s density. This 

parameter is independent of density and is entirely related to the material’s chemical composition and Z 

(Hubbell & Seltzer, 1995). Its unit is cm2/g. 

TVL (Tenth Value Layer): The shielding thickness required to reduce the intensity of radiation striking the 

material to 10% (i.e., one-tenth) (Knoll, 2010; Sayyed et al., 2018). Its unit is cm. 

FNRCS (Fast neutron Cross Section): Represents the possibility that fast neutrons will interact with a 

material and be removed from the fast neutron flux (through moderation or absorption). In composites, it is 

calculated based on the weight fraction of each component (El-Khayatt, 2010). Its unit is cm-1. 

LAC (Linear Attenuation Coefficient): Represents the probability of attenuation of ionizing radiation per 

unit distance as it passes through a material due to photoelectric effects, Compton scattering, etc. It is directly 

dependent on the material’s density and the incident radiation’s energy (Knoll, 2010). Its unit is cm-1. 

https://doi.org/10.54287/gujsa.1999055
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MFP (Mean Free Path): The average distance a radiation particle travels within a material between two 

successive interactions (collisions). A low MFP value indicates higher stopping power (Wood, 1982). Its unit 

is cm. 

In the parameters given in Equations 1-5, Io represents the initial photon intensity, I represents the attenuated 

photon intensity, μ represents the linear attenuation coefficient, μm represents the mass attenuation coefficient 

and x represents the material thickness. 

 MAC ∶ 𝜇𝑚 =
𝜇

𝜌
  (1) 

 LAC ∶ 𝜇 =  𝑙𝑛 (
𝐼𝑜

𝐼
)

1

𝑥
  (2) 

 MFP ∶
1

𝜇
 (3) 

 TVL ∶
𝑙𝑛(10)

𝜇
 (4) 

 FNRCS ∶ Σ𝑅 =  ∑ 𝑤𝑖 (
Σ𝑅

𝜌
)

𝑖𝑖

 (5) 

3. RESULTS AND DISCUSSION 

In this study, the shielding performance of composites (S1–S10) with an Al 7075 matrix and different ratios 

of B4C/TiB2 reinforcements against gamma and neutron radiation was theoretically investigated using the Phy-

x/PSD software. 

MAC 

At low energies, photoelectric absorption dominates, and this process is directly proportional to the Z raised 

to the power of 4 to 5. At intermediate energies (Compton scattering), it depends on the mass number, and at 

high energies, it depends on pair production. When the MAC values computed for the specimens in the energy 

range of 0.015–15 MeV are investigated (Figure 2), it is noticed that the MAC performance for all materials 

attains its maximum level at low energies, however a sharp decrease occurs as the photon energy rises. This 

characteristic behavior is owing to the dominance of the photoelectric effect (PE) in the low-energy regions (E 

< 0.1 MeV) (Knoll, 2010). As is known, the probability of PE is proportional to the fourth or fifth exponential 

coefficient of the Z of the material (Knoll, 2010). 

When the S1-S10 were compared, it was found that the addition of TiB2 significantly improved the gamma 

shielding performance of Al 7075. Compared to the aluminum (Z=13) that forms the matrix, titanium (Z=22) 

has a much higher Z and therefore a larger photon interaction cross-section. In this context, sample S7, 

containing 15% TiB2, showed the highest photon absorption and obtained the highest MAC values. Particularly 

in the absorption of low-energy photons, titanium’s high atomic mass has maximized the shielding potential by 

increasing the matrix’s effective atomic number (Zeff) (Şakar et al., 2020). 

https://doi.org/10.54287/gujsa.1999055
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However, a decrease in gamma shielding performance was observed with an increase in B4C reinforcement. 

The incorporation of elements with low Z, such as boron and carbon, reduces the material’s average atomic 

weight. This situation has resulted in the S4 sample, containing 15% B4C, exhibiting lower MAC values than 

the Al 7075 (S1) matrix without any reinforcement material. As noted in the literature, while lightweight 

element reinforcements provide advantages in neutron shielding, they create a limiting effect in stopping high-

energy electromagnetic radiation due to the reduction in mass density (Sayyed et al., 2018). In the hybrid series 

consisting of samples S8, S9, and S10, it is observed that the low Z and density of B4C are balanced by the 

high atomic number-density ratio of TiB2. The hybrid samples exhibited a cumulative attenuation profile 

located in the mid-band between S4 and S7 in the MAC spectrum. Sample S10 compensated for the 

performance loss caused by B4C thanks to the high absorption capacity of TiB2, establishing an optimal balance 

between shielding performance and lightness which is highly consistent with the synergistic effects of high-

density reinforcements reported in the literature (Singh & Badiger, 2013; Agar et al., 2019; Şakar et al., 2020). 

 

Figure 2. Photon energy dependent MAC values of S1–S10 

MFP 

This parameter (MFP = 1/LAC), which is theoretically inversely proportional to the LAC, is a direct indicator 

of the stopping power of the shielding material; in radiation shielding material designs, the goal is to minimize 

this value (Wood, 1982). An examination of the MFP graphs presented in Figure 3 and Table 2 reveals that 

the MFP values of all samples rise with rising photon energy. Owing to the high probability of photon-matter 

interaction in the low-energy regions, MFP values are at minimum levels; however, as the penetration 

https://doi.org/10.54287/gujsa.1999055
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capability of photons increases at higher energies, these values potentially rise and plateau in the high-energy 

regions (Knoll, 2010). 

When evaluating the performance differences among the samples, the S7 sample reinforced with 15% TiB2 

demonstrated the most effective shielding performance by achieving the lowest MFP values across all energy 

ranges. The addition of TiB2 maximized the LAC value by increasing both the density and the content of high 

Z (Z=22) elements in the composite material, which minimized the MFP value of photons. This result 

demonstrates that the S7 sample can be designed with a much thinner plate thickness compared to other 

compositions to provide the same protection factor, which is consistent with the shielding behavior of high-

density materials reported in the literature (Sayyed et al., 2018). 

Table 2. MFP values of samples depending on varying energies. 

Energy (MeV) S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

1.50E-02 0.027 0.028 0.030 0.032 0.025 0.024 0.022 0.027 0.026 0.026 

2.00E-02 0.060 0.063 0.067 0.071 0.056 0.053 0.050 0.060 0.059 0.059 

2.21E-02 0.079 0.084 0.089 0.094 0.075 0.070 0.066 0.079 0.079 0.078 

2.21E-02 0.079 0.084 0.089 0.094 0.075 0.070 0.066 0.079 0.079 0.078 

2.31E-02 0.090 0.095 0.100 0.106 0.085 0.080 0.075 0.089 0.089 0.089 

2.50E-02 0.112 0.118 0.125 0.132 0.105 0.099 0.094 0.111 0.111 0.110 

2.55E-02 0.118 0.125 0.132 0.139 0.111 0.105 0.099 0.118 0.117 0.117 

2.63E-02 0.129 0.136 0.144 0.152 0.122 0.115 0.108 0.129 0.128 0.127 

3.00E-02 0.184 0.194 0.204 0.216 0.173 0.164 0.155 0.183 0.182 0.181 

In contrast, the S4 sample (15% B4C), which exhibits poorer shielding performance against gamma rays due 

to the presence of low Z elements such as boron and carbon in its structure, yielded the highest MFP values. 

Consistent with literature data, this finding demonstrates that light element reinforcements reduce the 

probability of photon interaction and require a thicker shield geometry for the same level of radiation shielding 

(Hubbell & Seltzer, 1995). In the hybrid series (S8–S10), the MFP values were optimized between these two 

extreme values due to the balanced effect of the reinforcement phases on density and atomic number.  

LAC 

When examining Figure 4, it can be seen that the LAC values of all samples (S1–S10) reach their maximum 

in the low-energy regions (especially <0.1 MeV) and decrease rapidly as the energy increases. Among the 

samples, sample S7 (15% TiB₂) has the highest LAC values across the entire energy spectrum. The main reason 

for this is that titanium (Z=22) has a higher atomic number than aluminum (Z=13), the matrix material, and 

increases the overall bulk density of the alloy. The LAC values of sample S4 (15% B4C) are even lower than 
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those of Al 7075 (S1), which does not contain reinforcement material. The low-density and low-atomic-

number structure of boron and carbon reduces the stopping power by decreasing the probability of interaction 

per unit volume. Although all curves appear close to each other at energies in the main graph, the graph given 

in the 0.1 MeV-0.2 MeV energy range highlights the differences in this energy range.  

 

Figure 3. MFP values of Al 7075 matrix composites reinforced with B4C and TiB2 (S1–S10) as a function of 

photon energy 

TVL 

Upon detailed examination of Figure 5, it is observed that while TVL values are quite low for low-energy 

photons, they rise rapidly as energy increases due to the radiation’s enhanced penetration capability. In the 

high-energy region (where Compton scattering dominates), the curves begin to level off (plateau). Across the 

entire energy spectrum, the S7 sample (15 wt.% TiB2) exhibited the lowest TVL values. Titanium’s high 

atomic number and density-enhancing effect have minimized the physical thickness required to block 90% of 

the radiation by maximizing the material’s stopping power.  

Since light reinforcements reduce the material’s linear attenuation coefficient, a much thicker plate than the 

S4 sample is required to achieve the same level of shielding. Examination of the TVL graphs reveals that 

hybrid samples occupy a strategic position among single-reinforced composite materials (B4C and TiB2 

reinforcements). A comparison of similar studies in literature is given in Table 3. 
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Figure 4. Al 7075 matrix, B4C and TiB2 reinforced composite LAC values of samples (S1–S10) as a function 

of photon energy 
 

 
Figure 5. Photon energy dependent TVL values of Al 7075 matrix composites reinforced with B4C and TiB2 (S1–S10)  
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Table 3. Similar studies in literature 

Material Parameters Values References 

Al alloys MAC ~0.074 cm²/g (at 0.662 MeV) (Sayyed et al., 2018) (Theoretical) 

Al-B4C composites LAC ~0.14- 0.18 cm⁻¹ (at 1.25 MeV) (Akkas et al., 2015) (Experimental) 

Al- B4C composites FNRCS 0.06- 0.13 cm⁻¹ (Dai et al., 2013) (Theoretical) 

B4C reinforced Al TVL ~18- 21 cm (at 1.25 MeV) (Buyuk et al, 2015) (Experimental) 

Al 7xxx series MAC ~0.075 cm²/g (at 0.662 MeV) (Singh & Badiger, 2013) (Theoretical) 

S1–S10 MFP MFP: 0.022- 0.032 cm (at 0.015 MeV) This Study (Theoretical) 

S1–S10 TVL TVL: 0.115- 0.164 cm (at 0.020 MeV) This Study (Theoretical) 

S1–S10 FNRCS FNRCS: ~0.080- 0.090 cm⁻¹ This Study (Theoretical) 

S1–S10 MAC 0.074-0.075 cm²/g (at 0.662 MeV) This Study (Theoretical) 

S1–S10 LAC 0.153- 0.166 cm⁻¹ (at 1.25 MeV) This Study (Theoretical) 

FNRCS 

The FNRCS values for all samples (S1–S10) (Figure 6) indicate that the presence of light elements (particularly 

boron) is a key factor in neutron shielding. Boron (Z=5) has a very high cross-section for neutron moderation 

and capture. In this context, as the B4C ratio increases (from S2 to S4), the neutron-shielding potential of the 

composites increases. 

 

Figure 6. FNRCS values of Al 7075 matrix composites reinforced with B4C and TiB2 (S1–S10) 
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4. CONCLUSION 

Theoretical results show that the radiation shielding property of Al 7075 matrix composites is directly related 

to the ratio, type, and Z-value of the reinforcing phase. Production suitability was considered a fundamental 

criterion in determining the matrix and reinforcing ratios in the design. The defined ratios were selected 

considering the technical requirements of the production process, material properties, and production capacity. 

The observed performance distinctions between the designed samples (S1–S10) were determined as follows: 

• It was found that the addition of TiB2 ceramic to the Al 7075 matrix provided a significant structural 

advantage. Sample S7, containing 15% TiB2, exhibited the highest LAC and the lowest TVL values. 

• It has been remarked that the addition of B4C ceramic slightly reduces gamma shielding equate to Al 7075 

alloy (S1); this is because of a reduce in the average atomic number of the material. 

• Sample S4, including 15% B4C ceramic, shows the lowest performance in terms of protection against 

gamma rays, while effective protection requires the highest material thicknesses (MFP and TVL). 

• In complex ambiances containing both gamma rays and neutron radiation, the S10, incorporating 7.5% 

TiB2 + 7.5% B4C ceramic materials, can be considered the most appropriate engineering resolution. 

Thanks to the high strength values and radiation shielding properties of the matrix and reinforcement phases 

used, these composites offer the possibility of being used as an alternative material in the aerospace industry, 

medical fields (instead of lead), and the defense industry, especially for electronic warfare systems such as 

UAVs and AESA radar modules. 
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