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Abstract 

Aluminum alloys have numerous application fields in today's technology due to their excellent mechanical features, 

high electrical and thermal conductivity, magnificent corrosion resistance, good weldability, good formability and 

similar properties. In the present study, we investigated the mass attenuation coefficient (µm), effective atomic 

number (Zeff) and effective electron density (Ne) of four different type commercially available aluminum alloys. For 

his purpose, µm, Zeff, and Ne values of 5083, 5754, 6061 and 6082 coded aluminum alloys were determined by 

employing NaI(Tl) gamma ray spectrometry at 661.66,1173.23 and 1332.48 keV gamma ray energies obtained from 

137Cs and 60Co radioactive sources. Also these parameters theoretically determined using PhyX-PSD computer 

program at the photon energies of 1 keV–1 GeV and compared with the experimental results. The variation of µm, 

Zeff, and Ne with incident photon energy presented graphically. From the obtained results it might be concluded that 

the µm, Zeff, and Ne values for studied alloy samples depend on the incident photon energy and elemental composition 

of alloys. In addition, it was observed from the theoretical and experimental results that aluminum alloys under study 

have almost the same gamma ray attenuation capacity. 

Keywords: Gamma ray, Mass attenuation coefficient, Effective atomic number, Electron density 

1. INTRODUCTION 

Aluminum and its alloys have been charmed interest of many researchers, engineers and 

designers because of their high strength to weight ratio superior to steel and corrosion 

endurance. Aluminum alloys are created by adding copper, zinc, silicon, magnesium, 

manganese, iron, nickel, titanium and similar elements. The elements added to aluminum 

improve the properties of the material and make it superior to other metals. These alloys are 

widely used in many fields in today's technology such as automotive, aerospace, military and 

also nuclear reactors as the tank material for the TRIGA Mark Reactors as they are light and 

resistant to high temperatures and some chemical effects (Ozturk, Sisman, Toros, Kilic and 

Picu, 2016; Yıldırım, Tugrul, Buyuk and Demir, 2010;). Among the aluminum alloys, 6XXX 

and 5XXX series alloys are widely used in many application areas where good weldability and 

excellent corrosion resistance are needed. Magnesium is the major alloying element in the 5xxx 
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series alloys and the use of magnesium creates a medium-to-high-strength workhardenable 

alloy. In the 6xxx series, magnesium and silicon are used together as basic alloying elements. 

These alloys become heat treatable alloys with the use of magnesium and silicon in the 

proportions required to form Mg2Si. Due to the advantages like good extrudability, medium 

strength, formability, weldability, corrosion resistance and low cost, the application range of 

aluminum alloys is increasing day by day (Lee, Saito, Sakai and Utsunomiya, 2002). Various 

studies have been conducted to investigate the mechanical and physical properties of aluminum 

alloys for potential uses (Ozturk et al. 2010; Lee et al., 2002; Fuller, Krause and Dunand, 2002; 

El-Rayes and El-Danafa 2012). 

Recently with the increase in the use of radiation in various applications in daily life, 

many researchers have focused on examining the gamma or X ray attenuation properties of 

many materials to reduce or retain X or gamma rays. In the literature, several experimental or 

computational studies have been extensively carried out to estimate X or gamma ray attenuation 

behaviors of diverse materials such as concrete (Akkurt, Basyigit, Kilincarslan and Mavi,  2005; 

Singh and Badiger 2014; Oto, Gur, Kavaz, Cakir and Yaltay, 2016), glass system (Mostafa, 

Issa and Sayyed, 2017; Kurudirek, Büyükyıldız and Özdemir, 2010; Sayyed, Kaky, Şakar, 

Akbaba, Taki and Agar, 2019a) stainless steel (Akkurt 2009; Singh, Medhat and Shirmardi, 

2015; Alim, Şakar, Baltakesmez, Han, Sayyed and Demir, 2019) various ores (Oto, Yıldız, 

Akdemir and Kavaz, 2015) and like. 

The mass attenuation coefficient (µm), effective atomic number (Zeff) and effective 

electron density (Ne) are parameters of great importance to characterize the penetration of X or 

gamma rays in a material. The proper information of these radiation attenuation parameters in 

several materials is very helpful in medical, technological, agricultural, nuclear, space 

exploration and engineering applications (Sharma, Sharma, Kaur, Singh, Sharma and Singh, 

2017). µm is defined as the probability of all interactions that occur between incident photons 

and the matter of the unit mass per unit area and depends on the incident photon energy and the 

chemical composition of the absorbing material. (Sharma, Sharma, Singh and Singh, 2012). Zeff 

and Ne are parameters required to express the atomic and electron numbers of composite 

materials consisting of many elements such as alloys as a single number at a given energy value, 

and these parameters depend on the incident photon energy and the elemental diversity in the 

composite material (Şakar, Büyükyıldız, Alım, Şakar and Kurudirek, 2019). 

Many studies have been extensively carried out in recent years for estimating radiation 

attenuation behaviors of various alloys using experimental techniques or computational 

methods. Han and Demir (2009) experimentally measured µm, Zeff and Ne values for Ti, Ni 
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alloys at 22.1, 25.0, 59.5 and 88.0 keV photon energies. They also investigated variations of 

these parameters with photon energy.  Şakar et al., (2019) investigated radiation attenuation 

behaviors of some leaded brass alloys. They experimentally determined µm, Zeff, Neff and other 

shielding parameters of leaded brasses at 53, 276, 302, 356 and 383 keV photon energies and 

compared with the theoretical values. Akman et al. (2019) studied gamma ray attenuation 

performance of some ternary alloys consist of Cr, Fe and Ni elements in the energy range of 81 

keV-1333 keV. Singh  et al. (2018) reported some gamma ray attenuation parameters such as 

µm, Zeff and Ne for some xPb-(1-x)Cu Binary alloys at 511, 662 and 835 keV photon energies. 

Kurudirek et al. (2010) carried out an extensive study to determine effective atomic numbers 

of diverse alloys in the energy range of 1keV to 100GeV using WinXCom program. Singh et 

al. (2015) computed µm, Zeff values for steel alloys using Geant4 and MCNP codes in the energy 

range 279.1–1332keV.Then they compared simulated results with theoretical and experimental 

data.  

The primary purpose of this research is to estimate variation of µm, Zeff, and Ne values 

of four different type aluminum alloys with photon energies. For this purpose, µm, Zeff, and Neff 

values for 5083, 5754, 6061 and 6082 coded aluminum alloys experimentally measured at 

gamma ray energies of 661.66, 1173.23 and 1332.48 keV. These alloys were chosen because 

they have good weldability, corrosion resistance, machinability, anodizability and electrical 

conductivity. Furthermore, these attenuation parameters theoretically computed using PhyX-

PSD program developed by Şakar et al. (2020) at the photon energies of 1 keV–1 GeV and 

compared with the experimental values.  

 

2.  MATERIAL AND METHOD 

The µm, Zeff and Ne values of four different types of aluminum alloys computed using 

the PhyX-PSD software that utilizes chemical parameters of a mixture materials in the 1 

keV−100 GeV energy range. Photon Shielding and Dosimetry (PhyX-PSD) software newly 

developed by Şakar et al. (2020) is an effective online available software to calculate various 

shielding and dosimetric parameters such as µm, Zeff, Ne and photon buildup factors for any 

selected material in the wide energy range of 1 keV–100 GeV (Şakar et al., 2020). The PhyX- 

PSD is an easy-to-use program that converts all protection and dosimetric parameters above 

previously introduced in a very understandable and practical method for analysis in MS Excel. 

The chemical compositions and some physical and mechanical properties of the investigated 

four types of aluminum alloys are listed in Table 1.  
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Table 1. The chemical composition and some physical properties for the present aluminum 

alloys. 

Properties Aluminum Alloys 

5083 5754 6061 6082 

Density (g.cm−3)  2.65 2.66 2.70 2.71 

Thickness (cm) 0.20 0.25 0.30 0.25 

Chemical Composition (Wt. %) Fe; 0,4% Fe; 0,4% Fe; 0,5% Fe; 0,5% 

Si; 0.4% Si; 0.4% Si; 0.6-1.0% Si; 0.7-1.3% 

Cu; 0.1% Cu; 0.1% Cu; 0.6-1.1 % Cu; 0.1% 

Mn; 0.4-1.0% Mn; 0.5% Mn; 0.2-0.8% Mn; 0.4-0.1% 

Mg; 4.0-4.9% Mg; 2.6-3.6% Mg; 0.8-1.2% Mg; 0.6-1.2% 

Zn; 0.25% Zn; 0.2% Zn; 0.25% Zn; 0.2% 

Cr; 0.05-0.25% Cr; 0.3% Cr; 0.1% Cr; 0.15% 

Ti; 0.15% Ti; 0.15% Ti; 0.1% Al; rest 

Al; rest Al; rest Al; rest  

Temper 0/H111 0/H111 T6 T6 

Yield strength (MPa) 125-145 80-100 240-270 260-310 

Tensile strength (MPa) 275-300 190-215 260-310 310-340 

Elongation (%50) 22 24 20 19 

Hardness (Brinell) 70-75 50-55 95 95 

 

The narrow beam transmission geometry was employed to measure mass attenuation 

coefficients of 5083, 5754, 6061 and 6082 coded aluminum alloys. The prepared samples were 

placed between gamma source and the detector with suitable geometrical arrangement as shown 

in figure 1. The samples were irradiated by 661.66, 1173.23 and 1332.48 keV gamma rays 

emitted by 137Cs and 60Co radioactive point sources. The incident and transmitted gamma-rays 

intensities were measured using a NaI(Tl) scintillation detector based on gamma spectrometry 

system (Cengiz and Caglar, 2016) The data were collected into 1024 channels of a multichannel 

analyzer and spectra were analyzed with Ortec Maestro software. Measurements were acquired 

for a period of 1800s with and without the sample and repeated four times for all samples. 

Figure 2 shows a typical attenuated and unattenuated γ-ray spectrum obtained from 137Cs and 

60Co sources for 5083 coded alloy. 
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Figure 1. Experimental setup. 

 

The experimental mass attenuation coefficients values of aluminum alloys at different 

energies were evaluated by the well-known Beer -Lambert law which is given by the equation 

1 (Sayyed, 2016; Şakar et al., 2020): 

𝐼 = 𝐼0𝑒
−( 

𝜇

𝜌
)𝑥

                                                                                                                                (1) 

where, μ/ρ is the mass attenuation coefficient (cm2g-1), x is the sample thickness (gcm-2), I0 and 

I are the unattenuated and attenuated photon intensity, respectively.  

 

Figure 2. Attenuated and unattenuated gamma ray spectrum obtained from 137 Cs and 60Co 

 

2.1. Calculations 

The theoretical µm values of present alloys were determined using PhyX-PSD program 

which uses mixture rule given in equation 2; 

𝜇𝑚 =
𝜇

𝜌
= ∑ 𝑤𝑖(𝜇𝑚)𝑖

𝑖
                                                                                                            (2) 

In this equation, 𝑤𝑖 and 𝜇m are the weight fraction and mass attenuation coefficient for 

individual element in the sample, respectively.  The effective atomic number (Zeff) represents 

the weighted average atomic number of the material consisting of different elements and 
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directly related to total atomic and electronic cross-sections (σa and σe) through the following 

formula (Akkurt, 2009; Elmahroug, Tellili and Souga, 2015; Singh et al., 2018): 

𝑍𝑒𝑓𝑓 =
𝜎𝑎

𝜎𝑒
                                                                                                                                    (3) 

where 

𝜎𝑎 =
∑ 𝑓𝑖𝐴𝑖𝑖

𝑁𝐴
𝜇𝑚                                                                                                                          (4) 

and 

𝜎𝑒 =
1

𝑁𝐴
∑

𝑓𝑖 𝐴𝑖

𝑍𝑖
(𝜇𝑚)𝑖

İ
                                                                                                            (5) 

where NA is the Avogadro's number, µm mass attenuation coefficient of alloy, fi, Ai, Zi and (µm)i 

denote fractional abundance, atomiweight, mass attenuation coefficient and atomic number of 

the of the ith element in alloy respectively. Also, the effective electron number is closely related 

to the Zeff and can be computed using the following equation (Akkurt, 2009; Elmahroug et al., 

2015; Sayyed et al., 2016): 

𝑁𝑒 =
𝜇𝑚

𝜎𝑒
=

𝑍𝑒𝑓𝑓𝑁𝐴

∑
𝑤𝑖

𝐴İ
𝑖

                                                                                                                   (6) 

where NA is the Avogadro's number, Ai and wi is atomic weight and fractional weight of 

the ith element respectively. 

 

3. RESULTS AND DISCUSSION 

The µm values of 5083, 5754, 6061 and 6082 coded aluminum alloys were measured at 

661.66, 1173.23 and 1332.48 keV gamma ray energies and given in Table 2. While the highest 

experimental µm values were seen in 661.66 keV gamma ray energy for all samples, the lowest 

values were observed in 1332 keV gamma ray energy. 

 

Table 2. The mass attenuation coefficient (µm, cm2g-1) for the investigated aluminum alloys at 

661.66, 1173.23 and 1332.48 keV gamma ray energies. 

Aluminum Alloys 
Gamma ray Energies (keV) 

661.66, 1173.23 1332.48 

5083 0.07400 0.05615 0.05419 

5754 0.07308 0.05601 0.053903 

6061 0.07288 0.05439 0.052966 

6082 0.07231 0.05402 0.05242 
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In Figure 3, it is shown that the experimental µm values of all alloys decrease 

exponentially with increasing gamma energy. 

 

Figure 3. Measured mass attenuation coefficient for (a) 5083 (b) 5754 (c) 6061 (d) 6082 

aluminum alloys. 

 

The theoretical µm values for studied alloy samples were determined by using PhyX- 

PSD software in the region of 1keV to 1 GeV. The theoretical results were displayed in figure 

4 and compared with the experimental values. As can be seen from the figure 4 (a-d), a good 

agreement was observed between PhyX-PSD and experimental values (diff. ≤ 4.82%). On the 

other hand, the variations of measured and computed µm values with incident photon energy 

could be seen in figure 4. It observed that the both measured and calculated µm values for 

selected alloys vary with increase in the photon energy. 
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Figure 4. Theoretical and experimental µm values of (a) 5083 (b) 5754 (c) 6061 (d) 6082 

alloys as a function of photon energies. 

 

According to our findings, it was seen that the µm values of four different type aluminum 

alloys decrease very sharply in the E ≤ 0.1 MeV region, decrease slowly at 0.1 MeV < E < 6 

MeV region and slowly increase at E> 6 MeV region. As early discussed by different 

researchers, these observed variations may be expressed by the fact that different interaction 

processes occur between photons and materials in different energies. Because photoelectric 

absorption is the dominant interaction mechanism in the low energy region (0.1 MeV ≤ photon 

energy for studied samples) and the photoelectric cross section is inversely proportional to the 
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MeV for investigated samples), Compton scattering gradually becomes the dominant 

interaction process, and the Compton scattering cross-section changes directly with the atomic 
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dominant interaction mechanism between the photon and the material is the pair production and 
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values of our investigated alloys are consistent with the consequence acquired by Yıldırım et 

al. (2016) who are investigated radiation attenuation behavior of some aluminum alloys. For 

example, they measured µm values of 6063 coded aluminum alloys as 0.07351cmg-1 for 662 

keV gamma ray energy and this value is very close to our values. On the other hand, our results 

consistent with the result by Narender et al. (2013) who determined experimental mass 

attenuation coefficient values of 5070 aluminum alloys as 0.0751, 0.05742 and 0.05352 cmg-1 

for 661.16, 1173 and 1332 keV energies.  

Figure 5 (a-d) show the variation of the Zeff values of the investigated aluminum alloy 

measured for 661.66, 1173.23 and 1332.48 keV energies and theoretically computed for the 

energy range of 1kev to 1GeV with photon energy. It can be seen from figure 5 that the 

experimental Zeff values are compatible with the values obtained from PhyX-PSD. At 661.66, 

1173.23 and 1332.48 keV gamma ray energies Zeff values were measured as 12.91, 12.90 and 

13.28 for 5083 alloy, 12.77, 12.89 and 13.23 for 5754 alloy 12.86, 12.64 and 13.13 for 6061 

alloy and 12.66, 12.45 and 12.88 for 6082 alloy, respectively. PhyX-PSD results of Zeff values 

at the same gamma ray energies were also determined as 13.046, 13,045 and 13.045 for 5083 

alloy 13.66, 13.65 and 13.65 for 5754 alloy 13.11 13.10 and 13.10 for 6061 alloy and 13.13, 

13.12 and 13,12 for 6082 alloy, respectively. The maximum difference between theoretical and 

experimental Zeff values was found to be 4.05 percent for 6082 coded sample at 661.66 keV 

gamma ray energy. Since the main component of alloys is aluminum, effective atomic number 

values range from 12 to 14 (ie 12<Zeff<14). In addition, Zeff values for all alloys are quite high 

in the low energy region where photoelectric absorption is the strong interaction process and 

reduces with growing photon energy in moderate energies where Compton scattering is the 

strong interaction process, and increases gradually at higher energies where pair production is 

the stronginteraction procedure.  
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Figure 5. The variations of Zeff for (a) 5082, (b) 5754, (c) 6061 and (d) 6082 coded alloys 

against incident photon energy 

 

The variations of Ne for 5082, 5754, 6061 and 6082 coded samples with energy are 

given in figure 6 (a-d), respectively. As with the effective atomic number, the theoretical and 

experimental results of the Ne were found to be compatible with each other. At 661.66, 1173.23 

and 1332.48 keV gamma ray energies Ne values were measured as 2.874, 2.870 and 2.55 
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aluminum alloy for the same energies were reported as 2.904×1023 electronsg-1 by Narender et 

al. (2013). It was seen that our obtained theoretical and experimental Ne values were also 

consistent with their results. 

Figure 6. The variations of Ne for (a) 5082, (b) 5754, (c) 6061 and (d) 6082 coded alloys 

with the incident photon energy. 
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4. CONCLUSION 

The µm, Zeff, and Ne values of 5082, 5754, 6061 and 6082 coded aluminum alloys were 

experimentally determined at 661.66, 1173.23 and 1332.48 keV gamma ray energies. Also, 

these parameters theoretically calculated using PhyX-PSD program in the energy region of 1 

keV to 1GeV. A decent concurrence was observed among experimental and PhyX-PSD results. 

It can be concluded that the µm, Zeff and Ne values of the aluminum alloys under study depend 

on the incident photon energy and are influenced by distinct dominant interaction processes 

(i.e. photoelectric effect, Compton scattering, pair production and etc.) in different energy 

regions. From the theoretical and experimental results, it was observed that there was no 

considerable difference among the gamma ray attenuation parameters of the studied aluminum 

alloys. The results of this work are anticipated to be beneficial in areas like nuclear, aerospace 

and engineering applications where these aluminum alloys are widely used. 
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