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ABSTRACT 

 
Copper-based alloys were prepared by powder metallurgy technique (Cu +5%Al +3%Ti) to measure the attenuation 

coefficients of X-rays for a range of operating voltages (20,25,30,35) kV with variable thickness (0.2 - 0.6)Cm at constant 

compressive pressure (600Mpa) according to the order (A1, A2, A3, A4, A5), variable percentages of molybdenum and 

zirconium (X=1,2,3,4,5) were added separately to the allo  (Cu 92-x + 5%Al +3%Ti + Mo x) in the order (B1,B2,B3,B4,B5), and 

allo  (Cu92-x + 5%Al + 3%Ti + Zr x) in the order (C1,C2,C3,C4,C5) with a thickness of (0.6 Cm) and a pressure of (600Mpa), all 

samples were sintered at a temperature of (900 0C) for a period of (4 hours). 

The results show that at an operating voltage of (20Kv), the linear and mass attenuation coefficients increased by 

(47%) (61.8%), the Hardness increased by (30%), and the porosity decreased by (13.3%) when comparing the results of Alloys 

(A1) with (A5). Results The attenuation coefficients increased when adding the molybdenum element by (31.3%) (30%), the 

Hardness increased by (22.3%), and the porosity decreased by (33.5%) when comparing the results of Alloys (B1) with (B5). 

The decrease in the attenuation coefficients when zirconium was added in proportions (28.5%) (25.6%), and the 

Hardness decreased by (11.4%). The porosity increased by (15%) when comparing the results of Alloys (C1) with (C5). The 

attenuation coefficient is inversely proportional to the operating voltage. It decreased by (29.4%) when comparing the results of 

voltages (20Kv) with (35Kv) for alloy (B5) and by (36%) for alloy (C5). 
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I. INTRODUCTION 
 

The scientist (Barclay) is the first to conduct 

attenuation experiments for X-rays during their passage 

through absorbent materials such as carbon. He found 

that the energy of these rays dissipates and weakens, 

meaning that the electrons of these materials work to 

disperse part of the energy of the incident beam of 

radiation, as the photons of the beam suffer multiple 

collisions during its passage. It suffers from reflection, 

refraction, and diffraction at different angles. All of 

these processes weaken the particle intensity with the 

distance it travels and the atomic number of the materials 

through which the radiation beam passes. This process is 

called attenuation [1, 2]. 

The effectiveness of the material envelopes is 

calculated by the interactions with the rays falling on 

them and the absorption process. To improve the 

shielding effectiveness, alloys and composite materials 

are resorted to that provide additional advantages in 

resistance and durability in addition to the ability to 

attenuate or weaken the radiation carried out by the 

alloys [3,4]. 

 

II. ATTENUATION 
 

When a beam of X-ray photons falls on the 

surface of a material, each Photon in this beam either 

interacts with the medium, the surface of the attenuated 

material, through absorption and scattering interactions, 
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or does not interact at all. There is an attenuation of its 

energy (Energy attenuation) or an attenuation of its 

intensity (intensity attenuation), since the energy or 

intensity decreases along the path that the beam travels 

through the attenuated medium, as there are three main 

processes of interaction (X-rays) with the matter, which 

are the photoelectric phenomenon, Compton scattering, 

and pair production, As the sum of the operations is 

called the linear attenuation coefficient (µL) and is given 

by the following relationship [5]. 

 

µL = σ(photoelectric) + σ (Compton) + σ (pair) .….(1) 

 

σ = cross-sectional area of the reaction 

 

 The linear attenuation coefficient is measured 

in units of (Cm-1, mm-1). It depends on the thickness of 

the material (X (cm, mm)), the energy of the incident 

photon, and the atomic number (Z) of the material. It is 

given by the following relationship [6]: 

 

µ𝑳 =
𝒍𝒏

𝐥.

𝐈

𝑿
  …………… (2) 

 

 The mass attenuation coefficient (µ_m) is 

measured in units of (cm².gm-1), and is given by the 

following relationship [6] 

 

µ𝒎 =
𝒍𝒏

𝐥.

𝐈

𝝆𝑿
 ……………...………(3) 

 

Since the discovery of X-rays, researchers have 

resorted to studying and measuring the attenuation of 

these rays because of the practical importance of these 

results in different fields. Some studies come in the 

attenuation of X-rays as the radiation source in our 

research. In 2011, the researcher (Farid et al.) presented 

a study to measure Linear and mass x-ray attenuation 

coefficients for aluminum-based alloys, as it was found 

that the relationship is inverse between particle size and 

attenuation coefficients [7]. In 2012, the researcher 

(Farid et al.) presented a practical study on the effect of 

oxidation of aluminum-based alloys on the linear and 

mass attenuation coefficients for the operating voltage 

range of (20-35)Kv, as it was found that the relationship 

is direct between the attenuation coefficients and the 

oxidation time of the alloys, and is inverse with the 

voltage Employment [8]. In 2014, the researcher (Farid 

et al.) conducted a practical study to measure the effect 

of the thickness of the samples on the attenuation 

coefficients of X-rays for the elements (Cu, Ti, Zn, Al), 

as he found that the relationship is direct between the 

coefficients of attenuation, thickness, and Hardness with 

the coefficients of attenuation [9]. In 2017 The 

researcher (Oasarmo, Vishal. V, and others) studied the 

attenuation coefficients, the half-thickness, and the free 

path rate of some shape memory alloys for the energy 

range (122-1330) Kev, as the study showed the 

dependence of the variation of the values obtained for all 

parameters on the photon energy [10].In (2018), the 

researcher Dapke Gopinath (P et al) conducted several 

studies on the cross-section parameters of the attenuation 

of some memory alloys for shape in the energy range 

356 -1330 (Kev), and it was found that there is a good 

agreement between the experimental and theoretical 

values of the mass attenuation coefficient of the memory 

alloys ( SMA), which are (Al Ni), (Fe Ti), (Cu Zn), (Cu 

Sn), and (Fe Cr Ni MO) in addition to experimentally 

obtaining some relevant parameters using the values 

obtained from the attenuation coefficients at the power 

of Photon (356 - 1330 Kev) [11]. In 2018, the researcher 

(Farid et al.) presented a study to measure the X-ray 

attenuation coefficients for (Cu, Zn) and lead alloys of 

different thicknesses [12]. In 2021, the researcher (Farid 

et al.) studied the effect of shape memory alloys used as 

protective shields from radiation effects in terms of 

attenuation coefficients. The shape memory alloy was 

prepared using powder metallurgy technology and by 

increasing the pressure of cold pressing during 

preparation from (100 - 500) Mpa at a thickness of ( 

0.4Cm) increased Hardness and decreased porosity, in 

addition to increasing linear and mass attenuation 

coefficients when exposed to atomic and nuclear 

radiation [13]. In 2022, the researcher (Farid et al.) 

studied the X-ray attenuation of the voltage range (20-

35) kV for smart alloys based on copper by adding 

nanoparticles and microparticles of silver, as the shape 

memory alloy was prepared by powder metallurgy 

technique and by increasing the pressure of cold pressing 

during preparation From (200-600)Mpa at a thickness of 

(0.6 cm), the Hardness increased. The porosity 

decreased, in addition to increasing the linear and mass 

attenuation coefficients when exposed to atomic 

radiation [14]. 

 

III. MEMORY ALLOYS FOR SHAPE 
 

Shape memory alloys (SMAs) have wide 

applications in thermal sensors, protection devices, 

medical devices, and others due to their unique 

properties such as Super Elasticity, and the shape 

memory effect (SMAs), and to improve their properties, 

limited quantities of some alloying elements are added to 

them individually or jointly. The basis of the effect is the 

transformation of the alloys from the martensite phase to 

another austenite phase when it is heated to high 

temperatures and returned to its original shape after 

cooling, [15, 16]. 

 

IV. EXPERIMENTAL PART 
 

1- Preparation of samples 

The alloys of our current research were 

prepared using powder metallurgy technology by 

weighing the components of the alloy according to the 

volumetric proportions using an electronic balance. The 
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alloys were coded as shown in Table (1), and the 

components of each sample were ground and mixed 

separately at an angular speed of (500 rad/sec) for (0.5 

h); the ingot components were pressed into a cold steel 

mold in one direction with a different thickness of (0.2 – 

0.6) cm and with a constant pressure in one direction of 

(600Mpa) and kept for (2 min) for each sample using a 

device type (HERZOG TP 20 P). [17,18]. 
 

Table 1: Samples symbol, volumetric ratio, thickness, 

and pressing pressure. 

Code 
Cu 

(%) 

Al 

(%) 

Ti 

(%) 

Mo 

% 

Zr

% 

P 

(Mpa) 

T 

(Cm) 

A 

A1 92 5 3 - - 600 0.2 

A2 92 5 3 - - 600 0.3 

A3 92 5 3 - - 600 0.4 

A4 92 5 3 - - 600 0.5 

A5 92 5 3 - - 600 0.6 

B 

B1 91 5 3 1 - 600 0.6 

B2 90 5 3 2 - 600 0.6 

B3 89 5 3 3 - 600 0.6 

B4 88 5 3 4 - 600 0.6 

B5 87 5 3 5 - 600 0.6 

C 

C1 91 5 3 - 1 600 0.6 

C2 90 5 3 - 2 600 0.6 

C3 89 5 3 - 3 600 0.6 

C4 88 5 3 - 4 600 0.6 

C5 87 5 3 - 5 600 0.6 

 

2- Analysis (EDX) and microscopy (FeSEM) 

Examinations (EDX) and (FeSEM) were 

performed for the samples, as Figures (1-6) show the 

results of the examination 

 

Figure1: The distribution of the elements for 

examination (EDX) for alloy (A5) at thickness (0.6 

Cm) and compressive pressure (600Mpa). 

 

Figure 2: The distribution of the elements for 

examination (EDX) for alloy (B5) at thickness (0.6 

Cm) and compressive pressure (600Mpa). 

Figure 3: The distribution of the elements for 

examination (EDX) for alloy (C5) at thickness (0.6 

Cm) and compressive pressure (600Mpa). 

 

Figure 4: Scanning electron microscopy (FeSem) 

image of base ingot (A5) at constant pressing 

pressure (600Mpa). 

 

Figure 5: Scanning electron microscopy (FeSem) 

image of base ingot (B5) at constant pressing 

pressure (600Mpa). 

 

Figure 6: Scanning electron microscopy (FeSem) 

image of base ingot (C5) at constant pressing 

pressure (600Mpa). 
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3- Experimental density and true porosity 

 Depending on the Archimedes' theory 

according to the international standard (ASTM B962-8), 

the practical density and total porosity were calculated as 

equations (1)(2)(3) were used to find the experimental 

and theoretical density and porosity of the alloys [20]: 

 

𝑬. 𝑫 =
𝑴𝒂

𝑴𝒊−𝑴𝒂
 𝝆𝒘 ……………….(1) 

𝑻. 𝑫 =  Ʃ 𝝆𝒊 . 𝑿𝒊 …………….…..(2) 

𝒑 = [𝟏 −
𝑬.𝑫

𝑻.𝑫
 ] 𝟏𝟎𝟎% ….………(3) 

 

Since (Mα) is the weight of the sample after 

drying it inside the electric furnace, (Mi) is the weight of 

the sample. At the same time, it is suspended and 

immersed in distilled water, (ρw) is the density of water, 

(Xi) is the proportion of each element in the alloy, and 

(ρi) is the density of each element. 

4- Hardness test 

The surfaces of the samples were smoothed 

using graded paper of silicon carbide 

(800,1000,1500,2000,2500) to measure their Hardness 

using a Vickers hardness tester (Hv), a load of (500 gm) 

was applied via the stitching tool for a period of (5 sec) 

and the Stitching tool and measuring the diameter of the 

resulting effect on the surface of the sample, and the 

process was repeated for five times for different areas 

that included the surface area. 

5 - X-ray diffraction (XRD) 

An X-ray diffraction apparatus (SHEMADZU) 

XDR-6000 [9] was used. 

6 - Radiation attenuation measurements 

6 -1 X-rays 

An X-ray device (LEYBOLD PHYWE) was 

used to perform attenuation measurements for the alloys 

under study [21]. 

 

V. RESULTS AND DISCUSSION 
 

1- X-ray diffraction (XRD) 

 

Figure 7: X-ray diffraction of (A5) alloy. 

Figure 8: X-ray diffraction of (B5) alloy. 

 

Figure 9: X-ray diffraction of (C5) alloy. 

 

Figures (7-9) show the results of the X-ray 

diffraction (XRD) examination for each of the base 

alloys (A5) and the two alloys (B5) and (C5). The results 

showed the presence of elements (Cu - Al - Ti) in the 

base alloy and the elements (Mo, Zr) in Clear and pure 

for the alloys (B5, C5), as it was shown from the figures 

that the crystalline development of the phases and their 

different formations formed through data analysis had a 

significant impact on the results of the porosity and 

hardness ratios, and this is due to the addition of certain 

percentages of molybdenum and zirconium to the alloys. 

2- Linear and mass attenuation coefficients for X-rays. 

2-1 Attenuation coefficients for alloys 

(A1,A2,A3,A4,A5). 

 

Figure 10: Relationship between linear attenuation 

coefficient (µL) and thickness for alloys (A1, A2, A3, 

A4, A5) At constant pressure (600Mpa) for a voltage 

range of (20,25,30,35)Kv.
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Figure 11: Relationship between mass attenuation 

coefficient (µm) and thickness for alloys (A1, A2, A3, 

A4, A5) At constant pressure (600Mpa) for a voltage 

range of (20,25,30,35)Kv. 

 

Figure (10) shows that the relationship is direct 

between the linear attenuation coefficient and the 

thickness (0.2, 0.3, 0.4, 0.5, 0.6) Cm for the base alloy 

(Cu-Al -Ti) at a constant pressing pressure (600 Mpa) 

and for a range of operating voltages    (20 , 35, 30, 25) 

Kv It was found that the best thickness of the base alloy 

is (0.6 cm), which represents alloy (A5), as this alloy is 

considered the best alloy for X-ray attenuation, and the 

linear attenuation coefficient increases by (47%) when 

comparing the results of alloy (A1). With (A5) at 

operating voltage (20Kv). 

Figure (11) shows the direct relationship 

between the mass attenuation coefficient and the 

thickness of the base alloys (A1, A2, A3, A4, A5), as the 

mass attenuation coefficient increases by (61.8%) in the 

same comparison, and the reason for the increase in the 

linear and mass attenuation coefficients is due to the 

increase in hardness Porosity decreases, which leads to 

reduced distances between atoms. It was found that the 

relationship is inverse between the attenuation 

coefficients and the operating voltage, as the linear 

attenuation coefficient of alloy (A5) decreased by (42%) 

when the operating voltage was increased from (20Kv) 

to (35Kv). 

2-2 Linear and mass attenuation coefficients (µL, 

µm) for alloys (B1,B2,B3,B4,B5). 

 

Figure 12: The relationship between the linear 

attenuation coefficient (µL) and the added 

percentages of molybdenum for alloys (B1, B2, B3, 

B4, B5) at a thickness of (0.6 cm) for the voltage 

range (20, 30, 30, 35) Kv. 

Figure (12) shows the relationship between the 

linear attenuation coefficient and the added percentages 

of the molybdenum element for alloys (B1, B2, B3, B4, 

B5). If the relationship was found to be direct, the linear 

attenuation coefficient increased by (31.3%) when 

comparing the results of (B1) with (B5). It was found 

that the best addition ratio for the molybdenum element 

is (5%) represented by the alloy (B5), as this ratio leads 

to filling the voids, which leads to an increase in the 

practical density and the hardness ratio, In addition to a 

decrease in the porosity value. 

 

Figure 13: The relationship between the mass 

attenuation coefficient (µm) and the molybdenum 

ratios for alloys (B1, B2, B3, B4, B5) at thickness (0.6 

cm) for the voltage range (20,25,30,35)Kv. 

 

Figure (13) shows the relationship between the 

mass attenuation coefficient and the added percentages 

of the molybdenum element represented by alloys (B1, 

B2, B3, B4, B5), as the relationship is direct, as the mass 

attenuation coefficient increases by (30%) when 

increasing the percentages from (1 -5) %. 

2-3 Linear and mass attenuation coefficients (µL, 

µm) for alloys (C1,C2,C3,C4,C5). 

 

 
Figure 15: The relationship between the linear 

attenuation coefficient (µL) and the percentages of 

zirconium for alloys (C1, C2, C3, C4, C5) at a 

thickness of (0.6 cm) for a voltage range of 

(20,25,30,35)Kv. 
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Figure 15: The relationship between the mass 

attenuation coefficient (µM) and the percentages of 

zirconium for alloys (C1, C2, C3, C4, C5) At a 

thickness of (0.6 cm) for a voltage range of 

(20,25,30,35) Kv. 

 

Figure (14) shows the relationship between the 

linear attenuation coefficients and the percentages of the 

element zirconium represented by alloys (C1, C2, C3, 

C4, C5) at a constant thickness (0.6 Cm) and a constant 

pressing pressure (600 Mpa). Linear attenuation by 

(28.5%) when increasing the zirconium content of alloy 

(C1) to alloy (C5). Increased porosity results. 

Figure (15) shows the inverse relationship 

between the mass attenuation coefficient and the 

percentages of zirconium added to the alloys (C1, C2, 

C3, C4, C5), as the mass attenuation coefficient 

decreases by (25.6%) when the zirconium content is 

increased from (1-5) %. 

 

VI. CONCLUSIONS 
 

1- The porosity decreases by (13.3%) and the hardness 

increases by (30%) when the thickness is increased by 

cm (0.2 - 0.6) for the base alloys. 

2- When comparing the results of the porosity of alloys 

(B1) with (B5), it decreased by (33.5%), while the 

Hardness increased by (22.3%). When comparing the 

results of alloy (C1) with (C5), the porosity increased by 

(15%) and the Hardness decreased by (11.4%) 

3- The linear and mass attenuation coefficients 

increase by (47%) (61.8%) when comparing the results 

of (A5) at a thickness of (0.6cm) with (A1) at a thickness 

of (0.2cm) and by (31.3%) (30%) when comparing the 

results. The results of (B5) alloys with (B1) are reduced 

when comparing the attenuation results for (C1) with 

(C5) alloys in the proportions (28.5%) (25.6%) at (20 

Kv) voltage. 

4- The attenuation coefficients decrease with the 

increase in the operating voltage (20-35) Kv for the X-

rays, as they decreased by (29.4%) for alloy (B5) and by 

(36%) for alloy (C5), as when the operating voltage is 

increased, the intensity and intensity of the X-ray 

photons increases. This leads to an increase in the 

number of photons that penetrate the alloy. 

5- The best linear and mass attenuation coefficient for 

(B5) alloy [Cu +5%Al +3%Ti +5%Mo] at (20Kv) with 

increased Hardness and decreased porosity when 

compared with the results of (A5) alloys (C5). 
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