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ABSTRACT  

Aluminum alloys are important in many industrial applications because of their light weight and good 
mechanical properties. In this study, the effect of copper addition with different percentages ( 0, 0.1, 0.2, 
0.3wt. %) on  the  microstructure  and  mechanical  strength  of Al-Si alloy were studied using X-ray 
fluorescence (XRF), X-ray diffraction (XRD), scanning electron microscope (SEM) and Vickers hardness 
(Hv) tests. XRD and SEM analyses showed that the Al-Si alloy consisted of α-Al and Si phases. The 
intermetallic compound (IMC) CuAl2 was detected with the addition of Cu. This IMC causes a change in 
the lattice constant and inter-atomic spacing (dhkl). The distortion and dense of the microstructure are 
considered indications of the enhancement in the hardness of alloys. The Vickers hardness (Hv) was 
measured for the samples before and after sintering. The highest value was 28.755 Hv with 0.2wt. % Cu 
after sintering, whereas the smallest value was 11.643 Hv without Cu content before sintering. This 
improvement in hardness is attributed to the temperature that promotes the diffusion of Cu atoms into theAl 
lattices. 
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1. Introduction:   

Aluminum alloys are important materials in 

many industrial and structural applications. This 

is due to their light weight and good mechanical 

properties. Aluminum and its alloys are currently 

the most suitable structural materials. Many 

studies have recently been conducted and 

concentrated on aluminum alloys to improve new 

Al alloys that are stronger, ductile, corrosion 

resistant, and have a large strength–weight ratio 

[1-7]. In previous studies, Pure aluminum was 

alloyed with various alloying elements to achieve 

the desired properties. The major alloying 

elements are Cu, Mn, Zn, and Si [8]. For 

economic and environmental requirements, and 

due to its high S/W ratio, high wear resistance, 
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and excellent corrosion resistance, compacted 

powder Al-Si alloys have been commercially 

used in the automotive industry, particularly in 

the car's structure, cylinder heads, cylinder 

blocks, pistons and valve lifters and engine block 

[9-13]. The mechanical properties primarily 

depend on the heat-treatment conditions and the 

presence of other elements in the matrix 

aluminum alloy [14,15]. Different elements such 

as carbon (C), zinc (Zn), lead (Pb), tin (Sn), 

indium (In), cadmium (Cd), magnesium (Mg), 

copper (Cu), ferum (Fe), beryllium (Be), 

manganese (Mn), chromium (Cr), and nickel (Ni) 

are alloyed to Al-Si alloys to further enhance 

their properties [16]. Powder metallurgy (PM) is 

a highly developed method for manufacturing 

and producing reliable materials, especially 

structural materials [17,18].  

         According to the PM method, the mixture 

powder is compacted with a large hydraulic 

pressure to produce sheet or disk samples. In this 

study, disk samples of Al-Si-xCu alloys were 

produced using the PM technique. This work 

aims to investigate the influence of various 

concentrations of copper atoms on the 

mechanical hardness and microstructure of 

sintered Al-Si-xCu alloys prepared by thepowder 

metallurgy method.  

 

1. Materials and Methods 

       As a basis for all experiments, alloys (Al-Si-

xCu ) with varying Cu percentages (x = 0, 0.1, 

0.2, 0.3wt. %) denoted in this study as A, B, C, 

and D respectively, were prepared from Al, Si, 

and Cu with a high purity of ( 99.99 %). Each 

metal powder was weighed in a sensitive electric 

balance with an accuracy of approximately 1×10-

4 gm to obtain the required composition, as 

shown in Table (1). The balanced elements were 

mixed in powder form at room temperature. A 

mixing time was 3 min to obtain a homogeneous 

distribution. After mixing, the powder was 

compacted at 250KN into cylindrical disks under 

a hydraulic pressure system for 5 min to ensure 

consistency. Compacted cylindrical disks were 

obtained with dimensions of 32 mm in diameter 

and 6 mm in thickness, as shown in Figure. 1.. 

Table 1: The balanced elements were mixed in powder 

form at room temperature 

Chemical compositions (wt. %) 

Samples Al Si Cu 

A1 Balance 17 0 

A2 Balance 17 0.1 

A3 Balance 17 0.2 

A4 Balance 17 0.3 

 

 
Figure. 1: Compressed sample. 

The compact stage was followed by another 

stage known as the sintering process, where the 

compressed samples were placed in a graphite 

crucible using an electric furnace at 

approximately 450oC with a cooling rate (0.04 oC 

/s) for 3 h, which increased the bonding of 

particles. For X-ray diffraction (XRD) analysis, 

a Shimadzu X-ray diffractometer (EDX-720) 

with Cu kα radiation (λ = 1.54056 Ao) was used 

to determine the alloy phases    and identify other 

lattice parameters. Microstructure analysis was 

carried out on a scanning electron microscope 

(SEM) (JEOL JSM-6510LV, Japan) operate at 

30Kv with a high resolution of 3 nm. The Vickers 

hardness test (localized plastic deformation 

resistance or impact force resistance) was 

performed using mechanical equipment, as 

shown in Figure.2. 

 
Figure. 2: Schematic diagram of Vickers hardness 

tester. 

3. Results and Discussion 

3.1 Microstructure Analysis 
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3.1.1 X-Ray Fluorescence (XRF) 

     The following Table (2) shows the weight 

percentage of different elements present in the 

prepared Al-Si-xCu samples using X-ray 

Fluorescence technique. 
Table 2: Weight percentage of different 

elements present in Al-Si-xCu alloy. 

Alloys Elements 

(wt.%) A4 A3 A2 A1 

81.94 81.23 82.66 82.19 Al 

17.09 17.97 16.89 16.64 Si 

0.385 0.221 0.089 0.024 Cu 

0.03 0.028 0.017 0.016 Zn 

0.002 0.002 -------- -------- Zr 

0.004 0.003 0.002 0.002 Mo 

------- 0.003 ------- ------- Sn 

0.023 0.021 0.014 0.013 Pb 

 

3.1.2 X-Ray Diffraction ( XRD) 

      X-ray diffraction patterns of Al-Si-xCu (x= 0 

- 0.3 wt. %) are shown in Figure. (3). From 

Figure. (3a), there are two original phases: α-Al 

(Fcc) and Si (Fcc). Lines (111, 200, and 220) 

represent the Al phase and lines (111, 220, 311, 

and 400) represent the Si phase. This result is in 

good agreement with the literature [19] and 

standard powder diffraction data (PDF), as 

shown in Table (3). This observation was 

verified by SEM, as discusses in the next section.  

        According to the standard powder 

diffraction data (PDF), the fingerprints of the Al 

and Si phases are very clear before and after the 

additionof Cu.  

   From Figure. (3), a new phase was detected 

with lines (211, 112, 222, 411, and 402). 

According to the Al-Cu phase diagram [20] and 

previous literature [21], this intermetallic 

compound (IMC) is CuAl2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 
Figure. 3: The XRD patterns of Al-Si-xCu alloys. 
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Table 3: Phases and (JCPDS-ICDD) references Al-Si-

xCu alloy. 
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The Figure. (3) was indexed and the expected 

data of intensity and full width at half maximum 

(FWHM) were tabulated, as shown in Table (4), 

respectively. When comparing the Al peaks 

before and after Cu addition, it can be seen that 

the peak intensity increases and the FWHM 

decreases with increasing Cu content for all lines, 

as shown in Table (4). In addition, there was a 

small shift in the peak position to a high angle 

with increasing Cu content, as shown in Table 

(4).   
Table 4: Intensity, FWHM and 2ө(deg) of Al lines for 

all samples. 

Lines Samples Intensity FWHM 2ө(deg) 

111 

A1 5463 0.278 38.6 

A2 10067 0.197 38.82 

A3 10684 0.186 38.9 

A4 10863 0.189 38.899 

200 

A1 2953 0.27 44.879 

A2 5389 0.202 45.08 

A3 6211 0.193 45.16 

A4 6033 0.189 45.14 

220 

A1 1674 0.277 65.28 

A2 2652 0.187 65.461 

A3 2822 0.221 65.54 

A4 2911 0.217 65.521 

Even when this shift in the angle position is less 

than 0.3o, this shift and mismatching in the angle 

position reflects its-self in the incoincide of 

interplanar spacing (dhkl) levels before and after 

Cu addition, as confirmed by the values in Table 

(5). This inconsistent in the (dhkl) levels is 

associated with lattice defects, localized the 

strain deformation and the change in lattice 

parameters of the Al lattice, as confirmed by the 

values in Table (5). 
Table 5: Interplanar spacing, lattice constant and 

Micro-strain of Al lines for all samples. 

Lines Samples dhkl(Ǻ) Lattice 

constant 

(Ǻ) 

a=b=c 

Micro-

strain*10-

3 

111 

A1 2.3305 4.0365 3.46 

A2 2.3178 4.0145 2.44 

A3 2.3132 4.0066 2.30 

A4 2.3133 4.0068 2.33 

200 

A1 2.018 4.036 2.85 

A2 2.0095 4.019 2.12 

A3 2.0061 4.0122 2.02 

A4 2.0069 4.0138 1.98 

220 

A1 1.4281 4.0393 1.89 

A2 1.4246 4.0294 1.27 

A3 1.4231 4.0251 1.50 

A4 1.4235 4.0263 1.47 

 

According to a previous study [22], when strange 

atoms are added to the material lattice, they may 

diffuse and dissolve in the lattice and finally lift 

in defects and localized deformation. In this 

investigation, the diffusion of copper atoms into 

Al lattices was expected owing to the sintering 

process. This diffusion increases with increasing 

temperature. This process explains the changes 

in lattice constants and inter-atomic spacing 

(dhkl) before and after Cu addition and the 

enhancement in hardness, as shown in Table (5).  

      According to the Scherrer formula [23], the 

particle size in the crystallographic direction for 

all alloys was calculated and is tabulated in Table 

(6). 

           D=0.9λ/βCosθ                          ( 1 )                                                

where β is the broadening of the diffraction line 

measured at half its maximum intensity 

(radians), D is the crystallite size, θ is the Bragg 

angle and λ is the X-raywavelength.It can be seen 

from Table(6) that the grains for all lines after Cu 

addition were larger than before. This is further 

evidence for the diffusion of Cu atoms intoAl 

lattices. In addition,Poisson's ratio provides a 

significant interpretation of the behavior of 

particle size with various orientations (111), 

(200), and (220). 

Poisson's ratio is the ratio of transverse strain to 

the equivalent axial strain on a material under 

https://journals.su.edu.ye/index.php/jast
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axial stress [24]. This increase reflected its-self 

in the whole grains of the alloys, as confirmed in 

Table (6). 

      The dislocation density (𝛿) represents the 

number of defects in the sample and defined as 

the length of dislocation lines per unit volume of 

the crystal. This dislocation density is calculated 

using the followingequation[25]:  

             δ =
1

D2
                                   (2)                                  

where (D) the average crystallite size. The 

inverse relationship between δ and D is shown in 

Figure. (4), and Table (6). 
Table 6: Particle size and dislocation density of Al-Si-

xCu alloys. 

Alloys Lines particle 

size 

(nm)  

(D) 

 

Average 

of 

particle 

size 

(nm)  

Dislocation 

density(nm-

2) 

(δ) *10-5 A1 

111 30.282 

32.060 97.285 200 31.837 

220 34.062 

A2 

111 42.761 

45.285 48.763 200 42.586 

220 50.507 

A3 

111 45.302 

44.214 51.094 200 44.585 

220 42.756 

A4 

111 44.582 

44.549 50.388 200 45.525 

220 43.539 
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Figure 4: Particle size and dislocation density as a 

function of Cu addition. 

3.1.3 Scanning Electron Microscope    (SEM) 

      Figures. (5) - (7) show SEM images of the 

samples surfaces after sintering. The surfaces of 

the samples were scanned using secondary 

electron beam type1 (SE1) with an accelerated 

voltage of 30 KV and various magnifications. 

The influence of the Cu-content on the internal 

structure of the compacted alloys is also 

observed in the same Figures. Based on a 

previous study [26] and Figure. (5), it can be 

observed that the microstructure of the Al-Si 

alloy consists of primary crystalline silicon and 

an Al-Si eutectic phase surrounded by a dendritic 

primary α-Al phase with a higher size and 

volume fraction. The silicon particles were found 

to be spherical and flower-shaped, as shown in 

Figure. (5a). In addition, the flower-like shape of 

Si is clearly observed in Figure. (5b) at a 

magnification of 5000x and confirmed with 

Benson result [27].  

 
a) with magnification 1000x 

 
b) with magnification 5000x. 

Figure. 5: SEM images of A1 alloy. 
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With the addition of copper atoms and sintering 

temperature, the diffusion of copper atoms 

increased as the copper atoms concentration 

increased. This diffusion increases the aluminum 

dendrite arms, especially the secondary dendrite 

arms (SDA) [26], as shown in Figure. (6a). In 

addition, the dendritic nature of the aluminum 

particles is very clear, as can be seen from the 

image in Figure. (6b), which was processed and 

modified using ImageJ software. 

 

 

 
Figure. 6: SEM images of A2 alloy. 

4. Discussion 

 

       Addition 0.2wt.% of Cu leads to increase the 

size of primary Si and to precipitate    the CuAl2 

IMC as fibers structure as shown in Figure. (7a) 

while the addition 0.3Wt. % of Cu leads to form 

CuAl2IMC as bubbles structure distributed in 

whole structure, as shown in Figure. (7b). The 

changes in the microstructure mentioned above 

are attributed to the copper atoms and sintering 

process, and all these changes reflect in the 

enhancement of the localized plastic deformation 

(Hv) on the surfaces of the samples, as shown in 

Figure. (8). 

 

a) A3 alloy. 

 
b) A4 alloy 

Figure 7: SEM images 

 a) A3 alloy     

 b) A4 alloy. 

 

3.2VickersHardness Measurements 

      In mechanical design, the mechanical 

properties required to know and specify the 

materials are stiffness, toughness, and localized 

plastic deformation (hardness). The hardness of 

a material is an important mechanical property, 

particularly in structural applications. Vickers 

hardness was determined before and after the 

sintering process using the following formula 

[28]: 

               H=1.85
𝐿

𝑑2
                              (3)                                               

where L is the indentation load (kg)and d is the 

mean diagonal of the indentation (mm).  

      Table (7) and Figure. (8) presents the Vickers 

hardness results. It is clear that (i) the higher the 
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copper content in the alloy, the higher the 

hardness value. This agrees with the findings of 

Zeren et al. [29], and (ii) the Vickers hardness 

after the sintering process was higher than that 

before sintering. This increase was explained by 

Ciołek et al. [30]. They reported that the most 

visible increase in hardness was obtained when 

the samples were sintered, which enabled the 

generation of the highest number of finely 

dispersed particles in the aluminum matrix by 

diffusion. Furthermore, this investigation 

showed that the addition of Cu in various 

amounts considerably increased the volume 

fractions of the intermetallic compounds, as 

shown in the XRD and SEM images. Therefore, 

this variation in the volume fraction of IMC 

reflects the hardness values, as shown in Table 

(7) and Figure. (8). 
Table 7: Vickers Hardness Number of 

Al-Si-xCu. 

 

Alloys 

Vickers Hardness (Hv) 

Before 

Sintering 

After Sintering 

A1 11.643 13.1317 

A2 12.735 13.657 

A3 14.7696 28.755 

A4 27.439 18.153 

 

 

 
 
Figure. 8: Vickers hardness as a function   Cu content. 

 

5. Conclusion 

       The effect of Cu on the microstructure and 

mechanical properties (hardness) of the Al-Si-

xCu alloys was investigated.  The microstructure 

of the Al-Si alloy, as observed through scanning 

electron microscope (SEM), was found to consist 

of primary crystalline silicon and an Al-Si 

eutectic phase surrounded by a dendritic primary 

α-Al phase with a higher size and volume 

fraction. While the addition of Cu as an alloying 

element, leads to the formation of intermetallic 

compounds CuAl2, which strengthens the Al-Si 

alloy.   The formation of CuAl2 precipitates 

promoted an increase in hardness from 11.643 

Hv in the binary Al-Si to 27.439 Hv in the ternary 

Al-Si-0.3wt.%Cu. This phase impeded the 

movement of dislocations and, as a result, the 

alloy exhibited high hardness. However, the 

highest value of 28.755 Hv was achieved with an 

addition of 0.2wt. % Cu after sintering. This is 

attributed to the temperature promoting diffusion 

of copper atoms into the Al lattices, which 

improves the hardness. 
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