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A B S T R A C T 
 

This study focused on optimizing the mechanical properties of ternary Al-Si-
Cu alloys. Alloys near the eutectic composition (AS5U5, AS5U10, AS5U15, 
AS10U5, AS10U10, AS10U15, AS15U5, AS15U10, and AS15U15) were examined by 
melting and casting commercially pure metals (99.9% Al, 99.7% Si, and 
99.9% Cu). Thermos-Calc software was used to analyze the precipitation 
phases and solidification process around the eutectic composition. 
Microstructural analysis, quantification of phases during solidification, and 
characterization using Scanning Electron Microscopy (SEM) with energy-
dispersive X-ray analysis (EDX) were performed. Results revealed that the 
formation of the Al2Cu component was unaffected by silicon content, but as 
copper content increased, the percentage of precipitated Al2Cu increased, 
impacting the hardness of the alloys, especially at lower solidification 
temperatures. 

  

Introduction 

luminum constitutes 8% of the Earth's 
crust and its versatility positions it as 
the second most extensively utilized 
metal globally, following steel [1-3]. 
Common applications for aluminum 

include the production of foil and conductor 
cables [2]. 
To attain specific physical and mechanical 
properties, alloying aluminum with other 

elements and establishing the solidification 
conditions to enhance the strength required for 
diverse applications is necessary. For instance, 
when dealing with Kerman pliable clay, it is 
imperative to obtain samples in their pure form 
[4]. Consequently, aluminum serves various 
purposes across industrial sectors, including 
food preparation, energy generation, packaging, 
architecture, electrical transmission lines, and 
transportation. Depending on the specific 
application, aluminum exhibits versatility in 
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substituting other materials such as copper, 
steel, zinc, tin plate, stainless steel, and titanium, 
among others. Casting is a method involving the 
melting of metals and their subsequent pouring 
into a mold to attain a desired solid shape. It 
stands out as the simplest, most cost-effective 
process and, at times, the sole technically viable 
means to achieve the required form. This 
approach is versatile, extending its applicability 
to a range of materials including metals, 
ceramics, plastics, and glass.  
Among metals, aluminum alloys are extensively 
utilized in the automotive industry, primarily 
due to their favorable casting characteristics 
and mechanical properties. This can be largely 
attributed to the significant influence of silicon 
and copper, which enhance casting 
characteristics, as well as other physical 
attributes such as mechanical strength and 
corrosion resistance [5,6]. In addition, scanning 
electron microscope tests with X-ray dispersion 
can be conducted to identify the phases 
deposited after solidification [7,8]. Aluminum 
casting alloys, notably those containing silicon 
and copper, are widely utilized in various 
applications. Solidification is a process 
employed in diverse fields, including medicine, 
as seen in the solidification method of organic 
droplets. This method has been developed and 
validated using high-performance liquid 
chromatography with UV detection in human 
serum [9]. The amounts of both additions vary 
widely so that copper predominates in some 
alloys and silicon in others. In this present 
study, specific focus was given to the evolution 
of deposited phases during the solidification of 
aluminum alloys with additions of copper and 
silicon around the eutectic points [10]. The 
manufacturing of new aluminum-based alloys 
with different percentages of silicon and copper 
is also environmentally beneficial [11]. 
Concerning the addition of the copper element 
in aluminum alloys, it is evident that copper 
contributes to both strengthening and 
machinability, while silicon enhances castability 
and diminishes hot shortness. Alloys 
characterized by higher hypoeutectic silicon 
concentrations are typically more suitable for 
intricate castings and processes involving 
permanent mold and die-casting [12]. Certainly, 
the precipitation of the intermetallic compound 

Al2Cu plays a pivotal role. Consequently, the 
incorporation of copper significantly augments 
both strength and hardness in both as-cast and 
heat-treated conditions [13]. Alloys featuring a 
copper content of 4 to 6% exhibit responsive 
behavior to thermal treatment, showcasing 
notably improved casting properties [14]. 
Furthermore, half or more of the copper is 
identified in the form of intermetallic 
compounds, predominantly CuAl2 and Cu2FeAl7, 
as revealed by metallography. Metallography, in 
the broader sense, is the study of the internal 
structure of metals and alloys and its 
correlation with composition [15,16]. Regarding 
the silicon effect, aluminum-silicon alloys are 
typically more resistant to solidification 
cracking and display excellent castability and 
feeding characteristics [14, 17]. Alloys within 
the aluminum-silicon-copper family exhibit 
heat-treatable characteristics when the copper 
content is below 5.6% [1]. However, the alloys 
particularly significant in this category are 
those that additionally incorporate magnesium. 
This inclusion enhances the heat-treatment 
response, resulting in a desirable array of 
properties, notably premium strength 
capabilities. 
The automotive and aerospace industries 
widely employ Al-Si-Cu alloys due to their 
outstanding castability, corrosion resistance, 
high specific strength, weldability, and low 
thermal expansion [18,19]. Several 
hypereutectic silicon alloys, containing silicon 
levels ranging from 12 to 30%, often include 
copper as well. The dominant silicon phase 
provides exceptional wear resistance, while the 
presence of copper contributes to matrix 
hardening and enhances strength at elevated 
temperatures [20].  

Experimental 

Manufacturing of samples and pre-treatment 

To predict the formation of the probable phases 
and intermetallic compounds during the casting 
of aluminum-silicon-copper alloys with copper 
and silicon contents around the eutectic 
composition, numerical simulation using 
Thermo-Calc software 2021 was first used. 
Based on the results obtained by Thermo-Calc, 
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Table 1. Percentage of each element of the selected 

alloy 
Sample %Si %Cu %Al 

AS5U5 5 5 90 

AS5U10 5 10 85 

AS5U15 5 15 80 

AS10U5 10 5 85 

AS10U10 10 10 80 

AS10U15 10 15 75 

AS15U5 15 5 80 

AS15U10 15 10 75 

AS15U15 15 15 70 

 

samples were manufactured by melting 
commercially pure metals, i.e., 99.9% Al, 99.7% 
Si, and 99.9% Cu, in an electric furnace at 800 °C 
for 3 hours and mixed at every 30 minutes. 
After complete melting of the mixture and to 
approach the equilibrium conditions, the 
mixture was cast in a ceramic mold which is 
heated at 500 °C for a low cooling rate. The 
selected weight percent of aluminum, copper, 
and silicon of the manufactured samples are 
reported in Table 1. 

Microstructure examination 

Complete cooling of the samples is essential 
before commencing the metallographic 
preparation. This phase begins with the cutting 
of the samples, followed by meticulous cleaning 
using alcohol to remove any impurities. 
Subsequently, each set of three samples is 
secured using a Buehler coater. 
Following this, the polishing process is initiated 
with a Buehler polisher. This stage commences 
with coarse polishing using a medium-sized 
abrasive paper (400-grit), followed by 
intermediate polishing with an (800-grit) paper 
to refine the surface. Finally, fine polishing is 
performed with a (1200-grit) paper to achieve a 
smooth surface. 
To attain a shiny surface, an abrasive compound 
such as alumina oxide is applied to an abrasive 
cloth to complete the polishing process and 
achieve the desired surface quality. Finally, a 
chemical etching using hydrofluoric acid is 

carried out to prepare the sample for 
metallographic examination. 
An example of samples prepared for 
metallographic examination is displayed in 
Figure 1.  

The microstructures of all samples were 
examined using the Olympus optical microscope 
BX53MRF-S model, and the Perfect Image 
program V.8.0.0.9 analysis was used to 
determine the percentages of the deposited 
phases. 

Scanning electron microscope (SEM) and EDX 
analysis 

To characterize the nature of each deposited 
phase, we utilized the QUATTRO S-FEG 
scanning electron microscopy (SEM) provided 
by Thermo Fisher Scientific, in conjunction with 
energy-dispersive X-ray analysis (EDX). 

Vickers hardness test 

To understand the impact of copper and silicon 
content, the hardness values of the alloys were 
measured under casting conditions. This was 
done using the Vickers method with a 98 N load. 
It's noteworthy that the hardness samples used 
were the same as those utilized for 
microstructure analysis. 

 

 

Figure 1. Example of coating sample
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Results and Discussion 

Microstructure and MEB-SEM analysis 

Optical micrographs of the cast AS5U10 and 
AS15U10 alloys are demonstrated in Figure 2 and 
Figure 3. As shown in the previous figures, the 
alloy has an α-Al dendritic matrix with 
dispersed needle-shaped eutectic silicon 
particles, as well as microstructural changes 
that occur with an increase in silicon content. 
Dark, contrasting intermetallic particles are 
visible in the images. Figure 4 and Figure 5 for 
the AS5U5 and AS5U15 alloy show the use of 
backscattered electrons in SEM to identify these 
intermetallic phases. Cu containing 
intermetallic precipitates appears in white 
contrast and can be easily separated on SEM 
micrographs. 

 

Figure 2. Microstructure of AS5U10 alloy with x10 
magnification taken by an optical microscope 

 

 

Figure 3. Microstructure of the AS15U10 alloy with a 
magnification of x10 taken by an optical microscope 

 

 

Figure 4. Example of microstructure analyzed by 
SEM of AS5U5 and AS5U15 alloys 

 

Figure 5. SEM micrograph of AS5U15 alloy 

Table 2. Chemical composition of the elements in 
each phase in point 1,3,4,5 of the AS5U15 alloy 

atomic % Elements 

Pt5 Pt3 Pt2 Pt 1 

61,97 9,74 63,36 69,66 Al 
8,91 84,11 0,93 26,79 Si 
5,74 3,01 32,8 1,51 Cu 

1 - - - Cr 

1,67 - - - Mn 

12,68 - - - Fe 
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Figure 6. Spectrum of chemical analysis by EDX of the alloy AS5U15   (points(1,3,4 et 5) 
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Table 2 presents the outcomes of spectra in 
Figure 6 of the EDX analysis conducted on the 
precipitate, denoted by the blue points in Figure 
5. The EDX analysis confirms the presence of Cu 
in the sediment. The chemical composition of 
the intermetallic particle is identified as Al2Cu, 
commonly referred to as the θ phase in Al-Cu 
alloys. The microstructure examined includes 
primary aluminum dendrites (light gray alpha 
phases), eutectic dendrites (mixture of alpha-
matrix and dark gray spherical Si particles), and 
Cu- and Fe-rich intermetallic phases of various 
types, which are mainly concentrated in the 
spaces between the dendrites [21], as 
illustrated in Figure 3, Phases that incorporate 
copper and/or iron exhibit higher brightness in 
SEM secondary electron images due to elevated 
grayscale values. Eutectic is a mixture of Si 
particles and α matrices. The alpha matrix, 
comprising aluminum and silicon, initiates the 
precipitation of the liquid as the primary phase 
in the dendritic form- the anisotropic phase of 
silicon [21,22]. Intermetallic compounds 
include half or more of the copper [23]. 
Aluminum alloys exhibit intermetallic phases, 
like Al2Cu, characterized by a tetragonal crystal 
structure. These phases undergo solidification, 
resulting in two distinct morphologies following 
the Al-Si eutectic reaction. The initial 
morphology appears in the form of large blocks 
(Al2Cu, Figure 7a) with a notable copper 
concentration of approximately 38-40% Cu. In 
contrast, the second morphology manifests in a 
finely distributed ternary eutectic form (Al- 
Al2Cu -Si, Figure 7 (b)). This variant is more 
common in the unaltered alloy and is identified 
either as distinct eutectic pockets or as 
precipitates on pre-existing silicon particles or 
iron phases [23-25]. Xing et al. studied the as-
cast microstructure of foundry Al-Si-Cu alloy 
and Upon observation, it became evident that α-
Al dendrites were encircled by eutectic Si 
phases and intermetallic compounds[26].  
The eutectic Si phases manifested in lamellar 
and rod-like particles or as an Al-Si eutectic 
phase. The Cu-containing intermetallic 
compounds appeared in various morphologies- 
either as a eutectic phase, a block-like phase, or 
a combination of both, identified as Al2Cu [8,19]. 

 

 

Figure 7.  Microstructures of alloys (a) AS5U10 and 
(b) AS10U5 at x50 magnification showing bulk Al2Cu 

phases and ternary eutectic (Al- Al2Cu -Si) 

The experimental material was not refined or 
modified, so that the eutectic Si grows into 
platelets according to the double-plane 
reentrant edge mechanism (TPRE mechanism) 
along the preferred crystallographic directions. 
The Si wafers were most likely epitaxially 
grown from the surrounding primary aluminum 
dendrites. This result is in agreement with 
reports on Al-Si alloys which were not modified. 

Theoretical aspect 

The initiating influence of silicon, acting as a 
phase with crystallographic plates aligned with 
aluminum gates, exerts a substantial impact on 
the process of eutectic formation [22,23]. This is 
why silicon crystallization is the first step in the 
growth of a eutectic colony at 645.6 °C. Solid α-
crystals from the solution form on the silicon 
crystals, which “wrap” the silicon pin and 
prevent its further growth in width due to the 
structural similarities [15,16]. The separation of 
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α(Al) microcrystals begins between a 
temperature of ≈ 615 °C and 540 °C in the 
tested alloys, and the precise temperature is 
primarily determined by the alloy's silicon and 
copper contents. The primary phase transforms 
into solid dendritic crystals, leading to elevated 
concentrations of copper and silicon in the 
residual liquid. The aluminium-silicon eutectic 
temperature, the first temperature plateau on 
the cooling curve, is between 570 and 555 °C, as 

shown in the cooling curves in Figure 8. The 
solid eutectic phase emerges within the gaps 
left between the dendritic arms, stabilizing at a 
constant temperature when the aluminum-
silicon eutectic temperature is attained [27]. 
while the stable intermetallic phase Al2Cu 
begins to precipitate at a constant temperature 
for all the alloys studied at a temperature of 
521.6 °C, as summarized in Table 3.

  

Table 3. Percentage and the temperatures at the beginning and the end of the deposits of various obtained 
phases 

 α-Al matrix Si Crystal Al2Cu 

 Appearance 
temperature 

Temperature 
of 25 °C 

Appearance 
temperature 

Temperature 
of 25 °C 

Appearance 
temperature 

Temperature 
of 25 °C 

AS5U5 615.5 88.10% 556.7 5.96% 521.6 5.88% 

AS5U10 599.4 81.61% 541.9 6.18% 521,6 12.20% 

AS5U15 580.8 74.55% 531.2 6.42% 521,6 19.03% 

 

AS10U5 579.7 82.34% 566.4 11.82% 521.6 5.83% 

AS10U10 560.7 75.63% 556.9 12.26% 521.6 12.11% 

AS10U15 564.1 68.4% 562.7 12.73% 521.6 18.86% 

  

AS15U5 567.3 76.72% 623.2 17.58% 521.6 5.8% 

AS15U10 556.3 69.75% 633.1 18.23% 521.6 12.0% 

AS15U15 543.9 62.36% 645.9 19.00% 521.6 18.7% 
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Figure 8. Solidification curves and microstructures
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As crystals grow within a solid solution, silicon 
atoms align on the developing crystals and 
gather along the solid solution's crystallization 
front. This accumulation enriches adjacent 
casting layers with silicon, creating conditions 
conducive to the formation of silicon grains. 
Come back. The formation of silicon crystals in 
an α-solid solution is possible again after the 
surrounding casting becomes enriched with 
aluminium atoms. The sequential crystallization 
of silicon and a solid solution facilitates the 
development of eutectic colonies. Other silicon 
crystals are distributed on a silicon lamella at 
the same time Nevertheless, even with the 
concurrent deposition of the two eutectic 
phases, the moment two crystals of distinct 
phases merge at the boundary within the solid 
eutectic flow. One phase separate and another 
phase enriches the surrounding layer of the 
flow. This is why one phase is always in charge 
of crystallization and creates a framework, 
while the other is located in the intra-axis 
region of the framework. The significance of a 
phase is evaluated based on its linear rate of 
crystallization [22,23]. It was observed that at a 
temperature of 531 °C, the coarsening of 
primary Si particles concludes, and 
concurrently, the nucleation of the eutectic Al2Si 
initiates. At this specific temperature, a portion 
of the residual molten alloy exhibited a eutectic 
composition, while certain precipitating Al2Si 
particles displayed a distinct eutectic 
appearance. The dendrite coherence point was 
observed at 568 °C. Therefore, after this 
temperature, the dendrites should not expand, 
but they continued to grow due to 
interdendritic feeding. The temperature at 
which the semi-solid slurry transitions to a rigid 
state, and the remaining liquid no longer flows 
freely, is referred to as the dendrite coherence 
point because the so-called skeleton begins to 
form and prevents free flow-movement of the 
residual molten metal [7]. Hence, it can be 
inferred that in all nine alloys, Al2Cu was the 
final phase to undergo solidification, in 
conjunction with the low melting point 
elements. The microstructures depicted in 
Figure 2 and Figure 3 revealed the presence of 
intermetallic phases alongside primary silicon 
crystals and a solid solution (Al) once the 
solidification process concluded Their 

distribution, shape, and size depended on the 
cooling conditions. 
Evolution des pourcentages des phases déposées 
et vitesse de solidification  

Using Thermo-Calc simulation and quantitative 
analysis obtained by Perfect Image of samples, 
the evolution of the deposited phases was 
followed for different chosen compositions of 
the copper and silicon additions. Using perfect 
image analysis, a microstructure examination of 
samples was done. An example of the 
microstructure analyzed by perfect image is 
depicted in Figure 9.  

The microstructure captured by the Perfect 
Image analysis software reveals three 
distinctive phases, distinguished by colors 
(blue, yellow, and red). According to the 
analyses conducted through EDX scanning 
electron microscopy in Figure 4, the red phase 
corresponds to the intermetallic compound 
Al2Cu, the blue phase represents silicon crystals, 
and the yellow phase denotes the aluminum 
matrix. Focusing on the evolution of the 
percentage of Al2Cu results obtained for each 
alloy by varying the mass proportions of copper 
and silicon are given in Table 4 and Figure 10. 
Examination of the results obtained shows that 
in each group which contains a fixed percentage 
of silicon and by varying the copper content, the 
percentage of formation of Al2Cu increases as 
shown in Figure 10, which proves the positive 
influence of copper on aluminum silicon copper 
ternary alloys. However, the variation of the 
percentages of silicon does not reveal any 
importance on the Al2Cu formation [28]. 

 

Figure 9. Example of a microstructure analyzed by 
perfect image software of AS5U15 sample x50 
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Table 4. Percentages of Al2Cu deposits results 

 %Al2Cu obtained by 
Thermo-Calc software 

%Al2Cu Obtained by 
Perfect Image analysis 

AS5U5 5.88% 5.91% 
AS5U10 12.20% 13.97% 
AS5U15 19.03% 22.56% 
AS10U5 5.83% 7.78% 
AS10U10 12.11% 14.91% 
AS10U15 18.86% 20.14% 
AS15U5 5.80% 7.84% 
AS15U10 12.00% 15.75% 
AS15U15 18.70% 21.90% 

 
 

 
Figure 10. Evolution of Al2Cu obtained by thermo-calc and perfect image analysis 

Figure 11.  Hardness evolution of all the manufactured samples 
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Under the operating conditions chosen and by 
referring to the image analyses carried out on 
the various samples produced, it turns out that 
the influence of silicon on the formation of the 
compounds Al2Cu is practically negligible [29]. 
Moreover, the comparison of the experimental 
data with the data obtained theoretically by 
thermo-Cal software shows only a small 
difference in the composition of Al2Cu due to 
the presence of the impurities in the 
experiment.  

Hardness evaluation 

The mechanical properties of cast components 
are significantly influenced by the shape and 
distribution of silicon particles and intermetallic 
phases within the alpha (α) matrix. Due to the 
hardness but brittleness of Si platelets, which 
may crack and expose the soft α-matrix, this 
plate-like eutectic Si morphology is unfavorable 
for mechanical properties [30]. 

Thus, it is necessary to act on this morphology 
appropriately. Solution processing (under 
certain conditions) affects the morphological 
transformation kinetics of Si. The heat 
treatment process influences the size, shape, 
and distribution of precipitates in a cast 
component [31]. The evolution of hardness 
values of the alloys is graphed in Figure 11, we 
noted that all values given are an average of five 
measurements. By carrying out hardness 
measurements which allow us to have an idea of 
the evolution of the mechanical properties of 
such alloys around the eutectic composition, the 
measurement obtained shows a notable 
evolution of the hardness according to the 
percentage of copper for content silicon, as 
shown in Figure10. This increase, which is 
mainly attributed to the deposition of the  
Al2Cu precipitate [32-35]. A thorough analysis 
of Figure 10 reveals that, while keeping the Cu 
content constant and adjusting the Si content, 
the hardness of the Al-Si-Cu alloy consistently 
rises. Therefore, the impact of silicon on 
hardness should not be overlooked, as it 
increases with varying percentages of the latter 
[36,37]. 

 

Conclusion 

Based on Thermos-Calc software analysis of 
samples fabricated around the eutectic 
composition of Al-Cu-Si alloys, the phases 
deposited and their percentages could be 
predicted. The results showed that the effect of 
copper was significant, with an increase in its 
percentage leading to an increase in Al2Cu 
deposition. The use of Perfect Image Analyzer 
and SEM-EDX confirms that the main deposited 
phases consist of Al-  Silicon crystals and Al2Cu 
components. The intermetallic compound Al2Cu 
is deposited in several morphologies (In various 
configurations, the precipitates can appear as a 
compact block-like Al2Cu phase, a eutectic Al2Cu 
phase, or a combination of both). Results 
confirm that the evolution of copper and Al2Cu 
is simultaneous which influences the Al-Si-Cu 
alloys positively. On the other hand, the 
variation of silicon in the alloys proves to be of 
no importance in the formation of Al2Cu. The 
rise in copper and silicon content correlates 
with an increased hardness, demonstrating the 
positive impact of both the intermetallic 
compound Al2Cu and the presence of silicon on 
the mechanical behavior of the alloys. In this 
study, the fabrication of these new alloys has 
allowed us to discover that it is possible to 
create alloys with different percentages of 
components, thereby yielding results with good 
mechanical properties applicable in various 
fields. Enhancing this work with additional 
tests, such as corrosion testing, for instance, or 
through heat treatment, would be an interesting 
avenue to further explore. 
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