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resistance to the effect of high temperature and corrosive 
environment. Aluminium-silicon alloys are widely used in the 
automotive industry [15-18], aviation [19-26]. Copper controls 
the strength and hardness of casting aluminium alloys. 
Aluminium alloys, including AlCu alloys, are the subject of 
studies of the effect of additives on the nucleation process and 
crystal growth [27-28]. Ternary alloys from the Al-Cu-Si system 
are gaining more and more popularity. They are lightweight and 
superior to Al-Si alloys in terms of strength and to Al-Cu alloys in 
terms of corrosion resistance. These features explain the growing 
interest in Al-Cu-Si alloys in the automotive and aviation 
industries [29-32]. 
 
 

2. Materials and Methods 
 

The aim of this study was to analyze the influence of the 
variable content of silicon additions on the properties of an Al - 
Cu alloy. In alloys made of pure components, special attention 
was paid to the mechanical properties of samples cast into metal 
moulds. Chemical and microstructural analyses were performed 
during the tests, and properties such as ultimate tensile strength 
(UTS), elongation (E) and machinability were determined. 
Hardness (HBN) was measured by the Brinell method and 
microhardness (µHV) by the Vickers-Hanemann method. 

In the first stage of research work, it was planned to prepare 
the melts and produce samples of Al alloys with a constant copper 
content of 2% and variable silicon contents, introduced into 
aluminium in the amounts of 0.5%, 1.5%, 3%. In the second 
stage, the constant copper content was 4%, while silicon was 
introduced in the amounts of 0.1%, 2% and 4% (Table 1) 
 
Table 1. 
Plan of the experiment with varied content of alloying elements in 
aluminium  

Average content of alloying elements (wt%) 

Stage No. 1 Stage No. 2 

No. Cu Si No. Cu Si 
1.1 2.0 0.5 2.1 4.0 0.1 
1.2 2.0 1.5 2.2 4.0 2.0 
1.3 2.0 3.0 2.3 4.0 4.0 

 
 The equilibrium crystallization analysis was carried out by the 
CALPHAD (CALculation of PHAse Diagrams) method using a 
Thermo-Calc package with the TCS Al-based Alloys Database 
[40-42]. 
 Melts were prepared in a pilot foundry of the AGH Faculty of 
Foundry Engineering. A medium frequency induction furnace was 
used for metal melting. The charge was melted in a chamotte-
graphite crucible. The following charge materials were used: 
electrolytic aluminium A199.99 (designated as AR1) according to 
PN-EN 1676:2020-09, crystalline silicon and cathode electrolytic 
copper in the form of plates with the minimum copper content of 
99.99% according to PN-EN 1982:2017-10. 
 As part of preliminary tests, the primary AlCu50 alloy was 
prepared. During casting, the pouring temperature was controlled 

and kept in the range of 730–750ºC, the metal mould temperature 
was 150–170ºC.   
 The quality of the performed melts was checked by the 
analysis of chemical composition. For this purpose, a 
SPECTROMAXx emission spectrometer was used. The results of 
the analysis are presented in Table 2. They confirm that melting 
was carried out in a proper way, since the obtained samples of 
AlCuSi alloys contain only small amounts of impurities, mainly 
iron and zinc. 
 
Table 2. 
The results of the chemical analysis of the tested samples  

The content of elements in the alloy (wt%) 

Stage No. 1 
No. Cu  Si  Fe Zn Al 
1.1 2.04 0.075 0.014 0.024 bal. 
1.2 2.06 1.58 0.019 0.075 bal. 
1.3 2.27 2.87 0.034 0.069 bal. 

Stage No. 2 
No. Cu  Si  Fe Zn Al 
2.1 4.29 0.088 0.019 0.024 bal. 
2.2 4.26 1.80 0.032 0.016 bal. 
2.3 4.17 3.92 0.029 0.032 bal. 

 
Microstructure was examined by the light microscopy (LM) 

using an Eclipse LV 150 microscope. The microhardness (µHV) 
of structural phases was tested by the Vickers-Hanemann method. 
The ultimate tensile strength (UTS) and the elongation (E) of the 
alloys were assessed on an INSTRON device, model 1115. 
 Hardness was measured by the Brinell method (BHN). The 
assessment of machinability was done by the Keep-Bauer method 
measuring the cutting force. The machinability test consisted in 
drilling a 6 mm diameter hole in the prepared samples using drill 
[43]. 
 
 

3. Results and Discussion 
 
 
3.1. Thermodynamic predictions 
 
 Modelling of alloys by the CALPHAD method was carried 
out for the experimental chemical composition shown in Table 2, 
using a Thermo-Calc software. The program analyzes the three 
main elements, i.e. Al, Cu and Si, and also elements such as zinc 
and iron, present in the alloy and treated as impurities. The alloy 
cooling process was simulated allowing for the phase 
transformations under equilibrium conditions.  
 As a result of modelling, graphs of theoretical crystallization 
were plotted for the examined alloys. The graphs show the effect 
of individual elements on the crystallization characteristics of 
individual phases. A sample simulation graph of the AlCuSi alloy 
cooling process is shown in Figures 1-4. 
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Table 4. 
The results of Thermo-Calc modelling of characteristic phase 
transformation temperatures in the tested AlCuSi alloys (1.1-1.3) 

 
 
Table 5. 
The results of Thermo-Calc modelling of characteristic phase 
transformation temperatures in the tested AlCuSi alloys (2.1-2.3) 

 
 
The Al7Cu2Fe and Al13Fe4 phases present during 

crystallization are unstable and do not occur at ambient 
temperature. In the temperature range of 550-559oC, the 
introduction of silicon in an amount exceeding 1.6% results in 
more silicon appearing in the form of the SI-DIAMOND_A4 
phase, which at ambient temperature (20oC) reaches the percent 
content of an alloying constituent. The Al2Cu phase crystallizes in 
the solid state and its crystallization temperature depends on the 
copper content (430-513oC). In all cases, at 20oC, the content of 
the Al9Fe2Si2 phase is at a low level of 0.07 - 0.13%. 
 
 
3.2. Microstructural characterization 
 

In the next stage of the studies, the impact of the introduced 
variable additions of silicon and copper on changes in the images 
of the microstructure of the examined alloys was evaluated. A 
10% aqueous NaOH solution was used for etching of the 
metallographic specimens. Figures 5-9 show microstructure of the 
examined alloys with different content of copper and silicon. 
 

 
Fig. 5. Microstructure of 1.1 AlCu2Si alloy; with the data of 

Thermo-Calc; a) 100x; b) 500x 
 

 
Fig.6. Microstructure of 1.2 AlCu2Si1,6 alloy; with the data of 

Thermo-Calc; a) 100x; b) 500x 
 

 
Fig. 7. Microstructure of 2.1 AlCu4,3Si alloy; with the data of 

Thermo-Calc; a) 100x; b) 500x 

Sample T1[oC] T2[oC] T3[oC] T4[oC] T5[oC] T6[oC] T7[oC] T8[oC]

LIQUID [kg] 654 606
FCC_L12 [kg] 654 606 430 20 0.9610
AL2CU_C16 [kg] 430 20 0.0377
AL7CU2FE [kg] 498 430
AL13FE4 [kg] 558 498
AL9FE2SI2 [kg] 430 20 0.0005
SI-DIAMOND_A4 [kg] 309 20 0.0007

LIQUID [kg] 645 558 546
FCC_L12 [kg] 645 558 546 432 20 0.9454
AL2CU_C16 [kg] 432 20 0.0380
AL9FE2SI2 [kg] 558 20 0.0007
SI-DIAMOND_A4 [kg] 550 20 0.0157

LIQUID [kg] 636 559 543
FCC_L12 [kg] 636 559 543 444 20 0.9281
AL2CU_C16 [kg] 444 20 0.0419
AL9FE2SI2 [kg] 555 20 0.0013
SI-DIAMOND_A4 [kg] 559 20 0.0286

Mass fraction 
in 20oC1.1 AlCu2SiFeZn

1.2 AlCu2Si1,6FeZn 

1.3 AlCu2,2Si2,9FeZn

Sample T1[oC] T2[oC] T3[oC] T4[oC] T5[oC] T6[oC] T7[oC] T8[oC]

LIQUID [kg] 648 563
FCC_L12 [kg] 648 563 513 20 0.9192
AL2CU_C16 [kg] 513 20 0.0793
AL7CU2FE [kg] 574 435
AL9FE2SI2 [kg] 437 20 0.0007
SI-DIAMOND_A4 [kg] 319 20 0.0008

LIQUID [kg] 638 538 525
FCC_L12 [kg] 638 538 525 509 20 0.9021
AL2CU_C16 [kg] 509 20 0.0787
AL9FE2SI2 [kg] 556 20 0.0012
SI-DIAMOND_A4 [kg] 538 20 0.0179

LIQUID [kg] 624 555 525
FCC_L12 [kg] 624 555 525 509 20 0.8827
AL2CU_C16 [kg] 509 20 0.0771
AL9FE2SI2 [kg] 545 20 0.0011
SI-DIAMOND_A4 [kg] 555 20 0.0391

2.2 AlCu4,3Si1,8ZnFe

2.3 AlCu4,2Si4ZnFe

Mass fraction 
in 20oC2.1 AlCu4,3SiZnFe
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