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A B S T R A C T

This study investigates the microstructure, mechanical, and physical properties of a newly developed and 
patented multicomponent aluminium alloy based on the AlMgSiCu system, produced by High Pressure Die 
casting (HPDC). This alloy exhibits superior mechanical properties compared to other HPDC alloys, especially at 
elevated temperatures. Tested at both room temperature (RT), and at 200 ◦C, a range where most aluminium 
alloys degrade, it demonstrated remarkable thermal stability, maintaining its characteristics. The alloy’s complex 
microstructure includes an aluminium matrix with Mg2Si, Al2Cu, and Al2CuMg phases. At 200 ◦C, the alloy’s 
hardness was twice that of the commonly used AlSi9Cu3 alloy. The yield strength (YS) reached 244 MPa, ulti
mate tensile strength (UTS) 267 MPa, and elongation (E) of 0.69 %, showing a 65 % increase in YS and a 45 % 
increase in UTS, compared to AlSi9Cu3 alloy. In compressive testing, the alloy also showed superior results, with 
a YS of 251 MPa, ultimate compressive strength (UCS) of 468 MPa, and deformation (D) of 18.50 %, with a 90 % 
increase in YS and an 80 % increase in UCS. The results are significant, despite a 40 % lower deformation 
compared to AlSi9Cu3. The transformation of the Al2Cu phase with temperature to form the Al2CuMg phase had 
a significant impact on the material’s overall mechanical properties, maintaining the mechanical properties at 
200 ◦C. Comparing the YS, UTS and UCS-to-density ratio at 200 ◦C, this alloy shows great potential for high- 
temperature applications being an attractive candidate for aerospace and automotive sectors, particularly for 
components like drum brakes, traditionally made of cast iron.

1. Introduction

Aluminium alloys are important because of their potential for weight 
reduction in the transportation and energy industries, and because of 
other specific properties. Furthermore, the rise of electric vehicles is 
driving up the demand for aluminium alloys supported by the GIGA
PRESS technology by HPDC [1], and the study of its use for aluminium 
drum brakes [2,3].

Aluminium drum brakes are ideal for lightweight electric vehicles 
due to their lower rear braking forces compared to the front brakes. 
Kinetic Energy Recovery Systems (KERS) further decrease these forces, 
while front disc brakes engage before rear drum brakes, resulting in 
reduced pressure on the rear [4]. Aluminium drums are lighter than 
iron, providing better heat dissipation, reduced brake fade, and pre
venting corrosion and failure of conventional grey cast iron discs [5]. 

This is why several studies have proposed using aluminium-silicon 
(Al–Si) alloys or aluminium matrix composites reinforced with SiC [4].

Most commercial foundry alloys are based on the Al–Si system. The 
obtained microstructure is principally constituted by Al-dendrites [6]. 
Silicon (Si) plays an important role in increasing the castability of the 
alloy, and increasing strength values, but reducing machinability [7]. 
Automotive alloys typically contain Si between 5 wt% and 12 wt% [8]. 
Hypereutectic Al–Si alloys are employed for tribological applications. 
These alloys tend to have coarse primary Si precipitates, which increase 
hardness but reduce other mechanical properties such as ductility [9]. 
Magnesium (Mg) increases the strength and hardness of the alloy and 
makes the alloy heat-treatable [10] but can decrease the ductility. An 
insufficient Mg content leads to the formation of pure Si precipitates, 
which causes embrittlement in the alloy. Therefore, the Mg concentra
tion is carefully adjusted to prevent the occurrence of free Si. At a Mg 
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content of 1 % coarse primary silicon particles are evident, while 
increasing the Mg content to 6 % reduces the formation of Si particles 
and promotes the precipitation of primary Mg2Si phases [11]. The Mg 
concentration directly influences the morphology and size of Mg2Si 
precipitates, thereby affecting the alloy’s ductility [12]. Additionally, 
copper (Cu) additions induce the formation of Al2Cu precipitates, 
enhancing the alloy’s hardness [13] with maximum strengthening 
achieved at copper concentrations between 4 wt% and 6 wt% [14]. 
Nevertheless, high copper content can decrease ductility and increase 
corrosion susceptibility [15]. The combined addition of copper and 
magnesium determines an increase of Cu and Mg-rich intermetallic with 
different morphologies [15]. In case of no more additional Si, the 
Al2CuMg phase precipitates which is advantageous in aluminum alloys 
in comparison to Al2Cu phase [16] due to its higher strength and 
hardness [17]. However, this phase can serve as a crack initiation source 
[18].

Aluminium conventional alloys have one dominant principal 
element (Al), and the quantities of other alloying elements are relatively 
small. Consequently, most casting alloys exhibit a limited combination 
of mechanical properties [19]. A current trend and new opportunity that 
has received significant research attention are the High Entropy Alloys 
(HEA), also called compositional complex alloys (CCAs) and multi
component alloys [20]. These alloys typically exhibit a higher entropy 
value compared to traditional aluminium alloys due to the addition of a 
larger quantity of secondary elements. The basic concept is to obtain a 
more disordered structure of five or more elements at or near an equi
molar composition, forming a solid solution phase [21]. The final 
crystalline structure plays a crucial role in the properties. When a pure 
FCC phase is formed, the alloy acts as a solid solution, exhibiting rela
tively low strength but high ductility. Pure BCC phases are extremely 
brittle. In a mixed-phase region, alloys performed as a composite, 
showing an increased strength [22]. The significant chemical differences 
and highly negative enthalpy between Al and the alloying elements 
often promote the formation of a substantial volume of intermetallic 
compounds (ICs). Several Al-based entropy alloys with exceptional 
properties have been reported [23]. The peculiarity of these new types 
of alloys lies in the significant improvement of their properties.

The manufacture of Light High Entropy Alloys (LWHEA) at a large 
scale remains limited [24,25], with vacuum arc melting as the main 
employed process [26]. In terms of tensile properties, the available data 
is very limited because these alloys tend to be brittle alloys with nearly 
no ductility [27]. As a result, most studies focus on the compressive 
properties of these alloys [28,29]. AlMgZnCu alloy showed UTS values 
of up to 450 MPa [30]. Al90Mg7.1Zn1.35Cu1.35Si0.3 alloy exhibited a 
YS of 198 MPa, an ultimate compressive strength (UCS) of 794 MPa, and 
a deformation (D) of 33 %. In contrast, the Al70Cu5Mg5Mn5Si10Zn5 
alloy demonstrated a YS of 622 MPa, UCS of 644, and D of 2 % [31]. The 
Al40Cu15Cr15Fe15Si15, Al65Cu5Cr5Si15Mn5Ti5, and Al60Cu10
Fe10Cr5Mn5Ni5Mg5 alloys [32] showed the highest reported 
hardness-to-density ratio values, but with a fragile behaviour.

Within the foundry processes, HPDC offers a series of advantages, 
especially in the manufacturing of high volumes and low-cost structural 
and complex components [33]. Remarkably, this casting process rep
resents about 60 % of all the aluminium castings employed in the 
automotive industry. HPDC process promotes a finer microstructure 
layer near the casting surface (surface layer or the skin), containing very 
fine dendritic primary aluminium grains [34] and improving mechani
cal properties [35]. In HPDC, the most widely used alloy is the AlSi9Cu3 
(Fe) alloy, with a good combination of castability, properties, and price 
[36]. This alloy is commonly used in various automotive applications 
such as engine cylinder blocks, transmission housings, cylinder heads, 
and intake manifolds, due to its excellent balance of heat resistance and 
structural integrity properties. The obtained properties are essential for 
high-performance engine components [37].

These alloys contain around a 1 % wt. iron, promoting an easy 
release of the part from the die but reducing heat treatability [38], 

affecting its mechanical strength. Iron and silicon form intermetallics 
whose morphology impacts the feeding process, particularly in the 
presence of the needle-like β-Al5FeSi phase. This phase is deleterious 
because it can serve potentially as a site for fractures [39]. The addition 
of manganese modifies the morphology of iron-rich phases from 
needle-like β-Fe phases to α-Fe phases, which appear in Chinese script or 
skeleton-like form, reducing the initiation of cracks. This transformation 
enhances both YS and UTS without compromising ductility [40]. These 
alloys combine high strength, adequate corrosion [15], and fatigue 
resistance [41].

The mechanical properties of aluminium alloys are affected at tem
peratures above 150 ◦C, resulting in the loss of hardness and mechanical 
properties [42–46]. The strengthening mechanisms of the alloy’s 
microstructure become unstable, leading to the coarsening of interme
tallic particles and a higher number of precipitates, which in turn softens 
the matrix [47]. AlSi9Cu3(Fe) alloys exhibited a reduction in hardness 
of around 25 % when exposed to temperatures above 100–150 ◦C [48] 
and also of UTS [49], due to the relaxation of residual stresses and the 
reduction of solute atoms, which diminishes the matrix strengthening.

Recent studies have investigated the production of HPDC multi
component alloys such as Al85Cu5Si5Zn5, Al65Cu10Mg10Si10Zn5 and 
Al80Cu5Mg5Si5Zn5 [50]. These alloys exhibited high YS and UCS under 
compressive forces, although they demonstrated minimal elongation at 
RT. Additionally, their mechanical properties decreased by more than 
40 % at elevated temperatures [31]. Another HPDC alloy, AlCu
SiMgMnFe, exhibited a YS of 365 MPa and E of 1.8 % [51]. However, 
research on multicomponent alloys produced by HPDC, particularly for 
temperature applications, remains limited.

Rapid solidification processes improve the proportion of single-phase 
microstructures [52], minimizing the occurrence of large intermetallic 
phases [53], which are normally hard and fragile, and reducing their 
size. Regulating microstructural parameters can lead to substantial en
hancements in mechanical properties [54], influenced by the cooling 
rate [55]. In HPDC, cooling rates are around 100 ◦C/s with an average 
SDAS size of less than 25 μm [56]. Thermal analysis (TA) can determine 
the cooling rate and characteristics of the solidification process [57–59]. 
The combination of TA with Factsage Software is a powerful tool for 
increasing the accuracy of results. While Factsage or Calphad are widely 
used in the design of aluminium alloys, it does have certain limitations 
[60] because they don’t always accurately estimate the actual number of 
phases in multicomponent high entropy alloys [61] and the solidifica
tion characteristic temperatures.

In this research work, combined techniques were employed to design 
and validate the multiphase microstructure of a new semi-ductile as-cast 
multicomponent aluminium alloy based on the AlMgSiCu system pro
duced by HPDC. The obtained microstructure was related to the me
chanical and physical properties. The investigation showed the 
development of a new multicomponent aluminium alloy with enhanced 
properties such as strength at tensile and compressive forces, at RT and 
200 ◦C, making it suitable for automotive drum applications. Unlike 
traditional cast iron drum brakes, aluminium matrix composite alloys 
are being explored as lightweight alternatives [62]. Aluminium drums 
significantly reduce vehicle weight, lowering unsprung and rotary mass, 
which improves handling and fuel efficiency. Additionally, aluminium’s 
superior thermal conductivity enhances heat dissipation, reducing the 
risk of brake fade in high-temperature applications. Therefore, this new 
high-performance multicomponent aluminium alloy, produced via the 
HPDC process, presents a promising alternative for such applications. 
The working temperature of 200 ◦C was selected as a reasonably 
acceptable operating range for a drum brake under extreme conditions, 
such as mountain routes and successive braking actions. Higher values 
are considered excessive and more theoretical, particularly for 
aluminium brakes.
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2. Materials and methods

2.1. Design of the new alloy

The design and development of the new alloy are based on previous 
research on 16 multi-component aluminium alloys, where various 
alloying elements were systematically adjusted and analyzed. These 
studies investigated different compositions derived from an AlMgSi 
matrix, incorporating Cu, Zn, Ca, Zr, Cr, and TiB in equiatomic pro
portions to enhance material properties.

As a result, the Al80Mg10Si5Cu5 alloy was selected as a promising 
candidate due to its high-temperature performance, wear resistance, and 
potential application in drum brakes, where similar properties are 
required [63].

2.2. Materials and samples preparation

Raw materials were melted, mixed, and held in a 500 Kg electrical 
furnace (Dugo EBC, Dugopa). The charge material for the new alloy 
consisted of recycled AlSi7Mg, AM60B, and AlSi9Cu3 alloys. Once the 
desired composition for the specific and selected alloy was achieved, the 
operating temperature was set to 700 ◦C, and the molten metal was 
injected into the metal die at 700 ◦C on a 950 t injection machine (PT- 
650, Pretansa). Additionally, an AlSi9Cu3 alloy was produced for 
comparative results because it is the most widely used in aluminium 
castings (around 60–70 %), and it’s also manufactured by High-Pressure 
Die Casting (HPDC) [64].

The main HPDC manufacturing parameters are resumed in Table 1.
The chemical composition was determined by Inductively Coupled 

Plasma Optical Emission Spectrometer (ICP-OES) in a SPECTROMAXx 
(Spectro, RU) analyzer. Once solidified, the casting parts were extracted 
and submerged in water at 50 ◦C.

In Figs. 1 and 2 can be observed the equipment and the different 
casting parts obtained by HPDC.

2.3. Microstructure

2.3.1. Calphad method
To define the different solidified phases of the new alloy, FactSage 

version 8.3 (2023) was employed using the database FTlite (2023). This 
approach optimized the final microstructural composition of the alloy 
by examining the effects of each selected element in different 
proportions.

2.3.2. Thermal analysis
The application of TA enables determining the characteristic solidi

fication temperatures, the number of precipitated phases, and their 
approximate percentages.

The cooling curve was analyzed using the recorded solidification 
temperature data. This data was collected with a high-speed National 
Instruments data acquisition system connected to a personal computer. 
Each TA trial was conducted at least three times. A custom- 
manufactured metal served as the die, achieving a cooling rate of 
about 5 ◦C/s.

2.3.3. Optical and electrical microscope
Samples for metallographic evaluation were prepared using standard 

metallographic procedures. To ensure representative results, samples 
were extracted transversely from the neck area of the tensile test 
specimens.

The microstructure was evaluated using a Leica DMI5000 M (LEICA, 
Wetzlar, Germany) optical microscope (OM) and an EI Quanta 450 (FEI, 
Hills-boro, OR, USA) Scanning Electron Microscopy (SEM) equipped 
with Energy Dispersive Spectroscopy (EDX) for elemental analysis.

2.3.4. X-ray diffraction
X-ray diffraction (XRD) patterns and mineralogical information were 

obtained using a Philips X’Pert Pro MPD PW3040/60 X-ray diffrac
tometer (Malvern Panalytical Ltd, United Kingdom), equipped with a 
copper anode operating with a voltage of 40 kV and 40 mA (1.6 kW). 
Scans were conducted over a 2θ range of 10◦–90◦, with a step size of 
0.02◦ 2θ and each step lasting 2s. The XRD patterns were indexed using 
the PDF-2 database from the International Center for Diffraction Data 
(ICDD). XRD experiments were performed at RT and 200 ◦C.

2.4. Physical properties

2.4.1. Electric conductivity
Electric conductivity (EC) at RT was evaluated using a portable 

Autosigma 3000 conductivity meter. Conductivity measurements were 
taken from both the surface layer and the interior of the specimen.

2.4.2. Density
The density was determined using the Archimedean technique. A 

high-precision balance model BC Memory (Orma, Milan, Italy) with an 
accuracy of 0.01 mg was employed. After obtaining both dry and wet 
weight measurements, the following equation was applied to calculate 
the density of the new alloy: 

σs =
ma

ma − ml
σl (1) 

where ml is the mass of the sample in the liquid (g), ma is the mass of the 
sample in the air (g), σl is the density of the liquid (g/cm3) and σs is the 
density of the solid (g/cm3).

2.5. Mechanical properties

2.5.1. Hardness
Hardness at RT was evaluated using the Vickers test following the 

ISO 6507-1 ″ Standard for Metallic Materials [65]. The Vickers hardness 
was measured using an FV-700 model Vickers hardness tester with a 
load of 3 kgf.

The hardness tests at 200 ◦C were conducted using the Rockwell B 
scale with an EURO model tester, applying a 100 kgf load and a 2.5 mm 
diameter ball indenter. For these measurements, samples were heated 
and maintained at the testing temperature for about 50 min in a heating 
chamber (Instrom 3119-007). The obtained measures were then con
verted into Vickers hardness to compare the results with the hardness 
data at RT. It should be noted that these tests at 200 ◦C are not stan
dardized. In both tests, ten measures were obtained from every sample.

2.5.2. Tensile strength
The tensile strength tests at RT were performed according to UNE EN 

ISO 6892-1 standard using an Instrom 5500R6025 device with a load 
range of 1–100 kN. The tests at 200 ◦C were performed following the 
UNE EN ISO 6892-2 standard. In this latter case, the process involved 
heating the samples from RT until the defined temperature for 30 min. 
Once the temperature was reached, the specimens were held at 200 ◦C 
for 15 min before the tensile tests were conducted. A heating chamber 
(Instrom 3119-007) was employed for the heating process. In both 

Table 1 
Main parameters of the HPDC casting for AlSi9Cu3 and Al80Mg10Si5Cu5.

Parameters AlSi9Cu3 Al80Mg10Si5Cu5

Die temperature, ◦C 225 300
Alloy temperature, ◦C 680 700
Specific pressure, bar 800 800
Cycle time, s 57 57
1st plunger speed, m/s 0.4 0.4
2nd plunger speed, m/s 3.2 3.2
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studies, a minimum of three tensile tests were performed.

2.5.3. Compression
The compression tests were conducted at RT and 200 ◦C. Cylindrical 

specimens with a diameter of 12 mm and a length of 20 mm were 
extracted and machined from the head area of the tensile test specimens. 
The employed equipment was the same as for the tensile tests and 
complied with the ASTM E− 9 standard. A minimum of three specimens 
were employed for the evaluation.

3. Results

3.1. Microstructure

3.1.1. Chemical composition
ICP-OES was employed to determine the final chemical composition. 

Table 2 collects the chemical composition of Al80Mg10Si5Cu5 and 
AlSi9Cu3 alloys.

3.1.2. Calphad
The phase diagram of Al80Mg10Si5Cu5 alloy for equilibrium cooling 

conditions is depicted in Fig. 3, and under non-equilibrium conditions 
(Scheil approximation) in Fig. 4.

Simulation under equilibrium conditions predicted a significant 
proportion of FCC aluminium solid solution at temperatures ranging 
from 570 to 510 ◦C, along with the presence of the Mg2Si phase. It can be 
observed that the Mg2Si phase is precipitated before the aluminium 
nucleation point, forming primary Mg2Si particles at 612 ◦C. In parallel 
to the aluminium precipitation, Mg2Si particles continue precipitating. 
As the cooling process progressed, around 509 ◦C, a second phase, S- 
Phase (Al2CuMg) started precipitating, with a T-Al2Cu phase precipita
tion at around 507 ◦C.

Under non-equilibrium conditions, the simulation predicted a sig
nificant proportion of the FCC aluminium solid solution at temperatures 
ranging from 582 to 500 ◦C, along with the presence of the Mg2Si phase. 
It can be observed that the Mg2Si phase is precipitated before the 
aluminium nucleation point, forming primary Mg2Si particles at 612 ◦C. 
In parallel to the aluminium precipitation, Mg2Si particles are created. 
As the cooling process progressed, around 510 ◦C, a second phase, T- 
Al2Cu started precipitating, with a final S-Phase (Al2CuMg) forming at 
around 507 ◦C.

Fig. 1. Detail of equipment HPDC machine and furnace.

Fig. 2. Example of tensile bars and other testing samples.

Table 2 
Elemental composition of Al80Mg10Si5Cu5 and AlSi9Cu3 alloys (wt.%).

Reference Al Mg Si Cu Mn Fe

Al80Mg10Si5Cu5 79.0 10.3 5.6 4.7 0.1 0.3
AlSi9Cu3 88.3 0.2 8.3 2.4 0.2 0.6
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It’s remarkable in equilibrium and Scheil simulation that in a quite 
wide range of temperatures from 520 to 550 ◦C there is a zone where 
aluminium phase percentage is around 70 wt%, and there is only the 
presence of Mg2Si which can allow the development of cooling and heat 
treatment processes to obtain a high saturated aluminium matrix or low 
and well distributed precipitated phases. In Scheil simulation, primary 
Si phase presence was not expected, which could decrease the ductility.

Table 3 summarizes the phases predicted by Factsage, along with the 
precipitation temperatures. In the equilibrium, the solidification range is 
between 612-507 ◦C, and in Scheil simulation is between 612-502 ◦C.

Remarkably, the total amount of Al2Cu was slightly lower and 
Al2CuMg slightly higher at equilibrium. However, the respective pre
cipitation temperatures remained nearly unchanged, despite the differ
ence in the order of phase precipitation.

3.1.3. Thermal analysis
Table 4 summarizes the solidification temperatures obtained for 

correlated phases and Fig. 5 illustrates the cooling curve and the 
different correlated phases obtained by TA.

At the beginning of the curve, the precipitation of a pre-liquidus 
phase was determined, related in the literature with the presence of 
primary Mg2Si [11,66]. This primary Mg2Si has been predicted by the 
Factsage software. After the precipitation (nucleation and maximum 
point on the liquidus) corresponding to the FCC aluminium phase was 
detected. Subsequently, the precipitation of a third phase (nucleation 
and maximum on the eutectic) corresponding to the eutectic Al + Mg2Si 
phase was observed [67]. Towards the end of the cooling curve and 
before reaching the solidus point, the post-eutectic Theta-phase Al2Cu 
phase precipitated, followed by the precipitation of the S-phase 
Al2CuMg, which presents a lower melting point than Al2Cu phase [68]. 
In this latter case, the phase exhibited recalescence, indicating different 
values for the minimum and the maximum point on the post-eutectic 
phase [69]. The final sequence of precipitation has been correlated by 
the microstructure analysis.

The obtained data were compared with the Scheil simulation results 
for the predicted phases and solidification sequences, revealing slight 
differences in the predicted solidification temperatures, with deviations 
of around 10–20 ◦C, that can be correlated with the approx. 5 ◦C/s 
cooling rate obtained in the TA test.

To corroborate and validate the obtained data, the microstructure 
was analyzed by XRD, optical, and electrical microscope.

3.1.4. XRD at room temperature and 200 ◦C
XRD was employed to study the different phases, and the results can 

be observed in Fig. 6. The as-cast Al80Mg10Si5Cu5 alloy presented an 
aluminium matrix with Mg2Si, Al2CuMg, and Al2Cu phases.

In Fig. 7, it can be observed the obtained results at 200 ◦C. As the test 
temperature increased, the Al2Cu phase disappeared, becoming the 
Al2CuMg phase. There is a slight decrease in the aluminium percentage 
in the FCC aluminium matrix in the samples tested at 200 ◦C, shown by 
the lowest intensity counts values. It has been observed that lower in
tensity counts values of the Mg2Si phases were related with the partial 
dissolution of the Mg2Si phase into the matrix. In the case of the 
Al2CuMg phase, it does not appear to be dissolved into the matrix at 
these temperatures, maintaining a similar XRD values and characteristic 
points.

3.1.5. Optical and electrical microscope at RT and 200 ◦C
Figs. 8 and 9 show the optical microscope (OM) images of the 

Al80Mg10Si5Cu5 alloy tested at RT and 200 ◦C, respectively. A distinct 
difference between the surface layer and the interior area of the sample 
was observed, which is characteristic of the HPDC process.

According to FactSage calculations, Mg2Si phases precipitated before 
aluminium, and in the microstructure, primary Mg2Si particles were 
observed, corroborating calculations. This indicates that a Mg/Si ratio of 
1.83 can facilitate the precipitation of primary Mg2Si phases, whereas 

Fig. 3. Equilibrium diagram of Al80Mg10Si5Cu5 alloy.

Fig. 4. Scheil phase diagram of Al80Mg10Si5Cu5 alloy.

Table 3 
Max. percentage of every phase and temperatures at equilibrium (Equil.) and 
Scheil.

Phases Max. wt.% 
Equil.

T range, ◦C 
Equil.

Max. wt.% 
Scheil

T range, ◦C 
Scheil

FCC-Al 82.86 583 79.14 583
Mg2Si 13.36 612 12.96 612
S_phase- 

(Al2CuMg)
9.37 509 4.79 507

Theta Al2Cu 1.83 507 3.04 510

Table 4 
TA correlated characteristic phases and solidification temperatures.

Solidification parameters Ta

Ta nucleation pre-liquidus (Mg2Si) 592.0 ◦C
Ta nucleation liquidus (FCC–Al) 582.0 ◦C
Ta maximum on the liquidus (FCC–Al) 579.9 ◦C
Ta nucleation eutectic (FCC + Mg2Si) 574.8 ◦C
Ta maximum on the eutectic (FCC + Mg2Si) 570.7 ◦C
Ta nucleation post-eutectic1 Al2Cu 495.8 ◦C
Ta maximum on the post-eutectic1 Al2Cu 490.8 ◦C
Ta nucleation post-eutectic2 Al2CuMg 488.8 ◦C
Ta minimum on the post-eutectic2 Al2CuMg 487.6 ◦C
Ta maximum on the post-eutectic2 Al2CuMg 491.8 ◦C
Ta solidus 482.2 ◦C
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higher Mg/Si ratios may favour the formation of eutectic or secondary 
phases, as demonstrated in previous studies [70]. These primary Mg2Si 
particles were significantly larger than eutectic Mg2Si particles, as 

shown in the figures. Also, the morphology of primary Mg2Si presented 
generally a polyhedral plate morphology [71]. In contrast, eutectic 
Mg2Si generally presented a fine lamellar morphology, related with the 
high cooling rates of HPDC process and the composition of the alloy.

Fig. 10 presents SEM images at RT, while Table 5 shows the chemical 
composition of the principal components. It is noted that the EDS spot 
included the surrounding areas of the analyzed phases, so the obtained 
composition must be taken as approximate. However, despite this, by 
comparing the chemical composition with various sources in the liter
ature [72,73], the Mg2Si, Al2Cu, and Al2CuMg phases detected in the 
XRD analysis were correlated with the SEM images.

Five different points of different areas and precipitates were studied. 
A predominant grey region (point A in yellow colour) aluminium matrix 
area with dendritic morphology was identified. Point B and point C 
comprised primary and eutectic Mg2Si phases, which appeared as dark 
regions. Point D and point E (in orange and purple colour) consisted of 
copper-rich interdendritic intermetallics, corresponding to the Al2Cu 
and Al2CuMg phases, which appeared as the lighter regions.

Interdendritic copper phases were smaller in the skin or superficial 
area. The size of the primary phases of Mg2Si in the interior was slightly 
larger than in the skin, reaching sizes from around 21 ± 7.97 μm, in 
comparison with 14 ± 7.85 μm in the skin area, and the amount of this 
intermetallic was smaller in the skin area. On the other hand, the 
eutectic Mg2Si phases, which were smaller than the primary Mg2Si 
phase (4.2 ± 1.46 μm large in the interior), are more visible in the 
interior [34].

No iron phases were detected, likely due to their small size promoted 
by the high cooling rates of the HPDC process, where typical in
termetallics phases range from 10 to 50 μm [74]. The absence of β-iron 
phases prevents their detrimental effect on the alloy’s mechanical 
properties.

Fig. 11 presents the elemental mapping at RT. Mg and Cu were ho
mogeneously distributed in the Al matrix, but Si was not observed, 
probably due to the low amount of dissolved Si in the Al matrix. In the 
primary Mg2Si phase, only Si and Mg were observed. In eutectic Mg2Si, 
some Al was detected, which was correlated with the eutectic micro
structure, a mixture of Al matrix and Mg2Si precipitates. In the Al2Cu 
phase, only Al and Cu were detected, with some Mg in the Al2CuMg 
phase. It can be observed that Mg has a higher affinity with Si than Cu.

Fig. 12 shows SEM images at 200 ◦C, while Table 6 presents the 
approximative chemical composition of the phases. Four different points 

Fig. 5. Detail of cooling curve and first, second, and third derivative curves.

Fig. 6. XRD analysis at RT.

Fig. 7. XRD analysis at 200 ◦C.
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were identified, and the phases detected in the XRD analysis were 
correlated with the SEM images.

Some primary particles reached sizes of approximately 42,13 ±
13.89 μm, although most were very similar in size to those observed at 

RT. The eutectic Mg2Si particles remained stable in size.

Fig. 8. OM of the as-cast Al80Mg10Si5Cu5 at RT: a) x50, b) x1000 augmentations.

Fig. 9. OM of the as-cast Al80Mg10Si5Cu5 at 200 ◦C: a) x50, b) x1000 augmentations.

Fig. 10. SEM of the as-cast Al80Mg10Si5Cu5 at RT: a) x250, b) x2500 augmentations.
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3.2. Physical properties

3.2.1. Electric conductivity
The results of electrical conductivity measurements in the different 

areas of the experimental alloys are presented in Table 7. The conduc
tivity in the surface layer was slightly higher than in the interior. This is 
due to the reported differences in the microstructure between the sur
face and internal areas in HPDC process [75].

In the internal area, there was a more pronounced presence of Mg2Si 
phases, which is known to decrease electrical conductivity. In contrast, 
the surface layer exhibited higher conductivity due to a higher con
centration of Mg in solid solution, which is the main factor in increasing 
thermal conductivity [76]. This phenomenon is attributed to the faster 
cooling rate in the surface layer, which results in a greater amount of Mg 

retained in the Al matrix as a solid solution.
In comparison, pure aluminium is one of the most conductive ma

terials with an electrical conductivity value of 63 % IACS [77]. 
Aluminium alloys typically exhibit electrical conductivity values 
ranging between 21 and 33 % IACS [78,79]. Measurements on the 

Table 5 
Elemental composition (wt.%) of the analyzed points and correlation with XRD 
phases at RT.

Point Phase Al Mg Si Cu

A Al 88.49 6.78 1.98 2.75
B Primary Mg2Si 42.32 29.76 24.97 2.95
C Eutectic Mg2Si 66.89 16.90 13.60 2.62
D Al2Cu 66.27 8.37 1.31 24.05
E Al2CuMg 75.60 10.64 2.06 11.70

Fig. 11. SEM + EDS elemental mapping of the as-cast Al80Mg10Si5Cu5 at RT x 5000 augmentation.

Fig. 12. SEM of the as-cast Al80Mg10Si5Cu5 at 200 ◦C: a) x400, b) x1500 augmentations.

Table 6 
Elemental composition (wt.%) of the analyzed points and correlation with XRD 
phases for samples tested at 200 ◦C.

Region Phase Al Mg Si Cu

F Al 87.53 7.12 2.23 3.12
G Primary Mg2Si 41.27 31.32 23.12 4.29
H Eutectic Mg2Si 65.93 18.20 14.12 1.75
I Al2CuMg 72.30 11.55 1.96 13.29

Table 7 
Electrical conductivity of Al80Mg10Si5Cu5 and AlSi9Cu3 alloys.

Reference EC (%IACS)

Al80Mg10Si5Cu5 surface layer 21.0 ± 0.29
Al80Mg10Si5Cu5 interior 17.0 ± 0.55
AlSi9Cu3 surface layer 28.7 ± 0.30
AlSi9Cu3 interior 22.9 ± 0.28
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experimental AlSi9Cu3 alloy confirmed these ranges.
When comparing these values with those obtained for the experi

mental Al80Mg10Si5Cu5, the results indicated that it had similar elec
trical conductivity to standard foundry alloys, with a slight decrease of 
around 25 % compared to the experimental AlSi9Cu3.

3.2.2. Density
Density results are presented in Table 8. Compared to previous 

lightweight multi-component aluminium alloys manufactured by HPDC, 
the achieved values were well below the reported values [28]. The se
lection of the alloying elements and their percentage produced a new 
alloy around 10 % lighter than the AlSi9Cu3 alloy used as the base for 
comparison.

3.3. Mechanical properties

3.3.1. Hardness
Table 9 shows the hardness values of the Al80Mg10Si5Cu5 and 

AlSi9Cu3 alloy tested at RT and 200 ◦C.
The Al80Mg10Si5Cu5 alloy exhibited an increase in hardness of 

about 40 % compared to the AlSi9Cu3 alloy, whose hardness values 
were similar to those reported in the literature [48].

At 200 ◦C hardness values decreased only by less than 8 % in 
Al80Mg10Si5Cu5 alloy, being very similar to those at RT.

3.3.2. Tensile strength
The tensile engineering properties, YS, UTS, and E, for the 

Al80Mg10Si5Cu5 alloy and AlSi9Cu3 at RT and 200 ◦C are shown in 
Table 10 and Fig. 13.

Despite the limited elongation in absolute terms of the Al80Mg10
Si5Cu5 alloy, the UTS at RT was comparable to that of AlSi9Cu3 alloys 
aligning with the values reported for commercial AlSi9Cu3 alloys 
[80–82]. Additionally, the YS of Al80Mg10Si5Cu5 was 15 % higher than 
that of AlSi9Cu3 alloy.

At 200 ◦C, the Al80Mg10Si5Cu5 alloy exhibited UTS approximately 
25 % higher than that of the AlSi9Cu3 alloy, with YS surpassing 
AlSi9Cu3 by 40 %, also exceeding the values observed at RT.

Fig. 14 shows the SEM analysis of the fracture surfaces of the 
Al80Mg10Si5Cu5 alloy after tensile testing at RT and 200 ◦C, revealing 
that cracks were predominantly initiated within the matrix.

At RT and 200 ◦C, the fracture surface exhibited cleavage facets in 
the harder primary Mg2Si phases. The surfaces also displayed irregular 
morphologies with a fibrous appearance, featuring tear ridges and 
dimples, indicative of energy absorption and plastic deformation pro
vided by the aluminium matrix before fracture [83–86].

The presence of some dendrites was remarkable and confirmed the 
presence of some shrinkage porosity in the studied samples.

Some minor cracks initiated in the porosity area were observed, with 
propagation along the interdendritic areas and eventually inter
connected. In some cases, cracks traversed eutectic Mg2Si particles, 
resulting in a transgranular fracture [87].

3.3.3. Compressive strength
The compressive engineering properties YS, Ultimate Compressive 

Strength (UCS), and Deformation (D) for the new as-cast Al80Mg10
Si5Cu5 alloy and AlSi9Cu3 at RT and 200 ◦C are shown in Table 11 and 
Fig. 15.

The Al80Mg10Si5Cu5 alloy exhibited a high strength, with fracture 

strength exceeding 500 MPa at RT.
Compared to AlSi9Cu3, both the yield strength and maximum load 

were significantly higher, exhibiting increases of 40 % and 25 %, 
respectively, while the deformation was lower. The high deformation in 
AlSi9Cu3 may be attributed to its lower hardness.

At 200 ◦C, the UCS of the Al80Mg10Si5Cu5 alloy decreased by only 
about 12 %, while the values YS and D increased by 106 % and 166 %, 
indicating an enhancement in ductility.

In the case of AlSi9Cu3, the degradation in mechanical properties 
was substantial at 200 ◦C, particularly in terms of the UCS, which 
experienced a reduction of 40 %.

Otherwise, the ultimate compressive strength values at 200 ◦C for the 
Al80Mg10Si5Cu5 alloy were superior to those of other comparable al
loys, such as AlSi7Mg, AlSiMgCu and AlSi9Cu3 produced by conven
tional process [41,88,89].

Fig. 16 shows the images of the specimen’s fracture of Al80Mg10
Si5Cu5 and AlSi9Cu3 alloy after the compressive test at RT and 200 ◦C. 
In the Al80Mg10Si5Cu5 alloy at RT, the fracture propagation started at a 
45-degree angle to the loading direction of compression, but at a certain 
area of the specimen, the crack impacted on another crack or some 
defect of the material, forming a final vertical crack, and finally a 
catastrophic brittle fracture occurred [90].

In the case of the specimen of the Al80Mg10Si5Cu5 alloy at 200 ◦C, 
the fracture also propagated at a 45-degree angle but involved a 
considerable plastic deformation of the sample before the fracture.

Finally, Fig. 17 shows the SEM analysis of the fracture surfaces of the 
as-cast Al80Mg10Si5Cu5 alloy after compressive testing at RT and 
200 ◦C.

The fracture surface at RT exhibited ductile elongated dimples with 
some cleavage facets in the primary Mg2Si particles. Secondary cracks 
were visible in the primary Mg2Si particles. Also, some dendrite char
acteristics of shrinkage defects were visible. At 200 ◦C the fracture 
surface was covered with numerous shear lips and no cracks were 
visible. This indicates that the Al80Mg10Si5Cu5 alloy was much more 
plastically deformed before reaching the final fracture [91].

4. Discussion

4.1. Validation of the model and methodology

According to the simulation, the cooling rate not only affects the 
precipitation temperatures but also affects the phase formation 
sequence, especially the copper phases. In this case, the high cooling 
rates inherent in the HPDC process are consistent with the phases esti
mated by the Scheil simulation, which align with the results obtained 
from the thermal analysis, with slight variations in solidification 

Table 8 
Results of the density of new as-cast multicomponent 
Al80Mg10Si5Cu5 and AlSi9Cu3 alloy.

Reference σs (g/cm3)

Al80Mg10Si5Cu5 2.58 ± 0.01
AlSi9Cu3 2.73 ± 0.04

Table 9 
HV3 values of Al80Mg10Si5Cu5 and AlSi9Cu3 alloy tested at RT 
and 200 ◦C.

Reference HV3

Al80Mg10Si5Cu5 - RT 136 ± 5.0
AlSi9Cu3 - RT 96 ± 7.3
Al80Mg10Si5Cu5 - 200 ◦C 126 ± 4.1
AlSi9Cu3 - 200 ◦C 68 ± 3.8

Table 10 
Tensile test values of Al80Mg10Si5Cu5 and AlSi9Cu3 alloy tested at RT and 
200 ◦C.

Temperature YS (MPa) UTS (MPa) E (%)

Al80Mg10Si5Cu5 at RT 212 ± 19.5 258 ± 5.4 0.64 ± 0.3
AlSi9Cu3 at RT 180 ± 7.7 257 ± 13.7 2.92 ± 0.8
Al80Mg10Si5Cu5 at 200 ◦C 244 ± 38.3 267 ± 10.4 0.69 ± 0.2
AlSi9Cu3 at 200 ◦C 145 ± 20.1 182 ± 12.8 3.97 ± 2.1
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temperatures. These results suggest that the experimental conditions 
closely resemble this behaviour, validating the applicability of the 
model in describing the solidification sequence of the alloy under rapid 
cooling conditions. The employment of thermal analysis is a useful tool 
for validating the phase prediction and determining the phase formation 
temperatures.

4.2. Phase transformation with temperature

The transformation of Al2Cu into Al2CuMg at 200 ◦C agrees with 
previous studies, which indicate that Al2Cu is metastable and transforms 
into Al2CuMg upon thermal exposure. This is consistent with the XRD 
results, where Al2CuMg remained stable while Al2Cu disappeared. The 
decrease in intensity of the Mg2Si phase suggests partial dissolution into 

the Al matrix, which is expected due to the solubility of Mg and Si in Al 
at elevated temperatures.

The findings referring to the temperature range and phase distribu
tion observed in the simulations and thermal analysis, suggest that 

Fig. 13. Graphical display of mechanical properties (Hardness, Yield Strength, Ultimate Tensile Strength and Elongation).

Fig. 14. (a) x5000 SEM of tensile test specimens of Al80Mg10Si5Cu5 alloy (a) at RT, (b) at 200 ◦C.

Table 11 
Compressive test values of the Al80Mg10Si5Cu5 and AlSi9Cu3 alloy at RT and 
200 ◦C.

Reference YS (MPa) UCS (MPa) D (%)

Al80Mg10Si5Cu5 - RT 235 ± 7.0 531 ± 43.3 11.10 ± 2.3
AlSi9Cu3 -RT 138 ± 8.4 428 ± 9.9 23.33 ± 4.6
Al80Mg10Si5Cu5 -200 ◦C 251 ± 8.5 468 ± 34.1 18.50 ± 3.9
AlSi9Cu3 – 200 ◦C 132 ± 15.0 258 ± 10.0 30.83 ± 3.3

Fig. 15. Graphical display of mechanical properties (Yield Strength, Ultimate 
Compressive Strength and Deformation).
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specific cooling and heat treatment processes could be developed to 
achieve a highly saturated aluminium matrix or a well-distributed pre
cipitation of phases. This led to better values of elongation in the new 
multicomponent HPDC alloy.

4.3. The effect of the microstructure

The observed difference between the surface and interior micro
structure is characteristic of the HPDC process. The presence of large 
polyhedral primary Mg2Si particles, along with finer eutectic Mg2Si, 
ensures a balance between strength and ductility. The eutectic Mg2Si, 
with its fine lamellar morphology, improves ductility by reducing stress 
concentration in the matrix, whereas the primary Mg2Si contributes to 
hardness and wear resistance. The precipitation of Mg2Si phases before 
Al aligns with Factsage.

This supports the hypothesis that an Mg/Si ratio of 1.83 favours the 
formation of primary Mg2Si [70]. Additionally, the absence of β-iron 
phases is beneficial, as their presence is typically detrimental to me
chanical properties. The high cooling rates in HPDC likely prevented the 
formation of these phases, as reported in similar studies [92].

The presence of interdendritic copper intermetallics in the interior 
and their reduced size in the skin suggests a correlation with solidifi
cation conditions.

At 200 ◦C, the increase in the number of Cu-rich intermetallics on the 
surface can be attributed to the accelerated diffusion of Cu atoms to the 
surface, combined with the precipitation of Cu from the over-saturated 
Al matrix [93]. This is supported by the elemental mapping results, 
which showed an increased presence of Cu-rich phases at higher 
temperatures.

Regarding Mg2Si particles, their slight growth at 200 ◦C can be 
explained by the coalescence of precipitates and the precipitation of Si 
and Mg from the over-saturated matrix. However, the overall stability in 
size suggests that these particles do not significantly dissolve at this 

temperature, maintaining their strengthening effect on the alloy.

4.4. Physical properties

4.4.1. Electrical conductivity
The observed variation in electrical conductivity between the surface 

and interior is consistent with previous studies on HPDC alloys. The 
higher conductivity in the surface layer can be attributed to the lower 
volume fraction of Mg2Si precipitates and the higher concentration of 
Mg in solid solution. The increased presence of precipitates in the 
interior acts as scattering centers for electrons, reducing conductivity.

These results support the well-established correlation between 
microstructure and electrical properties: an increase in the amount and 
size of precipitate phases decreases electrical conductivity [94].

This aligns with the fact that solid solution strengthening typically 
enhances conductivity when solute elements such as Mg remain dis
solved in the Al matrix [76].

The experimental AlSi9Cu3 alloy exhibited conductivity values 
within the typical range for aluminium casting alloys. In contrast, the 
Al80Mg10Si5Cu5 alloy presented a reduction of approximately 25 % in 
conductivity compared to AlSi9Cu3. This decline is directly related to 
the higher alloying element content in Al80Mg10Si5Cu5,

Despite this reduction, the conductivity remains comparable to other 
commercial aluminium alloys, indicating that the new alloy maintains 
an acceptable balance between conductivity and mechanical 
performance.

4.4.2. Density
The obtained density values confirm that the newly developed 

Al80Mg10Si5Cu5 alloy is significantly lighter than conventional HPDC 
aluminium alloys. This reduction is attributed to the careful selection of 
alloying elements and their proportions, which contributed to a weight 
decrease of approximately 10 % compared to the AlSi9Cu3 alloy.

These results are consistent with previous findings, where multi- 
component aluminium alloys designed for lightweight applications 
have shown reduced density compared to standard alloys [26]. The 
lower density enhances the potential of this alloy for applications 
requiring weight reduction without compromising mechanical 
properties.

4.5. Mechanical properties

4.5.1. Hardness
The results indicate that the Al80Mg10Si5Cu5 alloy maintains its 

hardness more effectively at elevated temperatures compared to 
AlSi9Cu3. It could be explained by the sole presence of Al2CuMg phases 
in the microstructure at 200 ◦C, with higher hardness values than the 

Fig. 16. Specimen’s fracture under compressive of a) Al80Mg10Si5Cu5 at RT, 
b) AlSi9Cu3 at RT, c) Al80Mg10Si5Cu5 at 200 ◦C, d) AlSi9Cu3 at 200 ◦C.

Fig. 17. x5000 SEM of compressive test specimens of Al80Mg10Si5Cu5 alloy (a) at RT; (b) at 200 ◦C.
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Al2Cu phase [17]. Moreover, the transformation of Al2Cu to a more 
stable Al2CuMg phase enhanced the retention of hardness and me
chanical properties at elevated temperatures [17].

The obtained hardness values confirm that the Al80Mg10Si5Cu5 is 
about 40 % higher than AlSi9Cu3 alloy, with a well-known decrease of 
hardness values at 200 ◦C. This reinforces its suitability for applications 
requiring high mechanical performance at elevated temperatures.

4.5.2. Tensile strength
The improvement in mechanical strength is partially attributed to 

the hard reinforcement particles of polygonal and eutectic Mg2Si, 
instead of coarse Mg2Si particles that can act as stress concentration 
areas, promoting a decohesion at the particle-matrix interface and 
leading to crack initiation and propagation during deformation. This 
process weakens the materials reducing their capacity for plastic 
deformation, leading to a loss of ductility [95,96], by creating local 
stress concentration points at the interface, ultimately leading to crack 
initiation [83].

Moreover, as previously mentioned, the sole presence of Al2CuMg 
phases in the 200 ◦C microstructure promotes higher strength and 
hardness values than the Al2Cu phase [17]. This transformation en
hances the retention of mechanical properties at elevated temperatures, 
making the Al80Mg10Si5Cu5 alloy more stable compared to conven
tional Al–Si–Cu alloys.

The Al80Mg10Si5Cu5 alloy showed similar values at RT and 200 ◦C, 
unlike the conventional aluminium alloys.

The HPDC process with rapid solidification resulted in a stable 
microstructure and mechanical properties [97]. The AlSi9Cu3 alloy is 
well known for its decrease in mechanical strength at temperatures 
higher than 150 ◦C. Despite demonstrating higher ductility than the 
studied alloy, this alloy is often characterized as near brittle at room 
temperature [41].

There is not a total consistency between the hardness tendency and 
the tensile properties in the Al80Mg10Si5Cu5 alloy. Normally, a 
decrease in hardness values promotes an increase in ductility and a 
decrease in strength. However, in this case, there is also a partial 
dissolution of the Mg2Si particles in the FCC aluminium matrix in 
samples tested at 200 ◦C, and the Al2Cu phase transforms into the 
Al2CuMg phase. This combination can lead to a slight decrease in the 
hardness values with an increase of both ductility and strength.

It was observed that there was a slight dispersion in the obtained 
results. In HPDC, the distribution of defects can vary even when using 
the same parameters [98] leading to a higher dispersion in mechanical 
properties than in other metal-transforming processes.

To compare the YS of the Al80Mg10Si5Cu5 alloy with other 
aluminium alloys produced by HPDC and other processes [31,49,99,
100], Fig. 18 presents a YS to density diagram. The Al80Mg10Si5Cu5 
alloy exhibits an optimal balance between yield strength, tensile 
strength and density, and in the case of the alloys produced by HPDC the 

best values, especially at 200 ◦C. Although AlCuMnFeZr and AlCuMnFe 
alloys show comparable YS ratios and slightly higher UTS at RT, they are 
produced by casting processes different than HPDC, and experience a 
significant decrease in their properties at 200 ◦C.

Cracks can originate at the surface from manufacturing defects, 
though this was less common in HPDC samples [101]. The fracture mode 
of the as-cast Al80Mg10Si5Cu5 alloy showed a combination of ductile 
and brittle failure, with fragile fracture predominantly caused by the 
presence of primary Mg2Si particles [46,85].

By implementing more efficient melting practices and optimizing 
component design, it is possible to reduce the occurrence of defects, 
thereby enhancing the overall strength of the casting [102].

4.5.3. Compressive strength
The increase in the compressive strength and reduced ductility of 

Al80Mg10Si5Cu5 at RT have been correlated with the presence of Mg2Si 
phases. The compressive strength increases by raising the Mg2Si con
centration, contributing to a more brittle fracture behaviour [103]. The 
high deformation in AlSi9Cu3 may be attributed to its lower hardness.

The observed behaviour at 200 ◦C is typical in aluminium alloys, 
where softening occurs at temperatures above 150 ◦C, leading to an 
increase in deformation (D) and a decrease in UCS and YS [104]. 
However, in Al80Mg10Si5Cu5, an unusual slight increase in YS, which 
may be due to the transformation of the Al2Cu to Al2CuMg phase. This 
transformation has a significant effect on the comprehensive mechanical 
properties of the material [105].

The severe degradation of mechanical properties in AlSi9Cu3 at 
200 ◦C, particularly the 40 % reduction in UCS, highlights the superior 
high-temperature stability of the Al80Mg10Si5Cu5 alloy.

It is confirmed, as in previous works [56] that defects typical of the 
HPDC process would have less influence in the compression test than in 
the tensile test, and some of them can be eliminated or decreased during 
the test.

To compare the compressive strength of the newly Al80Mg10Si5Cu5 
alloy with other multi-component aluminium alloys reported in the 
literature, Fig. 19 presents a compressive strength to density diagram. 
The diagram includes the investigated AlSi9Cu3 alloy; multi-component 
aluminium alloys such as Al85Cu5Si5Zn5, Al65Cu10Mg10Si10Zn5, 
Al80Cu5Mg5Si5Zn5 [50], Al78Cu18Zn2Cr1Fe1, Al78Cu18Zn1Cr2Ti1 
[23], as well as the Cantor alloys like CoCrFeMnNi [106] and 
Al0.5CoCrCuFeNi [107]. Additionally, a high-temperature aluminium 
alloy, AlSiCuMg with Zr, V, and Ti [108] is presented.

The newly developed Al80Mg10Si5Cu5 alloy, marked with a green 
colour in Fig. 19, demonstrates the best balance between density and 
compressive strength. While Cantor alloys show the highest values for 
UCS, they exhibit a significantly higher density of around 8 g/cm3 with a 
lower strength to density ratio.

The fracture analysis provides further insight into the failure mech
anisms of Al80Mg10Si5Cu5. The results are coherent with other studies, 

Fig. 18. Yield strength - density diagram, a) TA, b) 200 ◦C.
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where minor cracks initiated in the primary Mg2Si particles promoted 
the fracture of these phases and propagated along the interdendritic and 
porous areas [103].

The fracture mode of the as-cast Al80Mg10Si5Cu5 alloy showed a 
combination of ductile and brittle failure, with a fragile fracture pre
dominantly, in concordance with other similar alloys [85].

At 200 ◦C, the transition to a fully ductile fracture mode, with no 
visible cracks and extensive shear lips, confirms the enhanced plasticity 
at high temperatures. This behaviour is consistent with ductile fracture 
mechanisms reported in the literature [109]. Additionally, the fracture 
propagated at a 45-degree angle but involved a considerable plastic 
deformation of the sample before the fracture. This also justifies the 
greater ductility observed at high temperatures [110].

5. Conclusions

The main objective of this work was achieved: the development of a 
new as-cast multicomponent alloy with enhanced mechanical properties 
obtained by HPDC foundry process for heat applications.

The following conclusions can be drawn from the analysis. 

• It was concluded that the mechanical properties of Al80Mg10Si5Cu5 
alloy remained stable at temperatures up to 200 ◦C, demonstrating 
superior mechanical stability compared to AlSi9Cu3.

• A new HPDC casting alloy has been developed, exhibiting a superior 
YS, UTS, and UCS ratio.

• The alloy showed a refined surface layer which contributed to in
crease physical and mechanical properties. Avoiding the machining 
of HPDC cast parts could improve in-service performance under 
wearing conditions.

• The new as-cast Al80Mg10Si5Cu5 alloy was multiphase, with an FCC 
structure and Mg and Cu-rich phases with different constitutions 
which influenced its mechanical properties. While at RT the phase of 
Al2CuMg was visible, at 200 ◦C it disappeared and transformed into 
Al2Cu.

• The results of tensile tests indicated the development of a high- 
strength Al80Mg10Si5Cu5 alloy. The hardness and mechanical 
strength values exceeded those of other commercial aluminium al
loys manufactured by HPDC foundry process at RT. At 200 ◦C, the 
mechanical properties remained stable, with yield strength and 
tensile strength being 65 % and 45 % higher than those of the 
AlSi9Cu3 alloy.

• The results of compressive tests indicated a good balance of 
compressive properties, combining high strength and deformation. 
Compared to AlSi9Cu3 alloy, the Al80Mg10Si5Cu5 alloy showed 40 
% higher yield strength and 25 % higher ultimate compressive 
strength at RT, with deformation reduced by half. At 200 ◦C, the UCS 
only decreased by about 12 %, while the YS remained stable. 
Deformation also increased but remained at half the value of 

AlSi9Cu3. In contrast, the UCS of AlSi9Cu3 decreased by up to 40 % 
at 200 ◦C.

• The new alloy exhibited a density approximately 6 % lower than that 
of the AlSi9Cu3 alloy.

• The newly developed alloy shows promise as a cost-effective and low 
CO2 alternative for aluminium drum brakes application. It offers 
advantages due to its performance properties obtained from sec
ondary aluminium alloys, which are also lighter than iron, which 
potentially enhance fuel efficiency. Additionally, the HPDC process 
used for its production results in reduced cycle times among other 
advantages.

Future work will focus on studying new aluminium multicomponent 
alloys.
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