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ARTICLE INFO ABSTRACT

Keywords: This research aims to develop heat treatments to improve mechanical and thermal properties for a novel, heat-
Aluminium treatable patented multi-component AIMgSiCu aluminium produced using the High-Pressure Die Casting (HPDC)
Multicomponent

process. For this purpose, experiments were designed to investigate various parameters related to the thermal
treatments, implemented in three stages. The alloy displayed excellent mechanical properties at room temper-
ature (RT) and 200 °C with an adjusted and optimized heat treatment: 440 °C solution treatment for 72 hours,
hot-water quenching, and natural ageing. The alloy’s microstructure consisted of an aluminium matrix with
primary and eutectic MgySi and globular Al,CuMg phases, where all Al=Cu phases were transformed into
Al.CuMg. The thermal transformation of AlCu into the most stable Al.CuMg phase, significantly enhanced the
alloys overall properties, resulting in a 40 % increase in elongation (E) under tension with a yield strength (YS) of
221 MPa, an ultimate tensile strength (UTS) of 244 MPa, and an E of 1.1 %. Additionally, it led to a 20 %
improvement in ultimate compressive strength (UCS), with a 60 % increase in compressive deformation (D) at RT
compared with as-cast samples. At 200°C the tensile properties remained stable, with a YS of 226 MPa, UTS of
254 MPa, and E of 1 %, while the UCS decreased by 30 % and both YS and D remained constant with a YS of
211 MPa, UCS of 468 MPa and a D of 25.1 %. Overall, the alloy demonstrated excellent performance, achieving
some of the most favourable strength-to-density ratios at 200 °C.

HPDC process
Thermal treatment
Properties

High temperature

1. Introduction

Aluminium alloys, known for their lightweight properties, in com-
bination with high degree of functionality, are highly attractive mate-
rials for the automotive industry. These alloys contribute to improved
fuel efficiency [1], structural integrity, and overall performance of ve-
hicles with a high recovery rate and are reused in new products [2].
Nowadays, the average total weight of a car in Europe is approximately
1500 kg [3], with aluminium accounting for 7-15 % [4], depending of
the car model [5,6]. Currently, Mercedes-Benz and Stellantis are among
the largest customers of aluminium, along with sports car manufacturers
[7]. Reports predict that aluminium usage will increase by 15 % by 2026
compared to 2022, and by 24,9 % by 2030 [8].

For internal combustion engines, friction and weight reduction are
important to contribute to fuel/energy economy. At the same time, a
weight reduction can lead to the downsizing of engines and suspension
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systems, with an overall reduction in vehicle weight [9].

To ensure optimal performance, an elongated core made of ultra-
high strength alloy is essential [10], providing both rigidity and resis-
tance to deformation under high-stress conditions. Various works are
striving to develop improved materials for automotive applications, but
aluminium stands out as a particularly promising material due to its
impressive strength-to-density ratio and thus utilized in numerous
structural components [11]

At this point, it’s noteworthy to highlight Tesla’s pioneering role in
introducing GIGAPRESS technology [12]. This production technology
enables the injection and casting of large castings using special
aluminium alloys with complex geometries and large dimensions [13].
Nowadays, approximately 50 % of the world’s production of light metal
castings is achieved through this technology, and the application of
high-pressure aluminium die casting (HPDC) is expected to increase by
2040 [14].
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Automotive alloys produced through the pressure die casting process
are primarily based on the AlSiCu [15,16] and AISiMg [17] systems,
generally in the as-cast state. These alloys generally exhibit yield
strength (YS) of 140 MPa and ultimate tensile strength (UTS) values of
240 MPa, with elongation (E) values of 1 % or less and hardness levels
ranging between 70 and 80 HB [18]. Newly developed alloys, such as
Silafon, which are based on AlSiMg(Mn), demonstrate improved elon-
gation but exhibit lower yield strength values [19]. Although the pri-
mary unmodified phases of MgsSi can provide high hardness, they are
not good at reaching high ductility [20].

In addition, above 200°C, both AlSiMg and AlSiCu alloys experience
a significant reduction in strength, with YS decreasing by as much as
45 % and UTS dropping by over 50 % [21,22]. Additionally, hardness
values decline by more than 20 % when temperatures reach 200 °C [23].

Currently, new high-temperature aluminium alloys based on the
AlSiCuMg system are under investigation [24,25], however, they
display limited resistance under compressive loads.

In contrast, other alloys that are attracting significant interest are
high entropy alloys or multicomponent alloys [26], which are notable
for their substantial improvement in properties, particularly in
compressive strength.

To meet the increasingly demanding requirements of automotive
cast parts, which are subjected to higher pressures and temperatures, it
is essential to enhance the performance of aluminium alloys. This can be
also achieved through heat treatment or by adjusting the chemical
composition [27].

Thermal treatments are effective for enhancing the microstructure
and therefore the mechanical properties resulting in higher strength,
increased hardness, and improved elongation [28]. However,
aluminium casting alloys produced by HPDC can exhibit some defects
that restrict their heat-treatability, making it difficult to improve their
mechanical properties [29].

The trend in the development of structural HPDC aluminium alloys is
focused on non-heat treatable options [30]. In some works, new more
favorable heat treatable casting alloys, such as AIMgSi(MnZr) alloy are
currently under development [31].

Among the various thermal processes for die-casting aluminium al-
loys, the T5, T6, and T7 heat treatments are the most widely applied,
with T6 offering the highest resistance [32]. T6 is completed in three
steps: solubilization; tempering and ageing. During the solution treat-
ment, the alloy is heated to a temperature just below its initial melting
point. It is maintained at this temperature long enough to dissolve the
maximum possible number of alloying elements into the matrix,
achieving a high and uniform concentration of these elements in a solid
solution. During this process three primary purposes are served: ho-
mogenization of as-cast structure, dissolution of certain intermetallic
phases such as Al,Cu or Mg,Si and change of the morphology of eutectic
silicon from the fragmentation to spheroidization [33]. Then, the alloy is
rapidly cooled to obtain a supersaturated solid solution of solute atoms
and vacancies, thereby inhibiting the precipitation of coarse grain
boundary precipitates [34]. For tempering, different processes can be
used, cold water is generally the most employed [35]. Finally, during the
ageing process, the alloy is heated to a specific temperature, causing the
precipitation of solute atoms from the supersaturated solid solution
[36].

The precipitation sequence in aged AlSiMg alloys is from supersat-
urated solute solution (SSS) — (Si and Mg clusters) — Mg+Si co-clusters
— Guinier-Preston (GP) zones — Intermediate phase (") —Intermetallic
phase (f) —Equilibrium phase (8) [37]. In the AISiMgCu alloy the
process is similar, but more complex phases as the Q’’(AlsMgsSigCus)
and the 6’(Al,Cu) phase may also be formed [38].

In addition to the type of chemical composition of the alloy, several
factors, including temperature, holding time, and cooling rate, will
affect its mechanical and physical properties. ASTM B917 and ASTM
B91 set the process parameters, but they may not be optimal for all
applications [39].
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The effect in hardness value by applying heat treatments at different
solution temperatures (520 °C, 530 °C, and 540 °C) and times (from 2 to
5 hours), has been investigated in AlSi base alloys. The maximum
hardness values were achieved at the temperature of 540 °C, quenching
in water at RT, and ageing process at 180 °C for 3 h [40]. As a result, the
microstructure was characterized by the dissolution of MgsSi into the
aluminium matrix and the globulization of Si particles. Regarding iron
intermetallics, AlFeSi remained stable, but the AlSiMgFe phase was
completely converted into the detrimental beta AlFeSi [41]. Thus, the
duration of the thermal process was crucial.

In other studies, the prolonged holding solution time after 60 mi-
nutes was found not to affect the tensile properties of AlSi(Mg) casting
alloys [42]. In aluminium HPDC alloys, it has been demonstrated that
defects such as blistering can be prevented by employing significantly
shorter solution treatment times and lower temperatures [43]. However,
aluminium alloys containing Cu can need a time of 40 hours or more to
facilitate complete homogenization [44,45]. In the AlSi(MgMn) HPDC
alloy, raising the solution temperature from 475 °C to 525 °C enhanced
the mechanical properties without causing blistering issues. YS
increased by 70 % and continued to rise with longer solution times.
Conversely, the UTS was unaffected by time, while E showed only a
slight increase [46]. In other studies focusing on AlSi(MgCu) alloys, a
duration of 4 hours at 490 °C was found to be sufficient for achieving
complete dissolution and homogenization of intermetallics. However, if
magnesium is not added, the process may require up to 8 hours [47].

Relating to the ageing process, a series of ageing temperature and
time values between 155 and 170 °C and from 3.5 h to 6.5 h were varied
on AlSi(Mg) alloys while the solution treatment was kept constant [48].
The maximum values of the quality index [49], UTS and E were achieved
at the temperature of 155 °C for a duration of 5.5 hours. Contrastingly,
in one case of AlSi(MgCu) alloy, the peak hardness was attained at 175
°C after 1 hour [50], while in other cases, over-aged structures in AlSi
(MgCu) alloy did not manifest until after ageing for 100 hours at 160 °C
[51]. The Mg,Si is an important strengthening phase in the aluminium
alloys. The higher the quantity of Mg and the ageing temperature, the
greater the YS and UTS [52]. However, while artificial ageing of AlSi
(Mg) alloys in the temperature range of 170-210 °C can lead to the
attainment of comparable peak yield strengths, Cu-containing alloys can
exhibit a decrease in YS as the ageing temperature increases [47,53].

In other studies, additional parameters such as water quenching at
high temperatures (75-90 °C) were also investigated to enhance the
mechanical properties [54,55].

The effect of a two-step multi-stage solution treatment is being
proposed [56,57]. In the case of AlSi(Cu) alloy, the sample submitted to
two solution processes, heated at 485 °C and 515 °C, presented better
mechanical properties in terms of hardness, UTS, and E [58]. For AlSi
(CuMg) alloy, the higher value for hardness was obtained by applying
artificial ageing for 6 h at 180 °C after the double-stage solution treat-
ment and quenching. The first solution process was carried out at 495 °C
for 6 hours to dissolve the low melting compounds and the second so-
lution process at a higher temperature of 515 °C for 2 hours [59].
Otherwise other studies for AlSi(Mg) alloys confirmed there’s no
convincing justification for utilizing a two-step or multistage solution
treatment [60].

The use of models facilitates the design of a heat treatment process.
The dissolution and formation of phases can be well predicted by the
equilibrium phase diagrams obtained by the software FactSage, Ther-
moCalc, or Pandat [61]. Differential scanning calorimetry (DSC) [62] or
Thermal Analysis (TA) [63] can be employed to determine the most
adequate solution temperature. Also, TA techniques based on the study
of cooling curves, are a widely used quality control system in aluminium
casting plants [64]. This technique is highly effective for determining
the parameters characteristic of the solidification process, including the
precipitation phases of the different intermetallics; therefore, it can be
applied in the design of thermal treatments [65,66]. A cooling curve
represents the balance between heat evolution in the sample and the
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dissipation. Its shape, measured by a thermocouple, indicates the so-
lidification process, which is influenced by factors like chemical
composition, modifiers, etc. The cooling curves shape correlates with
the composition, microstructure, and mechanical properties under a
fixed production condition [67]. Without phase transformations, the
curve shows a constant negative slope, dictated by heat transport, mass,
and heat capacity. During phase transformations, the slope shifts posi-
tively, influenced by the latent heat and fraction of the material trans-
formed [68].

This research focuses on developing a new heat-treatable multi-
component aluminium alloy with enhanced mechanical properties at RT
and 200 °C. The alloy is based on the A180Mg10Si5Cu5 system and was
produced using the HPDC foundry process. Experiments have been
designed to investigate various parameters to identify the optimal
thermal treatment. FactSage and TA techniques were employed for
adjusting the thermal treatment temperatures and times. Simulation
data were compared with the experimental results. Finally, once the
optimal thermal treatment was selected, the physical and mechanical
properties at both RT and 200 °C were evaluated for comparison.

2. Materials and methods
2.1. Materials and samples preparation

The casting of the AI80Mg10Si5Cu5 alloy was carried out using the
HPDC casting process at the Tecnalia pilot foundry, as depicted in Fig. 1.
In each cycle or shot, two standard-sized tensile bars were produced. In
total, 100 cycles were completed, resulting in the production of 200
standard tensile bars. The cycle time was 57 seconds and an in-mould
pressure of 800 bar. The temperature of the alloy before the pouring
process was set to 700 °C, while the mould temperature was maintained
at 300 °C. The speed of the first plunger was set to 0.4 m/s, while the
second plunger was set to 3.2 m/s.

The chemical composition of the obtained A180Mg10Si5Cu5 alloy,
measured with an Optical Emission Spectrometer (OES), is displayed in
Table 1. The main alloying elements of the new multicomponent
aluminium alloy were magnesium (Mg), silicon (Si), and copper (Cu).

The microstructure of the Al80Mg10Si5Cu5 alloy in the as-cast
condition is shown in Fig. 2. The microstructure comprised of an
aluminium-rich matrix reinforced with primary and eutectic MgsSi
particles, along with interdendritic phases of Al,Cu and Al,CuMg. Par-
ticle sizes were measured from SEM images using ImageJ software. The
primary Mg,Si particles varied in size from 9 to 32 ym, with an average
of 21 +7.97 um, while the eutectic MgsSi particles measured 4.2

Electrical
Furnace

Fig. 1. Detail of HPDC machines.
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Table 1
Chemical composition (wt%) of the AI80Mgl0Si5Cu5 multicomponent
aluminium alloy by OES.

Method Al Mg Si Cu Fe Mn

OES 79.3 9.2 4.7 6.1 0.4 0.3

Fig. 2. SEM microstructure of the as-cast AI80Mg10Si5Cu5 alloy.

+ 1.46 um. The Mg,Si particles exhibited various shapes and distribu-
tions, which can result in the emergence of stress compatibilities be-
tween the matrix and these brittle phases and therefore cause premature
failure [69]. The phases of Al;Cu and Al,CuMg solidified within the
interdendritic region. The average aluminium grain size was about 5,66
+ 1,75 pm.

The mechanical and physical properties at RT were evaluated. The
hardness value was 156 + 6.7 HV3. Tensile properties exhibited a YS of
311 + 5,7 MPa, a UTS of 316 + 2.08 MPa, and an elongation of 0.6
=+ 0.1 %. The reduced ductility was attributed to stress incompatibilities
at the interfaces between unmodified brittle particles, which remain
under elastic strain, and a matrix undergoing plastic deformation [20],
leading to premature particle cracking [70]. The compressive strength
(UCS) reached 646 + 8.08 MPa, with a YS of 362 4+ 6.0 MPa and a
deformation (D) of 12 + 1.15 %. In addition, the alloy’s electrical con-
ductivity was 18 + 0.29 % IACS, and its density was 2.59 g/cm®.

2.2. Phase simulation by FactSage

To investigate the different precipitated phases and their solidifica-
tion temperatures, FactSage version 8.3 and database FTlite software
were applied by inputting the real chemical composition. FactSage is
one of the largest fully integrated database computing systems in
chemical thermodynamics based on the CALPHAD Methodology
(Computer Coupling of Phase Diagrams and Thermochemistry, origi-
nally known as CALculation of PHAse Diagrams).

The equilibrium (Fig. 3) and non-equilibrium - Scheil diagrams
(Fig. 4) are shown below. According to the figures, under equilibrium,
liquidus ranged between 623 °C and 511 °C; while under non-
equilibrium conditions, solidification occurred later, at the tempera-
ture of 503 °C.

Simulation under equilibrium conditions predicted the solidification
of a significant amount (around 80 %) of FCC aluminium solid solution
at 594 °C. The Mg,Si phase precipitated before aluminium nucleation at
623 °C, forming primary Mg,Si particles, and continued precipitating
alongside the aluminium during the solidification process. T-Al,Cu
began to precipitate at 511 °C, later some of this transforming into the S-
phase (Al,CuMg) phase at 441 °C. Additionally, Al;CuMn,; and
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Fig. 3. Equilibrium solidification (simulation) of A180Mg10Si5Cu5 alloy.
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Fig. 4. Scheil solidification (simulation) of AI80Mg10Si5Cu5 alloy.

AlgFeMgsSig phases appeared.

Under non-equilibrium conditions, primary Mg,Si was precipitated
at 623 °C, with the FCC aluminium precipitating at 583 °C, followed by
T-phase-Al;Cu at 514 °C along with minor Al;CuMnj,, AlgFeMgsSig, and
AlFeSi (minor than 0.5 %). Instead, the AlsCu;MggSic was predicted
with a percentage of less than 0.5 %.

2.3. Application of thermal analysis (TA)

Cooling curves were determined by setting type K thermocouples in
the center of metal moulds and pouring the molten metal preheated to
approximately 100 °C (720 °C in our case) above its liquidus tempera-
ture. The masses obtained weighted approximately 300 + 10 g. Tem-
peratures between 630-400 °C were recorded. The data of the TA were
collected using a high-speed National Instruments Data Acquisition
System linked to a personal computer collecting temperature data every
10 data per second. Each TA trial was repeated three times. Finally,
cooling curves are obtained by plotting the measured temperatures at
equal-time intervals. Afterward, smoothing was applied to both the
cooling curve and the derivatives using the moving average method
using Python software version 3.12 (2023).

The studied cooling curves and their derivatives are shown in Fig. 5.
The CALPHAD simulation results were initially used to estimate the
precipitating phases. They were validated through XRD, OM, and
SEM+EDS analysis. The determined phases in the TA curve had been
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Fig. 5. Cooling-curve and 1st derivative curves of Al80Mg10Si5Cu5 alloy
(experimental results).

correlated with CALPHAD, XRD, OM, and SEM+EDS defined phases.

The TA curve presented the precipitation of 5 different phases. Pri-
mary MgsSi nucleated at 592 °C. The aluminium phase precipitated and
grew between 582 and 579.9 °C. The eutectic Mg»Si solidification star-
ted at 574.8 °C and continued until 570.7 °C. Al,Cu precipitated at 529
°C, reaching its maximum growth at 511 °C. The intermetallic Al,CuMg,
with a lower melting point [71], nucleated at 487.6 °C with a reca-
lescence observed at 491.8 °C [72]. Finally, the solidus temperature was
reached at 482.2 °C.

2.4. Design parameters

In the present study, the effects and development of thermal treat-
ments were analyzed in three levels.

In the first level, as shown in Table 2, the design parameters included
a range of solution and precipitation treatment temperatures. Given that
the approximate solidification temperatures were 503-511 °C by
FactSage but 482.2 °C based on TA, it was decided to set lower solid
solution temperatures to avoid melting of non-equilibrium phases. The
defined temperatures were as follows: 380 °C (Condition 1), 410 °C
(Condition 2) and 440 °C (Condition 3). For comparison, a higher tem-
perature of 460 °C (Condition 4) was also selected. Regarding the ageing
temperature three different values were selected: for each condition:
160, 190, and 220 °C. For the highest solution temperature (condition
4), the selected range of ageing temperatures was slightly higher. To
reduce the number of tests, it was proposed to perform the tests with
fixed times for both the solution and ageing treatments. Additionally, a
common quenching process in water at 25 °C was established.

In the second level, new casting parts were produced. Also in the
second level, as detailed in Table 3 and by following the selection of the
two most effective thermal treatments, additional parameters were
adjusted. The decision was made to extend the holding time for solution
treatments from 24 to 72 hours to ensure a complete dissolution of
precipitates. Additionally, the cooling process was optimized by
quenching in water at 75 °C to mitigate residual stresses observed in
certain casting components [55,73].

Finally, after adjusting the various parameters of heat treatment,
including the solution time and quenching temperature, the optimal
heat-treatment process was successfully reproduced, allowing for more
detailed analyses to be carried out. The final selected treatment was
#3a: solution temperature of 440 °C for 72 h, quenching in water at 75
°C, followed by natural ageing.

2.5. Development of thermal treatment process

The thermal treatment process was conducted using a Nabertherm
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Table 2
Heat treatments design in level 1.
Condition Ref. Solution (°C) Ageing (°C) Hold time Solution (h) Cooling Hold time Ageing (h) Cooling
Solution Ageing
#1 #1la 380 - 24 Water at 25 °C 4 Air
#1b 160
#1c 190
#1d 220
#2 #2a 410 -
#2b 160
#2c 190
#2d 220
#3 #3a 440 -
#3b 160
#3c 190
#3d 220
#4 #4a 460 -
#4b 200
#4c 220
#4d 240
Table 3
Heat treatment design in level 2.
Condition Ref. Solution (°C) Ageing (°C) Hold time Solution (h) Cooling Hold time Ageing (h) Cooling
Solution Ageing
#3 #3a 440 - 72 Water at 75 °C 4 Air
#3b 160

LH 60/13 model chamber furnace. To ensure precise temperature con-
trol, a thermocouple type K was inserted and monitored throughout the
process. The thermal treatments were applied to the tensile standard
bars in their as-cast condition.

In each test condition of level 1 and level 2, the microstructure was
analyzed using an optical microscope (OM) and scanning electrical
microscopy (SEM). Additionally, the mechanical properties (hardness
and tensile properties), and physical properties such as electrical con-
ductivity were analyzed.

Once the best thermal treatment was validated in level 3, further
analysis was conducted at both RT and 200 °C. The comprehensive study
of the microstructure included not only OM and SEM+EDS but also X-
ray diffraction (XRD) tests.

2.6. Analysis of microstructure

2.6.1. OM and SEM

The microstructures of the heat-treated (HT) samples were examined
using an OM Leica DMIS000M (LEICA, Wetzlar, Germany) and a SEM EI
Quanta 450 (FEI, Hillsboro, OR, USA) equipped with EDX analysis.
Samples for metallographic evaluation were prepared following stan-
dard metallographic procedures. To ensure representative results, all the
samples were extracted transversely from the neck of the tensile
specimens.

2.6.2. XRD

XRD patterns and mineralogical information were acquired utilizing
a Philips X’Pert Pro MPD PW3040/60 X-ray diffractometer (Malvern
Panalytical Ltd, United Kingdom) equipped with a copper anode
running at a voltage of 40 kV and 40 mA (1.6 kW). Scans were executed
over a 26 range from 10° to

90°, with a step size of 0.02° 20, and each scan lasted 2 seconds. The
X-ray diffraction patterns were matched against the PDF-2 database
from the International Center for Diffraction Data (ICDD). XRD experi-
ments were conducted on HT-samples at both RT and 200 °C.

2.7. Analysis of mechanical properties

2.7.1. Hardness

The hardness at RT of the HT- samples was analyzed using the
Vickers test according to ISO 6507-1. The Vickers hardness was deter-
mined utilizing a Vickers hardness tester model FV-700, applying a load
of 3 kgf.

Once the best thermal treatment was selected, tests at higher tem-
peratures (200 °C, 250 °C and 300 °C) were conducted. In this case, the
tests were performed using a 713SRDM Rockwell (HOYTOM) equipment
with a 100 kgfload and a 2.5 mm diameter ball indenter. For the heating
process, the samples were heated and maintained at the testing tem-
perature for around 50 minutes. A heating chamber Instron model
3119-406 was used. The obtained measurements were then converted
into Vickers hardness numbers to compare with the hardness data at
room temperature. It’s important to note that these high-temperature
tests are non-standardized.

To ensure representative results, ten measurements were taken from
each sample from the surface layer to the interior.

2.7.2. Tensile strength

The HT-samples underwent tensile strength testing at RT following
UNE EN ISO 6892-1 using an Instron 5500R6025 device with a load
range from 1 to 100 kN.

For high-temperature tests, once the best thermal treatment was
validated, tests were conducted following UNE EN ISO 6892-2 at the
temperature of 200 °C. For this purpose, a heating chamber (Instrom
3119-007) was used to facilitate the heating process.

In each tensile test, three samples were employed to obtain accurate
values with their variability.

2.7.3. Compressive strength

The compression tests at RT and 200 °C were performed using the
same equipment as the tensile tests, following ASTM E-9 standard. Cy-
lindrical specimens, 12 mm in diameter and 20 mm in length were
extracted and machined from the head section of the tensile test speci-
mens. At least three specimens were used for each test evaluation.
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2.8. Analysis of physical properties

2.8.1. Electric conductivity

The influence of heat treatments applied to the samples on electric
conductivity was evaluated using a portable Autosigma 3000 model
conductivity meter which reports the values in the standard unit %IACS
(International Annealed Copper Standard).

3. Results and discussion
3.1. Results level 1

3.1.1. Microstructure of HT-samples

Fig. 7-Fig. 10 show the micrographs of HT-samples.

In condition #1 in Fig. 6, with a solid solution treatment at 380 °C
and under the different ageing temperatures (from #1b to #1d), the
Mg,Si particles did not exhibit proper solubilization. Some primary
Mg,Si particles exceed 20 um and maintained sharp, unmodified edges.
Additionally, the microstructure revealed undissolved, agglomerated,
and non-homogeneous eutectic MgsSi structures [74].

In condition #2 in Fig. 7, with a solid solution treatment at 410 °C,
the sharp edges on primary Mg,Si particles were reduced, and the
eutectic Mg,Si particles were fragmented into smaller, more spheroi-
dized forms within the matrix [74]. As the ageing treatment temperature
increased (from #2b to #2d), the number of globular eutectic Mg»Si
particles increased, leading to more uniform dispersion. However, some
agglomerated phases remained present.

In condition #3 in Fig. 8, with the solid solution temperature of 440
°C, the size of primary Mg5Si particles was like Condition #2. A further
reduction in sharp edges was observed, and more globular eutectic
Mg2Si phases appeared within the matrix. This resulted in fewer
agglomerated structures, a more uniform distribution, and a higher
volume of precipitates.

Finally, in condition #4 in Fig. 9, samples subjected to a solid solu-
tion temperature of 460 °C were analyzed. Comparison between con-
ditions #3 and #4 revealed that samples subjected to condition #4
exhibited coarser Mg»Si particles, exceeding 24 um and larger Cu-rich
phases around 10 um, compared to 21 ym and 5.4 pm, respectively, in
condition #3. This suggests that over-modification occurred [75].

In conclusion, it was observed that the higher the solution temper-
ature, the lower the number and size of Mg,Si particles and Al;Cu par-
ticles. For the same solution temperature, it was found that the higher
the ageing temperature, the smaller the particle size, although at con-
dition #c (190 °C), larger particles began to thicken, leading to the
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Fig. 6. x1000 MO of the HT-samples under condition #1 level 1: a) #1a (380
°C), b) #1b (160 °C), c) #1c (190 °C), d) #1d (220 °C).
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Globularh 8557

GlobularMg,si

Fig. 8. x1000 MO of the HT-samples under condition #3 level 1: a) #3a (440
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Coarser
Cu-rich-phase

Z

COALSE Gy
/ rich phase

Coarser.
MEg;Si

A CoarserCus
ACT piase

% 3 Coarser
MEg,Si

20 um 20

Fig. 9. x1000 MO of the HT-samples under condition #4 level 1 (480 °C), b)
#4b (200 °C), ¢) #4c (220 °C), d) #4d (240 °C).
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coarsening of the particles.

After completing the analysis of samples, it was concluded that the
best structures were achieved under condition #3 (solid solution tem-
perature of 440 °C). Case #3a (without ageing treatment) and #3b (with
ageing treatment at the temperature of 160 °C) were identified as the
most promising options.

Table 4, Table 5, and Table 6 summarize the values for the per-
centage of area of each phase, average size and shape factor.

By applying a solubilization treatment, the FCC aluminium matrix
percentage increases compared with the as-cast state. As we increase the
percentage of dissolved alloyed elements in the matrix, the percentage of
aluminium area increases.

As we increase the solubilization temperature, the average FCC
aluminium matrix area is increased, showing a higher dissolution of
alloying elements and phases into the matrix. In parallel, both primary
and eutectic MgsSi reduce their average area percentage of the area by
increasing the solubilization temperature. In the case of Cu-phases, there
is not a clear tendency, to maintain near-stable percentages by variating
the solubilization temperatures, probably by the smaller precipitation
temperatures (about 280 °C in FactSage equilibrium simulation) of a
majority percentage of the Al,CuMg phase.

The ageing temperatures showed in general, that optimal ageing
temperatures are obtained in the middle of the selected ageing
temperatures.

In general, the grain size of aluminium was increased by applying a
solubilization treatment. This can be correlated with the dissolution of
alloying elements into the FCC Al matrix and the reduction of other
phases in the microstructure. The ageing treatment promoted the pre-
cipitation of solubilized alloying elements, decreasing the Al grain size
at intermediate ageing temperatures. This can be related with the sub or
over modification of precipitating phases.

In Mg,Si primary samples particle area, it can be observed that the
higher the solubilization temperature promoted a decrease in the
average area, linked with a partial dissolution of primary Mg,Si particles
in the FCC Al matrix. It’s well known that the higher the solution tem-
perature and residence time, the higher the Mg,Si dissolution in the
aluminium matrix. The higher ageing temperature promotes an over
ageing of the alloy, promoting the coarsening of the Mg5Si particles and
increasing its size. A similar tendency is observed with the eutectic

Cu particle area decreased slightly with the solubilization treatment
but only at the highest solubilization temperature. The higher ageing
temperatures promoted an over ageing of the alloy, promoting the
coarsening of the Cu particles and increasing its area.

The S.F. is related to the sphericity of phases. A value of 1 would be
correlated with a perfect circle. The thermal treatments resulted in an

Table 4
Phase Percentage in area of the different elements in level 1.

Ref. % Al % Mg,Si primary % Mg,Si eutectic % Cu-phases
As-Cast 78.8 7.3 5.3 8.6
#1a 78.7 9.2 5.7 6.4
#1b 82.9 4.9 6.0 6.2
#1c 79.8 2.1 10.0 8.1
#1d 82.4 6.8 4.7 6.1
#2a 78.9 5.0 6.4 9.6
#2b 82.1 6.9 4.4 6.6
#2c¢ 82.1 6.4 7.0 4.4
#2d 80.9 4.7 8.9 5.5
#3a 85.3 4.7 6.3 3.8
#3b 83.8 4.4 6.8 5.1
#3c 83.3 3.4 6.7 6.6
#3d 78.7 5.8 7.7 7.8
#4a N/A 11.3 6.5 N/A
#4b N/A 13.0 8.9 N/A
#4c N/A 11.8 7.0 N/A
#4d N/A 10.0 5.8 N/A

*N/A: Not Available.
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Table 5

Average size and area of the different elements in level 1.
Ref. Grain size Al Area Mg primary Area Mg Area Cu

(um) (um?) eutectic (um?)
(um?®)
As- 5.7 41.6 2.7 4.6
Cast

#la 8.0 83.3 2.6 4.3
#1b 5.0 54.2 1.7 4.5
#1c 7.0 162.7 2.3 9.4
#1d 6.4 156.8 2.9 3.2
#2a 7.6 182.0 2.1 7.3
#2b 6.3 95.0 3.2 3.4
#2c 6.5 99.4 3.0 4.1
#2d 7.7 81.3 3.6 7.0
#3a 8.8 116.2 3.0 5.0
#3b 7.1 55.6 3.6 3.4
#3c 8.2 449 3.3 4.0
#3d 8.0 124.8 2.7 6.9
#4a N/A 73.1 4.9 N/A
#4b N/A 116.4 5.7 N/A
#4c N/A 70.4 4.9 N/A
#4d N/A 103.5 1.7 N/A

*N/A: Not Available.

Table 6

Shape factor (S.F.) of the different elements in level 1.
Ref. S.F. Mg primary S.F. Mg eutectic S.F. Cu
As-Cast 0.20 0.30 0.38
#1la 0.36 0.47 0.45
#1b 0.11 0.28 0.41
#1c 0.16 0.49 0.37
#1d 0.37 0.49 0.48
#2a 0.34 0.53 0.50
#2b 0.34 0.52 0.55
#2c¢ 0.27 0.51 0.77
#2d 0.30 0.46 0.49
#3a 0.20 0.37 0.43
#3b 0.27 0.55 0.60
#3c 0.36 0.58 0.61
#3d 0.35 0.57 0.52
#4a 0.38 0.60 N/A
#4b 0.30 0.57 N/A
#4c 0.39 0.58 N/A
#4d 0.29 0.69 N/A

*N/A: Not Available.

increased S.F. value of the eutectic Mg,Si and Cu phases, indicating a
spheroidization of them. An increase in the solution treatment temper-
ature resulted in a higher shape factor in the intermediate temperature,
indicating coarsening and agglomeration at high ageing temperatures.

3.1.2. Mechanical properties of the HT-samples

3.1.2.1. Hardness. Fig. 10 presents the hardness values of HT-alloys
from condition #1 to condition #4.

Condition #3 (3a, 3b, 3c) and #4b achieved the highest hardness
levels, around 140 HV3, with a reduction of no more than 10 %
compared to the as-cast sample.

In contrast, condition #1 showed the lowest hardness values,
reaching a maximum of 109 HV3, representing an approximate 21 %
reduction relative to the as-cast samples.

It is worth noting that the hardness of the HT-A180Mg10Si5Cub5 alloy
in all cases was generally lower than that of the as-cast alloy. This may
be due to softening by grain growth [76] and the fragmentation of the
high-hardness intermetallic compounds present in the as-cast
Al80Mg10Si5Cu5 alloy [77].

Condition #1 (solution temperature of 380 °C) presented the lowest
hardness values among the samples. The lower hardness values can be
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Fig. 10. Hardness values HT-A180Mg10Si5Cu5 from condition #1 to #4 (experimental results).

attributed to the presence of unmodified primary Mg,Si particles and
non-homogeneous precipitation of eutectic Mg»Si, as observed in the
microstructure. Under condition #1, the various ageing temperatures
(#1b-#1d) did not significantly impact the hardness results, with values
remaining very similar to those obtained without additional ageing
treatment (#1a).

Under condition #2 (solution temperature of 410 °C), hardness
values were higher compared to the previous case, although they
remained significantly lower than those observed in as-cast condition.
This increase can be attributed to the improved morphology of Mg,Si
particles. However, from the ageing temperature of 190 °C (case #2c), a
sharp decline in hardness values was observed, mainly due to the
gradual coarsening of some eutectic Mg,Si particles [78].

Under condition #3 (solution temperature of 440 °C), the hardness
values increased significantly, reaching values comparable to those
observed in the as-cast state. This improvement is attributed to the more
regular morphology of primary Mg,Si particles and the spheroidized,
homogeneously dispersed eutectic Mg5Si particles throughout the ma-
trix, resulting from better precipitate dissolution. In cases #1a, #1b and
#1c, the properties remained constant as the ageing temperature
increased. However, starting from the ageing temperature of 190 °C
(case #3c), hardness decreased by about 10 %. This reduction is likely
due to the gradual coarsening of some eutectic Mg,Si particles or the
precipitation of additional intermetallic phases at the grain boundaries,
which cause segregation and further coarsening [79-81].

Finally, under condition #4 (solution temperature of 460 °C), the
hardness values were very similar to those of case #3. However, after
ageing at 220 °C, the hardness values dropped by nearly 20 %. This
reduction is likely due to the increased presence of coarser Mg and Cu-
rich phases in the microstructure [78].

It was confirmed that the higher the solid solution temperature, the
higher the hardness values obtained [82], which is related to precipi-
tation of finely and uniformly coherent Mg,Si precipitates [83].

Additionally, it was observed that higher ageing temperatures
initially increased hardness, but when treatments exceeded 190 °C, the
hardness values decreased again. This decrease is likely due to the
transformation of precipitates from coherent to semi-coherent, and the
coarsening of eutectic intermetallics [84]. When the alloy was solution
treated under the most severe conditions (460 °C), over-saturation
occurred, increasing the hardness initially. However, subsequent
ageing caused a significant reduction in hardness. This decrease in
hardness is attributed to the excessive coarsening and coalescence of the
precipitated phases [85].

It was found that the optimum heat treatment to achieve maximum
hardness was under condition #3, with a solution temperature of 440
°C. A comparison of conditions #3a, #3b, and #3c indicated that with
ageing up to a temperature of 190 °C, the values remained stable.

It was demonstrated that the values achieved in all conditions
significantly surpassed those of commercial alloys according to the UNE
EN-1706 standard, which typically ranges between 60 and 85 HV [21].
Given that the obtained values were higher, it is anticipated that the
temperature properties in the final phase will exceed those of the alloys
currently in use.

3.2. Tensile strength

The tensile engineering properties, Yield Strength (YS), Ultimate
tensile Strength (UTS), and Elongation (E), obtained in each heat
treatment condition are collected in Fig. 11-Fig. 13.

Regarding YS, condition #1 exhibited the lowest values, whereas
condition #3 and condition #4 achieved the highest. For UTS, condition
#1, along with condition #4d, showed the lowest value, while condition
#3 and condition #4b generally demonstrated the highest. In terms of
elongation, condition #4 yielded the lowest values, contrasting with the
highest elongation results observed in conditions #2b and #3b.

Under condition #1, the YS and UTS were the lowest compared to
other conditions, even falling below the as-cast values. This decline is
consistent with the hardness results and can be primarily attributed to
the relatively low solution heat treatment temperature in condition #1.
The primary Mg,Si phases maintained a sharp edge, and the eutectic
Mg-Si were undissolved and not uniformly distributed, which negatively
impacted the material’s mechanical properties. As a result, YS experi-
enced a reduction of up to 15 %.

Under condition #2, the values for YS and UTS were higher than in
the previous condition. This improvement is consistent with the trend
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Fig. 11. Yield strength of HT-AI80Mg10Si5Cu5 from conditions #1 to #4
(experimental results).
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Fig. 12. UTS of HT-AI80Mgl10Si5Cu5 from conditions #1 to #4 (experi-
mental results).
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Fig. 13. Elongation of HT-AI80Mg10Si5Cu5 from condition #1 to #4 (exper-
imental results).

observed for hardness, indicating that the heat treatment parameters
under condition #2 were more effective in enhancing the mechanical
properties. This is due to the higher solution temperature, which im-
proves the regularity of the Mg,Si phase morphology and promotes
better dissolution of the eutectic Mg,Si. Under condition #2c, following
the ageing process, the mechanical properties showed significant
improvement, with the YS and UTS reaching the highest values under
condition #2. However, the values remained approximately 30 % lower
in YS and 10 % lower in UTS compared to the as-cast state. When the
ageing process was carried out at 220 °C (#2d) both YS and UTS showed
a decline, indicating that the higher temperature may have led to over-
ageing that reduced the alloy’s strength.

Under condition #3, both the YS and UTS increased by more than
15 % compared to condition #2, reaching values comparable to those in
the as-cast condition. Furthermore, elongation improved significantly,
by over 80 %. This enhancement is attributed to the improved dissolu-
tion and distribution of intermetallic phases, as well as the reduction of
sharp edges in primary Mg,Si, which together resulted in better me-
chanical properties across the material. However, at an ageing temper-
ature of 190 °C (case #3c), the elongation values dropped again by
approximately 50 %. This observation can be attributed to the gradual
coarsening of the microstructure, as it was seen previously.

Finally, under condition #4, the values for YS, UTS, and E were
generally lower and consistent with the obtained hardness values under
the same solution condition. This decrease can be attributed to the
presence of coarser Cu and Mg-rich phases in the microstructure, which
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are detrimental to the material’s mechanical properties, especially in the
elongation and because of over-burning [86].

The results demonstrated that the solution treatment at the tem-
perature of 380 °C did not have an improved effect on tensile properties.
Above this temperature value, the higher the solution temperature, the
higher the YS and the UTS while the E remained approximately stable.
For every 1 °C increase in solution temperature, there is approximately a
1 MPa increase in both YS and UTS, and a 5 % reduction in elongation
value.

Regarding the ageing treatment, at the temperature of 160 °C in
conditions #1 and #3, the values of UTS decreased, although elongation
increased. At the intermediate temperature, 190 °C, the samples
demonstrated better mechanical properties under conditions #2 and #3.
In this scenario, there was an increase in YS and UTS values, however, a
decrease was observed in E, which can be attributed to the restricted
mobility of dislocations due to the precipitation of finer intermetallic
phases [87]. When the ageing temperature value was set to 220 °C, both
the YS and UTS decreased across all conditions as the material’s resis-
tance is lower with larger intermetallic particles [88]; however, E
increased by approximately 10 % in condition #1 because of the over-
satured aluminium matrix, and 25 % in condition #3 due to the
increased phase precipitation and gradual coarsening of intermetallic
phases [78]. This increase in elongation can be attributed to the
observed decrease in hardness values, that is related with an increased
ductility.

It is demonstrated that condition #3 (solution temperature of 440 °C)
favoured the attainment of better values in tensile tests, with a decrease
observed under condition #4 (temperatures above 460 °C). The sample
subjected to condition #3a (solution temperature at 460 °C with natural
ageing process) exhibited better values for the YS/UTS ratio, while the
sample subjected to condition #3b (solution temperature at 460 °C and
ageing at 160 °C) had the best values for E.

It is worth noting, that after thermal treatment, no blisters were
detected in the treated samples, as the internal porosity was low
(<1.0 %) and classified as shrinkage porosity.

3.2.1. Analysis of physical properties

3.2.1.1. Electrical conductivity. The electrical conductivity properties of
HT-samples under the different temperature conditions are given in
Fig. 14. All the samples exhibited similar values; however, while the
solution temperature did not significantly affect the values, they
increased slightly with the ageing temperature which is consistent with
findings from other studies [80,89]. It could be related to a less over-
saturated Al matrix, with the morphology evolution of Si, Cu, and other
alloying elements affecting the alloy’s conductivity [90]. It has also been
observed that samples with higher strengths (condition #3) tend to have
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Fig. 14. Electrical conductivity (%IACS) depending on the thermal treatment
(experimental results).



E. Villanueva et al.

relatively lower electrical conductivity compared to those with lower
strengths [91].

Compared to the as-cast samples, the electrical conductivity values
increased. This enhancement is primarily attributed to the smaller
concentration of Mg and Cu in the solid solution resulting from the
ageing thermal treatment, which significantly increase thermal con-
ductivity [92].

3.3. Results level 2

3.3.1. Chemical composition and microstructure of new casting parts

The chemical composition of new casting parts is detailed in Table 7.
Although the composition remained within the specified range of the
Al80Mg10Si5Cu5 alloy, minor variations of less than 1 % wt. occurred
during manufacturing. While the cooling rate plays a significant role,
even slight changes in concentration can affect solidification reactions
and the resulting microstructure [93].

When the microstructure was examined (Fig. 15), it was confirmed
that a similar structure was achieved, comprising primary and eutectic
Mg,Si particles, Cu-rich phases (Al,Cu and Al,CuMg), and an aluminium
matrix. While the sizes of the eutectic Mg,Si and aluminium dendrites
were comparable to previous casting parts (3.28 + 1.84 um for eutectic
Mg,Si and 9.04 + 3.48 um for aluminium), some primary MgySi
exhibited slightly larger sizes, averaging 32 + 19.34 pm.

The cooling curve and first derivative are shown in Fig. 16. When TA
techniques were applied during the manufacture of new casting parts in
level 2, it was determined that Cu-rich phases and the solidus precipi-
tated around 3° C lower than in level 1. These small differences did not
affect the parameters of the designed thermal treatments.

3.3.2. Mechanical and physical properties of new casting parts in as-cast
state

The mechanical and physical properties in as-cast conditions at RT
were evaluated before proceeding with thermal treatments.

The hardness was recorded at 136 + 5.0 HV3. In terms of tensile
properties, the alloy exhibited a YS of 212 + 19.5 MPa, an UTS of 258
+ 5.4 MPa, and an elongation (E) of 0.64 + 0.3 %. The compressive
strength (UCS) reached 531 + 43.3 MPa, with a YS of 235 + 7.0 MPa
and a deformation (D) of 11.1 4+ 2.3 %.

Additionally, the alloy’s electrical conductivity was 18 + 4.6 %IACS,
and its density was 2.58 g/cm®.

It is concluded that even a small deviation of 1 % in the chemical
composition of the alloy can lead to a noticeable reduction in mechan-
ical properties, particularly in YS under tension and compression.

3.3.3. Microstructure of the HT-samples

The microstructures obtained through the selected heat treatments in
level 2, under conditions #3a and #3b, are compared in Fig. 17. Also,
the distribution of elements in each sample, as part of a more intensive
study, can be seen in Fig. 18 and Fig. 19.

In general, both heat-treated samples displayed a more globular
structure in the eutectic Mg,Si and Cu-rich phases compared to the as-
cast sample.

In both conditions, Mg and Cu-rich phases were uniformly distrib-
uted throughout the aluminium matrix. In the primary Mg»Si phase,
only Si and Mg were detected. The eutectic Mg»Si contained some Al,
correlating with the eutectic microstructure, which consists of a mixture
of Al matrix and Mg»Si precipitates. In the Cu-rich phases, both Al and
Cu were identified, along with traces of Mg.

Table 7
Chemical composition (wt%) of new casting parts of Al80Mgl0Si5Cu5
aluminium alloy manufactured in level 2 (experimental results).

Method Al Mg Si Cu Fe Mn

OES 79.0 10.3 5.6 4.7 0.3 0.1

10
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Fig. 15. SEM microstructure of the as-cast AI180Mg10Si5Cu5 alloy obtained in
level 2.
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Fig. 16. Cooling curve and 1st derivative curves of new as-cast AI80Mgl0-
Si5Cu5 alloy manufactured in level 2 (experimental results).

Following, the chemical composition of the different constituents in
each sample was analyzed, as shown in Table 8 for case #3a and Table 9
for case #3b. It was noted that under heat treatments, the Al,Cu phase
disappeared and was converted into Al;CuMg. This phase is advanta-
geous in aluminium alloys in comparison to the Al,Cu phase [94] due to
its higher strength and hardness [95]. However, this phase can serve as a
crack initiation source [96].

By contrasting the chemical composition of the different interme-
tallic, Mg»Si and Al,CuMg, it was observed that under condition #3a,
the Al,CuMg phase contained a smaller quantity of aluminium. How-
ever, in condition #3b, the amount of aluminium in the eutectic globular
Mg,Si phase was lower.

When comparing the chemical composition of the different inter-
metallic of Mg,Si and Al,CuMg with various sources in the literature
[97,98], it was found that the different determined phases presented a
higher concentration of aluminium. This could show a better dissolution
of the elements within the matrix [99].
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Fig. 18. Elemental mapping of samples subjected to condition #3a level 2.

3.3.4. Mechanical properties of the thermally treated sample

3.3.4.1. Hardness. The Vickers hardness values of the HT-alloy under
conditions #3a and #3b, listed in Table 10, were very similar. When
compared to the previous hardness data from level 1, it was observed
that minor variations in the chemical composition caused a slight
reduction in the hardness values. However, this decrease was less than
10 %.

3.4. Tensile strength

Table 11 presents the tensile properties under conditions #3a and
#3b. It was noted that tensile properties were dissimilar to previous data
obtained in level 1 for the same thermal treated conditions, and due to
the geometry of new casting parts in addition to small variation in the
final chemical composition. The difference in microstructure resulted in
a decrease in mechanical properties. The YS and UTS dropped by up to
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Fig. 19. Elemental mapping of samples subjected to condition #3b level 2.

Table 8
Chemical composition (wt%) of main phases under condition #3a level 2
(experimental results).

Element Phase
Primary Mg,Si Eutectic Mg,Si Al,CuMg
Al 41.27 65.49 69.41
Mg 31.32 16.22 10.53
Si 23.12 18.29 -
Cu 4.29 - 18.13
Table 9

Chemical composition (Wt%) of main phases under condition #3b level 2
(experimental results).

Element Phase
Primary Mg,Si Eutectic Mg,Si Al,CuMg
Al 37.25 61.12 77.55
Mg 39.31 21.12 12.34
Si 25.05 17.76 -
Cu 1.61 - 10.12
Table 10

Hardness values of HT-alloy under condi-
tions #3a and #3b level 2 (experimental

results).
Ref. HV3
#3a 126 + 6.41
#3b 128 +£5.12

Table 11
Tensile test values HT-alloy under conditions #3a and #3b level 2 (experimental
results).

Ref. YS (MPa) UTS (MPa) E (%)
#3a 221 + 2.52 244 + 4.93 1.1 £0.76
#3b 191 + 2.83 229 +£7.78 1.0 £0.28
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25 %, while E was reduced by more than 65 %. This reduction in me-
chanical properties is attributed to the presence of larger primary Mg»Si
particles, which negatively impacted the alloy’s performance [20].

When comparing the two conditions, the YS, UTS, and E were higher
for samples treated under condition #3a. This can be attributed to the
differences observed in the chemical composition of intermetallic pha-
ses, where, under condition #3b, the Mg»Si phases contained a higher
Mg content. This likely led to slight coarsening of some of these phases,
resulting in a less uniform distribution and less refined matrix precipi-
tation [100].

3.4.1. Analysis of physical properties

3.4.1.1. Electrical conductivity. The electrical conductivity results for
the HT-A180Mg10Si5Cu5 alloy under conditions #3a and #3b are pre-
sented in Table 12. Notably, both measurements showed nearly identical
values, with a slight increase observed following the artificial ageing
process. This aligns with the results obtained in level 1, where the ageing
treatment had a measurable impact on the alloy’s electrical conductiv-
ity, causing a slight increase.

With all these results at level 2, it was concluded that condition #3a
(solution temperature at 460 °C with natural ageing process), provided
the best microstructure, mechanical and physical properties for the
Al80Mg10Si5Cu5 alloy.

3.5. Results level 3

Finally, in phase 3, thermal treatment #3a (solution temperature of
440 °C and natural ageing) was applied to newly manufactured samples
from the previous level. These samples were subjected to a more detailed
analysis, with observations made at both RT and at an elevated tem-
perature above 200 °C.

3.5.1. XRD of the HT-samples under condition #3a at RT and 200 °C
The XRD analysis of the final HT-alloy at RT and 200 °C is presented
in Fig. 20. The results revealed the presence of aluminium, Mg,Si, and
Al,CuMg phases in both RT and 200 °C. This confirms that the micro-
structure and phases of the new heat-treated alloy exhibited significant
stability with the increase in temperature, indicating a strong thermal
resistance of the alloy’s phase composition under the tested conditions.

3.5.2. Microstructure of the HT-samples under condition #3a at RT and
200 “C after mechanical testing

Fig. 21 and Fig. 22 show the microstructure of tensile and
compressive bars tested at room temperature (RT) and at 200 °C.

After testing at 200 °C, the MgsSi phases and the copper-rich in-
termetallics (Al,CuMg) remained similar in size and morphology to
those observed at RT. Coalescence of Mg5Si phases was detected in only
a few instances. However, the size of the precipitated phases did not
increase excessively, avoiding the typical reductions in strength and
hardness that occur with significant phase growth [101]. This indicated
that the HT-alloy can exhibit comparable mechanical properties at RT
and 200°C.

By comparing tensile and compressive specimens, it was evident that
the samples tested under compression exhibited larger Mg»Si particles.
This increase in particle size is attributed to the larger diameter of the
specimens, which leads to a slower cooling rate.

Table 12

%IACS values HT-AI80Mg10Si5Cu5 under
conditions #3a and #3b level 2 (experi-
mental results).

Ref. %IACS
#3a 21 +6.73
#3b 22 + 6.46
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Fig. 20. XRD analysis of HT-AI80Mg10Si5Cu5 alloy at RT and 200 °C (exper-
imental results).

3.5.3. Fractured Surface of the HT-samples under condition #3a at RT and
200 °C after mechanical testing

Fig. 23 and Fig. 24 illustrate the fractured surface of tensile and
compressive bars tested at RT and 200 °C.

The tensile bars displayed a mixed-mode failure, combining brittle
and ductile characteristics [102]. Cleavage regions were identified,
leading to brittle fracture due to the presence of hard and brittle primary
Mg,Si phases [103]. Spherical cavities or dimples, indicative of ductile
fracture, were also present [104], each corresponding to a void that
nucleated, grew, and coalesced, with the Mg»Si serving as void initiation
sites [105]. Some micro-cracks predominantly propagate in the
aluminium, contributing to premature fracture [106].

In the case of the compression bars, a different behaviour was
observed, characterized by a ductile fracture. This fracture featured
dimples with a unique structure, including parabolic or elongated
shapes that indicated significant plastic deformation due to shear stress
[107]. Additionally, regions with tearing were noted, suggesting the
formation of ridges at the fracture ends after maximum deformation.
The presence of dispersed particles in the fracture zones, typical of
ductile fractures, was also detected [102].

3.5.4. Mechanical properties of the HT-samples under condition #3a at RT
and 200 °C

3.5.4.1. Hardness. The Vickers hardness values of HT- alloys under
condition #3a at RT and 200 °C are listed in Table 13. Also, the effects of
two additional temperatures (250 °C and 300 °C) were investigated on
hardness properties to confirm a suitable operating temperature.

The results indicated that extending the solution time from 24 to
72 hours and quenching in hot water, yielded consistent hardness
values. When the temperature was increased to 200 °C, there was a slight
decrease in hardness of approximately 10 % as a consequence of
relieving the effects of residual stresses [22]. When subjected to higher
temperatures from 250 °C onwards, the hardness values remained sta-
ble, slightly higher than those at 200°C, possibly due to secondary finer
precipitation hardening [22,108]. However, at 300 °C, the hardness
values decreased, likely due to the continued coalescence of MgaSi
phases within the Al matrix, contributing to alloy softening [21,109].

Notably, the hardness value at 200°C remains more than 60 % higher
than the value reported in other studies [21].

3.5.4.2. Tensile strength. The tensile properties under condition #3a at
RT and 200 °C are listed in Table 14. In this case, tensile properties at
temperatures of 250 °C and 300 °C were also analyzed.

The results confirmed that extending the solution time from 24 to
72 hours and quenching in hot water, enhanced the tensile properties,
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Fig. 23. x5000 SEM from the fracture of HT-tensile tested bars: a) at RT, b) at 200°C.

leading to increases of approximately 5 MPa in YS and 10 MPa in UTS,
respectively.

At 200 °C, YS and E showed a minimal temperature sensitivity, with
the UTS decreasing by only 6 %. While the alloy displayed reduced YS
and UTS at higher temperatures, contrary to other literature [18,110],
reporting significant strength loss and increased ductility beyond 150
°C, this study indicates that the new heat-treated alloy maintained
excellent tensile properties up to 200 °C.
under

3.5.4.3. Compressive strength. The compressive properties

condition #3a at RT and 200 °C are listed in Table 15.

The main reason for the superior ductility during compression tests
than tensile tests could be attributed to that casting pores have a
significantly detrimental impact on tensile properties preventing crack
propagation [111].

When comparing the results with the as-cast samples, the UCS values
increased by approximately 20 %. However, the YS was slightly lower,
by about 7 %, while D improved by around 60 %. At 200 °C, the YS
decreased by less than 3 %, the UCS dropped by approximately 30 %,
and the D reduced by around 10 %.

13
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Fig. 24. x5000 SEM from the fracture of heat-treated compressive test bars: a) at RT, b) at 200°C.

To assess the compressive strength of the newly developed
Al80Mg10Si5Cu5 alloy against other multi-component aluminium al-
loys reported in the literature, Fig. 25 illustrates a plot of compressive
strength versus density. This plot includes the AlSi9Cu3 alloy and

Table 13
Hardness values of HT-alloy under condition #3a at
RT and high temperature (experimental results).

Temperature HV3 various multi-component aluminium alloys such as Al85Cu5Si5Zn5,
25°C 128 + 3.85 Al65Cu10Mg10Si10Zn5, AI80Cu5Mg5Si5Zn5 [112], among others [24,
200°C 114 +0.57 25,113-115]. Notably, the new AI80Mg10Si5Cu5 alloy, both in as-cast
igg g ﬁ‘; i ::12 and heat-treated conditions (marked with stars in Fig. 25), shows the

best balance between density and compressive strength at 200 °C.

4. Conclusions
Table 14

Tensile test values of HT-A180Mg10Si5Cu5 alloy under condition #3a at room

and high temperature (experimental results). In the present research, a heat treatment (HT) for a new patented

multi-component AI80Mg10Si5Cu5 aluminium alloy has been devel-
oped. The optimal HT was determined as the solution at 440 °C solution
25°C 226 + 10.85 254 +11.10 1.00 + 0.10 time of 72 hours, quenched in hot water at the temperature of 75 °C, and

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

200°C 226 £5.93 238 £6.38 1.00 £0.25 natural ageing. Extending the solution time from 24 to 72 hours and
250 °C 107 £ 25.5 194 +9.02 2.06 + 0.28 L - . o
300 °C o5 4 10.6 168 + 10.61 315+ 092 quenching in hot water improved tensile values by around 5 %.
The alloy’s tensile strength was significantly improved, with the E
increasing by around 40 % and YS around 14 MPa, while the UTS
Table 15 remained stable, with the UCS increasing by around 20 % and D by
able

around 60 % The YS reduced by less than 10 %. Electrical conductivity
was improved by approximately 15 %.
At 200 °C the tensile properties remained near constant. The UCS

Compressive test values of HT-AlI80Mgl0Si5Cu5 alloy at RT and 200 °C
(experimental results).

Temperature YS (MPa) UGS (MPa) D (%) dropped by approximately 30 %, while YS and D remained nearly
25 °C 217 + 8.89 665 + 22.610 28.20 + 4.29 constant.
200°C 211 £6.35 468 £15.10 25.31 & 2.56 The enhanced properties observed after thermal treatments can be
directly linked to the transformation of the AlyCu phase into the
Al,CuMg phase, which plays a key role in strengthening the alloy. This
200 transformation not only contributes to improved hardness and tensile
J o As-cast-AIB0Mg10Si5Cu5 strength but also positively influences the alloy’s overall microstructural
180 Sk o HT-AIBOMg10Si5CuS CoCrFeMnNI stability and resistance to deformation.
:g . These findings highlight the alloy’s performance, indicating that the
> Al80Mg10Si5Cu5 alloy offers one of the best ratios of compressive
3 140 o AIB0CUSMgS5Si5Zn5 strength to density among multi-component alloys, particularly at
= elevated temperatures. Noticeably, the ductility under tension and
g 120 Al65Cu10Ms105i10105AISiCuMg+(erm compression was significantly improved.
8 S ATBCuLaZn2CrIFeL ” Al0.5CoCrCuFeNi Future research will focus on investigating the effects of varying
g 100 , " Aigscussiszns solutions and ageing times on the alloys properties. This will help to
> Altacus further optimize mechanical performance, particularly to understand
80 *AI78Cu18Zn1Cr2Til how these factors influence microstructure stability and strength at
" different temperatures.
2 3 4 5 6 7 8 9
Density (g/cm3)

Fig. 25. Compressive strength-density diagram at 200 °C.
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