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A B S T R A C T

Secondary aluminum alloys are produced with end-of-life scraps and are gaining importance for environmental 
sustainability, thanks to their low intrinsic carbon footprint and energy saving compared to the primary ones. 
They are increasingly used in the automotive sector for large and complex cast components. However, recycled 
alloys contaminants like Fe promote the formation of brittle intermetallic compounds, which negatively affect 
tensile strength and ductility. This study compares the mechanical performance and environmental impact of 
primary and recycled high pressure die casting AlSi10MnMg (EN AB 43500) alloy under as-produced and heat- 
treated conditions. Samples were extracted from a die-cast automotive component and subjected to annealing 
and an optimized T6 heat treatment to balance strength and ductility. Microstructural analysis using field 
emission scanning electron microscopy revealed a similar pores area fraction, as well as shape, size, and dis
tribution of brittle acicular β-Al5FeSi and polygonal α-Al15(Fe,Mn)3Si2 Fe-rich phases in the primary and recycled 
alloys under different heat treatment conditions. This similarity justifies the comparable mechanical behavior of 
the primary and recycled alloy, characterized by limited ductility in the as-produced condition, often insufficient 
for safety-critical structural components. Heat treatments significantly improved ductility, increasing it by 
40–50 % after annealing and nearly doubling it after T6 due to the fragmentation, spheroidization, and coars
ening of the eutectic Si. However, the microstructure change reduces strength by a third after annealing and by 
20 % after T6, ultimately influencing the final fracture mechanisms. Moreover, heat treatments increase energy 
consumption, with annealing and T6 leading to about 25 % and 30 % rises, respectively, making them justified 
only for elongation enhancement.

1. Introduction

Recent advancements in metal casting technology in the automotive 
industry have enabled the development of mega-casting or giga-casting 
[1,2], large-scale components that can integrate multiple smaller com
ponents of the body-in-white, underbody structures and chassis into a 
simple and massive casting. This concept, first implemented in the 
United States of America [3], streamlines the vehicle assembly process 
and reduces its overall mass, making it highly suitable for sustainable 
mobility initiatives. The transition toward mega-castings has driven the 
development of large automotive components, including electric vehicle 

(EV) motors, battery housings, knuckle carriers, and shock-towers [4]. 
These complex thin-walled parts are typically manufactured using high 
pressure die casting (HPDC) Al-Si-Mg primary alloys due to their high 
strength-to-weight ratio, excellent corrosion resistance, good wear 
resistance, superior castability, and cost effectiveness [5]. Primary 
aluminum, i.e., aluminum extracted from bauxite, has a significant 
environmental impact, including byproduct disposal, energy consump
tion, and greenhouse gas (GHG) emissions, mainly associated with the 
electrolysis stage. In detail, producing 1 ton of primary aluminum ingots 
requires at least 3.2 tons of dry bauxite and 13–16 MWh of electricity, 
responsible for about 12 tons CO2-Eq. [6] and 3.2–3.7 tons of wet red 
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mud [7]. On the other hand, the production of secondary aluminum 
alloys by re-melting aluminum scraps requires about 2.8 MWh emitting 
only 0.6 tons CO2-Eq. [8], with a CO2-eq saving as high as 95 %. There
fore, the European Commission and the automotive original equipment 
manufacturers (OEMs) are actively promoting the transition to recycled 
aluminum alloys for structural components.

Nevertheless, there are technological challenges related to remelting: 
about 20 % of virgin aluminum is added to dilute the recycled material 
in the new cast products when producing structural car components [9]. 
About 45 % of material losses occur when aluminum turnings are 
recycled and most of these losses can be traced to the remelting step due 
to oxidation and scrap generation. Moreover, two critical aspects of 
aluminum recycling were identified by Cullen and Allwood [10] that are 
still relevant: significant dilution with primary aluminum, as above 
mentioned, and cascade flows of pure aluminum to compensate for the 
shortfall in scrap supply to obtain the targeted alloy. These points 
significantly increase the energy required for recycling and cause large 
value losses because of the downgrading of the material. Important 
factors for the environmental impact are the additions of alloying ele
ments, such as primary silicon, needed to meet the targeted content in 
the standard alloy. In fact, Si as an alloying element has an embodied 
energy of 123–136 MJ/kg and CO2 footprint of 10–11 kgCO2-eq/kg, with 
an additional heat of fusion of 1.8 MJ/kg [11].

Moreover, undesired elements such as Fe, Zn, and sometimes Cu 
increase during secondary processing, especially when high fractions of 
scrap are recycled. To ensure the production of high-quality components 
from secondary alloys, well-sorted, cleaned, and pre-consumer scrap is 
preferably needed as starting material to produce recycled ingots [7]. 
Despite a limited Fe content (up to 0.55 % for the well-known AlSi10Mg 
[12]) being necessary in HPDC to prevent the die soldering phenomenon 
during the casting process [13], it is crucial that the Fe content does not 
exceed 0.25 % in structural automotive components requiring high 
ductility and yield strength, such as shock-towers [14].

Fe is considered harmful for ductility and, also, fatigue strength due 
to its ability to form complex and brittle intermetallic compounds, such 
as the acicular β-Al5FeSi phase [15]. As the Fe content increases, the 
equivalent diameter of Fe-rich phases also grows [16], and due to their 
platelet-like morphology, these compounds act as sites for stress con
centration and facilitate crack propagation. The results are premature 
failure of castings and reduced energy absorption during a crash, with Fe 
content being therefore a key factor in limiting the use of secondary 
aluminum alloys for structural components [8]. The addition of 
neutralizing elements, typically Mn and Cr, can mitigate the needle-like 
phase by promoting the formation of compact α-Alx(Fe,Mn,Cr)ySiz pha
ses with script-, polygonal- or star- like morphologies [14,17], depend
ing on the concentration of Mn and Cr. The literature suggests that a Mn 
content of at least half that of the Fe concentration (Mn/Fe ratio > 0.5) is 
required to tolerate high Fe (> 0.4 wt%) alloys [14]. Bösch et al. [13] 
recommended maintaining a Mn/Fe ratio of at least 1 to promote the 
formation of fine-sized α-Al15(Fe, Mn)3Si2 phases, with size and 
morphology comparable to modified eutectic silicon, which does not 
alter the fracture mechanisms. In contrast, excessively low or high Mn/ 
Fe ratio leads to the formation of, respectively, β-phases and large pri
mary Fe-based particles, known as sludge [17]. These phases fracture 
under load, resulting in de-cohesion and void formation within the 
matrix.

The Gobrecht [18] and Jorstad [19] Sludge or Segregation Factor 
(SF) models predict sludge formation based on the following empirical 
eq. SF = (1 * wt% Fe) + (2 * wt% Mn) + (3 * wt% Cr). To prevent sludge 
formation in the holding furnace at about 650 ◦C, an SF below 1.8 is 
strongly recommended [13,17]. This challenge has driven the devel
opment of specially designed alloys that maintain a favorable SF, 
thereby minimizing or avoiding the formation of β-Fe needle and sludge 
phases, as seen in the well-studied AlSi10MnMg alloy [20,21]. This alloy 
was originally developed as a primary alloy, in accordance with EN AC 
43500 [12], for die casting processes. However, its variants from scrap 

recycling are currently also being investigated [22].
This interest arises from the fact that cooling rate significantly in

fluences the type and size of intermetallic particles, potentially reducing 
their dimensions or altering their morphology, which makes the use of 
secondary alloys increasingly feasible. Cinckilic et al. [21] noted that 
high cooling rates, such as those in HPDC, combined with an Mn/Fe 
ratio of 1.6 to 3.0, can drastically reduce the formation of β-phases, 
resulting in the development of Fe-rich phases (polyhedral intermetallic 
compounds as primary αI and secondary αII phases) and eutectic Fe-rich 
phases (plate-shaped, net-like, and fishbone-shaped) [23].

However, the inability to efficiently eliminate contaminants in 
recycled alloy necessitates the use of customized heat treatments to 
enhance the mechanical properties, especially the ductility. Annealing, 
for instance, reduces hardness by softening the aluminum matrix and 
relieving residual stresses induced by the casting process [24]. On the 
other hand, it is not suitable for inducing precipitation hardening. The 
well-known heat treatment that improves tensile strength and elonga
tion in Al-Si-Mg sand and permanent mold castings is the T6 one con
sisting of solution, quenching, and artificial aging. Adjustments to the 
heat treatment parameters are however often necessary when applying 
the T6 treatment to HPDC components, as the latter involves process- 
induced porosity. According to Hu et al. [25], voids enlarge during so
lution heat treatment, leading to blistering phenomena and compro
mising structural integrity [26]. For this reason, short and low 
temperature (< 500 ◦C) solution treatments are typically performed on 
HPDC parts. Hence, in general, optimizing T6 parameters is critical to 
ensure good material properties and prevent blistering [27].

Based on the presented literature, there is a need to optimize the heat 
treatment on recycled aluminum alloys for HPDC components. The heat 
treatment response depends on the composition and microstructure, 
which can vary locally due to the cooling rate of the process, also 
considering possible different thickness.

The aim of this study is to determine the most suitable heat treatment 
conditions for both primary and high-recycled content HPDC 
AlSi10MnMg alloy, by comparing their tensile properties and failure 
mechanisms. Microstructural and mechanical characterizations were 
performed on samples extracted from two shock-towers produced by 
HPDC using, respectively, primary and high-recycled (at least 70 %) 
content AlSi10MnMg alloy. By using commercially available alloys and 
real components, this study demonstrates practical applicability to mass 
production, with heat treatment parameters adaptable to existing pro
duction plants. A detailed microstructural analysis, with particular focus 
on the eutectic and Fe-intermetallic phases, was conducted on both as- 
produced and heat-treated samples to explore the correlation with the 
resulting mechanical behavior and fracture mechanisms. In addition, the 
environmental impact related to the used alloy (primary or high- 
recycled) and the different processing routes (as produced and heat 
treated) on the shock-tower life were evaluated. Through this compre
hensive analysis, the impact of material choice and heat treatment on 
the end-of-life potential will be evaluated, including simulations of the 
component’s use and transportation phases.

2. Materials and methods

2.1. Materials and heat treatments

The experimental activity of this work was carried out on samples 
extracted from two automotive components produced by HPDC using, 
respectively, primary (P) and high-recycled content (HR) AlSi10MnMg 
(according to EN AC 43500 specification) alloy. In particular, P alloy 
was produced from primary ingots with the addition of up to 40 % of 
internal returned alloys, originating from runners, overflows, and 
rejected die castings, in accordance with the specifications reported in 
foundry datasheets [28,29], which typically limit their use to a 
maximum of 40–50 %. The HR alloy, instead, qualifies as a recycled 
material because it was obtained from scrap sourced from post- 
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consumer components, remelted into secondary ingots, and reintro
duced into the production cycle, thus completing a closed-loop of use 
and recovery, with the same maximum content of internal returned 
[29].

The cast components analyzed were two shock-towers produced for a 
premium car. These structural components are being increasingly 
manufactured by HPDC rather than low pressure die casting or gravity 
casting for reduced thickness, which results in lower material con
sumption and lightweighting.

After the casting process, the components were cooled in water at 
room temperature to facilitate the trimming of runners and overflows. 
The components were stored at room temperature, without any heat 
treatment, for at least 1 month before testing in order to facilitate the 
possible natural aging phenomenon. This condition is referred to as- 
produced (AP) in the current study.

Table 1 reports the chemical composition of the two alloys evaluated 
by a Glow Discharge Optical Emission Spectroscope (GD-OES) (GDA 
650, Spectruma Analytik GmbH, Hof in Bayern, Germany) according to 
ISO 14707:2015 [30] on an area of approximately 20 mm2. Chemical 
composition of P and HR AlSi10MnMg alloy (also designated as EN AC 
43500) complied with the EN 1706:2020 standard. The HR alloy pre
sents a slightly higher Fe content compared to the primary alloy, an 
inevitable consequence of using recycled material, which positively 
contributes to mitigate the die soldering phenomenon. Both alloys were 
modified with Sr (avg. 0.012 % for P alloy; avg. 0.010 % for HR alloy) to 
enhance the spheroidization of the eutectic Si, and grain refined with Ti- 
B as confirmed by the presence of Ti in Table 1.

For both P and HR alloy, the Zn was slightly higher in comparison 
with the range requested by the standard. In order to evaluate the 
chemical composition of the alloy also considering a greater volume 
than in GD-OES analysis, an overall mass of at least 0.1 kg was taken 
from different areas of each casting, melted, solidified and analyzed with 
an arc/spark optical emission spectrometer. The results confirmed those 
obtained previously except for the Zn which is significantly lower in this 
case and complies with the standard limits (avg. 0.002 % for P alloy; avg. 
0.013 % for HR alloy). This discrepancy may be attributed to differences 
in the investigated area or instrument calibration for Zn detection.

Samples for microstructural analyses and mechanical testing were 
extracted from both castings from areas with a thickness of approxi
mately 3 mm to ensure similar cooling conditions. Some samples were 
analyzed in the as-produced condition, while others underwent 
annealing and T6 heat treatments.

The annealing (AN) consisted of soaking the alloy at 380 ◦C for 200 
min (with the cold specimen placed into the preheated furnace), fol
lowed by cooling to room temperature in calm air. These parameters 
were selected based on a similar study found in the literature [24] in 
which samples were heat-treated at temperatures between 350 ◦C and 
450 ◦C for 180 min.

The T6 parameters were identified as the optimal time-temperature 
combination from a range of tested conditions, achieving a balance 
between improved mechanical properties, minimal distortions, and 
avoiding excessively long durations or high aging temperatures. In 
detail, to reduce the risk of casting distortions that could make the 
components unusable, caused by prolonged exposure to high 

temperatures (around 500 ◦C) for extended durations (over 60 min) and 
excessively rapid quenching, the T6 heat treatment was applied to 
samples with approximate dimensions of 20 mm × 20 mm, according to 
the following procedure: 

a. Solution of 45 min including: 
a. 1st step: 460 ◦C for 30 min inserting the sample (at room tem

perature) in a preheated furnace;
b. 2nd step: 470 ◦C, 480 ◦C, or 490 ◦C for 10 min with a heating of 5 

min from the 1st step.
c. Quenching in forced air
d. Aging at 190 ◦C, at 210 ◦C, or at 230 ◦C for 60 min or 90 min.
e. Cooling after aging in calm air.

A sketch of the solution and quenching treatments is reported in 
Fig. 1.

The relatively low solution treatment temperature, compared to 
other Al-Si-Mg HPDC alloys [31], avoids the risk of blistering [27]. The 
air quenching was chosen, despite the possible lower effectiveness, to 
avoid the risk of distortions induced by high residual stresses on thin- 
walled castings in the case of water quenching.

The hardness was measured according to Brinell method using a LTF 
Galileo Ergotest Comp25 apparatus with a WC ball (diameter of 2.5 
mm). In detail, a load of 613 N (62.5 kgf) was applied for 5 s and 
maintained for 15 s. On each sample, 4 indentations were performed, 
and both average values and standard deviation were calculated.

The density of the sample was measured by the hydrostatic method, 
using a laboratory weighting scale (Radwag, AS 220.R2 Plus, Radom, 
Poland), with a specific sample holder, measuring the mass in both air 
and deionized water. A density of 1.0 g/cm3 was assumed for the 
deionized water. To evaluate the effect of the T6 parameter on the al
loys, the density was measured twice on the same sample, once under as- 
produced condition and again after the T6 treatment. It should be 
considered that results can be affected by the possible presence of air 
bubbles between the specimen and the sample holder that cannot be 
detected by the operator.

2.2. Microstructural characterization, and thermodynamic simulations

A comprehensive microstructural characterization was carried out 
by optical microscopy (OM) (Zeiss, AXIO, Oberkochen, Germany) and 
Field Emission Gun Scanning Electron Microscopy (FEG-SEM) (Tescan, 
MIRA3, Brno, Czech Republic) equipped with Energy-Dispersive X-ray 
Spectroscopy (EDS) (Bruker, Billerica, MA, USA). Samples were pre
pared using standard metallographic procedures, including surface 
polishing up to 1 μm and chemical etching with Keller’s reagent (1 vol% 
HF, 1.5 vol% HCl, 2.5 vol% HNO3 and 95 vol% H2O) for 10 s. The 
analysis focused on comparing the microstructure of P and HR alloy in 
both as-produced and heat-treated conditions. A quantitative analysis 
was performed on the core regions of the samples, away from the surface 
or skin layer, to evaluate secondary dendrite arm spacing (SDAS), 
eutectic silicon, intermetallic compounds and defects. For each alloy and 
condition, the SDAS value was calculated by averaging data from at least 
6 images taken from the core regions of the samples, with the field of 

Table 1 
Chemical composition measured by GD-OES directly on samples taken from the casting. The standard deviation is reported in round brackets.

AlSi10MnMg Si Fe Mn Mg Zn Ti Cu Cr Other Al

Alloy Each Total

P
9.672 
(0.382)

0.127 
(0.01)

0.579 
(0.024)

0.320 
(0.018)

0.071 
(0.004)

0.052 
(0.003)

0.001 
(0.001)

0.000 
(0.000)

<0.013 
(0.003)

0.088 
(0.029)

Bal.

HR 10.187 
(0.071)

0.153 
(0.005)

0.604 
(0.02)

0.367 
(0.020)

0.083 
(0.007)

0.059 
(0.001)

0.027 
(0.001)

0.005 
(0.000)

<0.015 
(0.004)

0.071 
(0.015)

Bal.

EN AC 43500 
[12]

9.0–11.5 < 0.25 0.4–0.8 0.1–0.6 < 0.07 < 0.20 < 0.05 < 0.05 <0.050 <0.15 Bal.
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view of 350 × 200 μm, with a minimum of 10 SDAS measurements per 
image. The total area investigated for defect analysis was about 200 
mm2 per sample. The analysis of the eutectic Si particles size, 
morphology and distribution was carried out on 10 SEM images with the 
field of view of 10.4 × 10.4 μm for the as-produced condition and 5 
images with the field of view of 20.8 × 20.8 μm for the annealed and T6 
conditions, for both P and HR alloy (total investigated area ≈ 1080 μm2). 
The Feret diameter, defined as the longest distance between any 2 points 
along the object boundary [32], was used as representative of the size of 
eutectic silicon particles. For morphology characterization, the Aspect 
Ratio (AR) (Eq. 1) was employed, which is defined as the aspect ratio of 
the particles fitted ellipse or the inverse of the Roundness (Eq. 2), and 
the spacing (Eq. 3) for the mean distance between particles, i.e. the 
distribution. 

AR =
Major Axis
Minor Axis

(1) 

Roundness =
4A

πMajor Axis2 (2) 

Spacing =

̅̅̅̅
A
N

√

(3) 

In eq.3, A is the total investigated area and N the particles number. 
The samples under as-produced, annealed and optimized T6 conditions 
were subjected to the hardness characterization according to the pre
viously reported methodology used for the T6 optimization.

Moreover, thermodynamic simulations were conducted using 
Thermo-Calc, version 2024b [33], with the TCAL8: Al-Alloys v.8.2 
database to thoroughly investigate the nature and quantity of the main 
phases present in the microstructure. Scheil and equilibrium graphs 
were built for both P and HR alloys through the average value of the 
main constituent elements taken from Table 1.

2.3. Tensile tests and fractography

Tensile testing was performed using an Instron 3369 machine with a 
50 kN load cell and Bluehill software for control purposes. The castings 
were divided into smaller sections and subjected to annealing and 
optimized T6, while maintaining the as-produced condition as a refer
ence for comparison. The specimens featured the following dimensions: 
107 mm total length (Lf), 25 mm gauge length (L0), and 12.00 mm fillet 
radius (r) connecting the gauge section with the ends, in agreement with 

UNI EN ISO 6892-1:2016 standard [33]. The gauge section thickness 
(a0) measured 2 mm. Tests were conducted at room temperature, 
allowing for contact mechanical extensometer use, under displacement 
control with a 1 mm/min constant strain rate. The stress-strain curves 
accounted for the pre-load from the upper and lower grip clamping. For 
excessive elongation beyond extensometer capability, analysis relied on 
crosshead displacement data. A minimum of two samples were evalu
ated for each condition.

A comprehensive fractographic analysis was conducted to evaluate 
how heat treatment parameters and recycling affected the fracture 
mechanisms in HPDC AlSi10MnMg alloy. This investigation employed 
SEM-EDS techniques to analyze both fracture surfaces and cross- 
sectional samples with embedded fracture surfaces, enabling identifi
cation of the primary failure mechanisms. This methodology provided 
thorough insights into the microstructural features responsible for 
fracture behavior across various heat treatment routes and alloy 
compositions.

2.4. Environmental impact assessment

The Eco Audit tool in the Granta Software (2023 R1, version 23.1.1) 
was used to assess the environmental impact of the material and the 
processing steps on the overall product life of a shock tower. The data 
used are detailed in Appendix A. The embodied energy and CO2 foot
print of the HR alloy were retrieved from the Silval alloy Environmental 
Product Declaration (EPD) by Raffmetal S.p.A. [11], and the energy 
consumption related to the heat treatment were measured through an 
Electric Energy Current Meter coupled to a muffle furnace (Nabertherm 
Gmbh, Nabertherm Lt 9/14, Lilienthal, Germany). All the other data 
were retrieved from the Granta Selector database included in the 
software.

3. Results and discussion

3.1. T6 heat treatment optimization

The hardness of the samples measured after all the T6 tested con
ditions are reported in Fig. 2 in comparison with the data of the as- 
produced specimen. No substantial differences were observed between 
P and HR under any of the tested conditions. As expected, samples 
subjected to the highest temperature solution heat treatment exhibited 
slightly higher hardness values. Moreover, the slightly higher hardness 
of HR compared to P may be attributed to its slightly higher Fe content 

Fig. 1. Sketch of solution and quenching treatments for the T6 optimization.
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(Table 1). Notably, no blistering phenomena were detected under these 
T6 conditions.

The density of the samples measured after all the T6 tested condi
tions are reported in Table 2 in comparison with the data of the as- 
produced specimen. For both the P and HR alloy, the values for the 
AP condition were calculated as the average value of the measurements 
performed on 18 samples for each alloy before the heat treatment.

The samples subjected to the T6 with the 2nd step of solution at 
490 ◦C showed the greatest decrease in density, likely due to the 
enlargement of the gas porosity, a common feature in HPDC. Elevated 
temperatures and extended exposure times, in fact, cause an increase in 
gas pressure within the pores, accompanied by a reduction in alloy 
strength, which in turn leads to larger pore sizes, as reported by Di 
Egidio et al. [34]. In contrast, the samples treated with the 2nd step of 
solution at 470 ◦C exhibited minimal variation in density.

Based on the analyses of both hardness (Fig. 2) and density (Table 2) 
results, the T6 treatment consisting in a 1st solution step at 460 ◦C for 30 
min, followed by a 2nd solution step at 470 ◦C for 10 min (with 5 min 

heating period), quenching in forced air and aging at 210 ◦C for 60 min 
was identified as the optimal balance between hardness and density for 
both the P and HR alloy. Furthermore, considering the temperature 
difference between the 1st and the 2nd step of only 10 ◦C, and with the 
goal of simplifying the treatment for industrial application, the opti
mized T6 heat treatment can therefore be implemented as follows: 

a. solution (only 1 step) at 470 ◦C for 45 min (inserting cold samples in 
preheated furnace);

b. quenching in forced air;
c. aging at 210 ◦C for 60 min (inserting cold samples in preheated 

furnace).

3.2. Microstructural characterization

The AlSi10MnMg alloy microstructure is mainly composed of α-Al 
matrix surrounded by the eutectic Al-Si mixture for both primary and 
recycled alloy (Fig. 3). Both P and HR alloys were found to contain 

Fig. 2. Effect of T6 heat treatment parameters on the hardness of P and HR alloy, compared with the AP one.
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intermetallic phases, predominantly enriched with Fe and Mn along 
with Mg₂Si compounds, the latter observed exclusively in the as- 
produced condition. The α-Al phase is present in the form of fine den
drites or small rosettes and, occasionally, in the form of randomly 
distributed large particles, which in the literature are referred to as 
Externally Solidified Crystals (ESC) [35]. No significant changes in 
shape or size of the α-Al phase are noticeable between the P and HR alloy 
neither after the annealing nor after the T6 heat treatments.

Fig. 4.a illustrates that the mean SDAS values in the AP condition 
were approximately 5 μm for both P and HR, which is characteristic of 
thin-walled castings produced by HPDC technology, where SDAS typi
cally ranges from 5 to 10 μm [35]. After AN and T6 heat treatments, the 
SDAS values remain around 5–6 μm, with variations that fall within the 
measurement deviation, making them comparable to the AP condition.

In terms of defects, the results showed a similar value for both P and 
HR in the as-produced condition (AP), with a pores area fraction of less 
than 0.1 % detected across a total examined area of 200 mm2 per sample 
(Fig. 4.b). Heat treatments (AN and T6) caused a slight increase in pores 
area fraction, reaching a maximum of approximately 0.3 %, especially in 
HR alloy. The higher defect density in HR compared to P alloy is 
consistent with findings in the literature [16]. One of the reasons may be 
that the liquid Al melt containing a higher fraction of returned alloys or 
recycled materials tends to have a higher oxide content, which can 
promote porosity formation, as oxides may act as nucleation sites for 
pores during the solidification of Al castings according to Campbell [36]. 
The investigated gas and shrinkage pores have a maximum size of 
roughly 300 μm in both P and HR alloys.

The high-magnification SEM-FEG images (Fig. 5) provide a clear 
view of the microstructure of the eutectic region. For both P and HR as- 
produced conditions, the eutectic silicon particles were effectively 
modified by the presence of Sr, leading to a fine fibrous morphology. 
This helps reducing the stress concentration at the sharp corners of the 
silicon lamellae, enhancing the alloy overall mechanical properties, 
especially the elongation, as reported by Ganesh et al. [37].

Qualitatively, it is evident that the eutectic Si particles undergo 
morphological changes after heat treatment. This variation was 

Table 2 
Effect of T6 heat treatment parameters on the density of P and HR alloy, 
compared with the AP one.

Solution 460 ◦C - 30 min 460 ◦C - 30 min 460 ◦C - 30 min

heating of 5 min heating of 5 min heating of 5 min

470 ◦C - 10 min 480 ◦C - 10 min 490 ◦C - 10 min

Quenching Forced air Forced air Forced air

Aging n. 6 aging 
conditions

n. 6 aging 
conditions

n. 6 aging 
conditions

P

AP
g/ 
cm3 2.675 2.684 2.682

T6 g/ 
cm3 2.675 2.665 2.656

var. % 0.00 % − 0.71 % − 0.97 %

HR

AP
g/ 
cm3 2.665 2.669 2.669

T6
g/ 
cm3 2.666 2.663 2.660

var. % +0.04 % − 0.22 % − 0.34 %

Fig. 3. Optical micrographs of the HPDC P (a, c, e) and HR (b, d, f) AlSi10MnMg alloy microstructure in different conditions: (a, b) AP; (c, d) AN; (e, f) T6.
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Fig. 4. Result of the quantitative analysis on a) SDAS and b) Pores area fraction measured on metallographic section of primary (P) and high recycled (HR) 
AlSi10MnMg, in the as produced (AP) and heat treated (AN and T6) conditions.

Fig. 5. SEM micrographs of the HPDC P (a, c, e) and HR (b, d, f) AlSi10MnMg alloy microstructure in different conditions: (a, b) AP; (c, d) AN; (e, f) T6.
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subsequently measured through a quantitative analysis conducted over 
an area of about 1 mm2, confirming an increase in the mean Feret 
diameter and, thus, in the average Si particle size (Fig. .b).

In particular, there is no distinguished variation of size and 
morphology of Si particles between the primary (P) and high recycled 
content (HR) alloy in the AP condition (Fig. 6.b,c,d). It has been noticed 
that the Feret of eutectic Si particles becomes 40–80 % larger after 
annealing and nearly doubles following the T6 heat treatment (Fig. 6.b) 
for both P and HR alloys. Despite the increase in individual eutectic Si 
particles’ size, their area fraction in the eutectic region decreases from 
approximately 25–30 % in the AP to about 15–20 % after T6 for both P 
and HR AlSi10MnMg alloy (Fig. 6.a). The reason is that solution treat
ment of AlSiMg casting alloys dissolves Mg2Si and Si particles into the Al 
matrix, forming supersaturation and subsequent nanosized precipitates, 
thus leading to a reduction in the area fraction of Si particles in the T6 
condition compared to the AP.

The heat treatments (AN and T6) resulted also in eutectic Si spher
oidization and in an increase of the interparticle spacing (Fig. .c-d). The 
as-produced alloy features denser Si particles distribution, with some 
particles displaying greater Feret (Fig. 6.b), indicated by a higher aspect 
ratio. However, the T6 heat treated HR alloy consistently exhibits 
slightly lower values, whereas in the AN condition, they are always 
slightly higher.

In summary, following annealing and T6 heat treatments, the 
eutectic Si transforms into a coarser and more spherical shape, as 
illustrated in (Fig. 6). According to Lin et al. [38], this occurs as smaller 
Si particles dissolve under heat treatment, with their atoms diffusing and 
adhering to larger particles [39], which, when in proximity, merge to 
minimize interfacial energy. An enhanced ductility should be achieved 
after this microstructural modification in accordance with Lee et al. 
[40].

3.3. Intermetallic compounds

The solidification process and the related variation of liquid com
positions regulate the development of intermetallic phases and micro
structural features. The Scheil model, which assumes negligible 
diffusion in solid phases and infinitely fast diffusion in the liquid, can be 
used to predict the solidification process in HPDC [23]. Fig. 7 presents a 
Scheil simulation for the P and HR alloy considering the formation of 
phases from the following elements: Al, Si, Fe, Mn, and Mg. Given the 
high cooling rate typical of HPDC, solidification occurs under non- 
equilibrium conditions, making the assumptions of the Scheil model - 
such as homogeneous liquid composition - more appropriate for simu
lating real solidification processes compared to equilibrium calcula
tions. The predicted solidification sequence showed that the α-Al phase 
starts to solidify from the liquid in the P alloy around 595 ◦C, while the 
HR alloy presents α-Al15(Fe,Mn)3Si2 as the first phase to nucleate 
slightly above 590 ◦C. However, the amount of solid α-Al15(Fe,Mn)3Si2 
phase that nucleates before aluminum dendrites start nucleating in HR is 
infinitesimal. Apart from that, the two solidification curves display a 
similar behavior, promoting then the solidification of the eutectic Si 
phase and the intermetallic phases, including α-Al15(Fe,Mn)3Si2, 
β-Al5FeSi, Mg2Si and π-Al8FeMgSi6Al. The latter is detected by Scheil 
curves, even if it is not present at room temperature according to the 
Thermo-Calc equilibrium calculation.

What is observed instead through experimental data, and aligns with 
the prediction of the Scheil curve, is the formation of the Mg2Si phase. 
This phase was observed exclusively in the as-produced condition 
(Fig. 8.a), while it was absent in both the annealed and T6-treated 
samples. During annealing, Mg2Si likely undergoes dissolution, with 
Mg and Si atoms dispersing into the Al matrix without re-precipitating 
due to the lack of a subsequent aging step. In contrast, after T6 treat
ment, the Mg2Si phase dissolves and re-precipitates as nanosized 

Fig. 6. Results of the eutectic silicon particles characterization on primary and recycled AlSi10MnMg in terms of: a) Area fraction; b) Feret; c) AR; d) Spacing.
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particles, which are undetectable by OM and SEM-FEG, but align with 
findings in the literature [22,41], and are supported by the measured 
mechanical properties.

The thermodynamic simulations findings align with the work con
ducted by Sanchez et al. [20] on the AlSi10MnMg(Fe) alloy (having 9.5 
wt% Si, 0.5 wt% Mn, 0.1 wt% Mg and balanced Al) who show that, after 

Fig. 7. Equilibrium and Scheil curves for both the P (a) and HR (b) AlSi10MnMg alloy.

Fig. 8. Different types of intermetallic visible at low and high magnification using SEM- FEG in the AP AlSi10MnMg HR alloy: a) Mg2Si and β-Al5FeSi phases; b) αI,II- 
Al15(Fe,Mn)3Si2.
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equilibrium solidification, the microstructure should contain different 
intermetallic phases depending on the Fe content. In the present paper, 
the P and HR alloy exhibited a Mn/Fe ratio and Sludge factor (Table 3), 
calculated based on the average Mn, Fe, and Cr content reported in 
Table 1, within a range where a predominant presence of the α-Al15(Fe, 
Mn)3Si2 phase is expected.

This phase appears in two distinct forms in the microstructure, as αI- 
Al15(Fe,Mn)3Si2 and αII-Al15(Fe,Mn)3Si2, respectively (Fig. 8.b) for both 
P and HR. These forms differ based on whether they nucleate before or 
after the eutectic silicon phase begins to solidify. Specifically, the αI- 
Al15(Fe,Mn)3Si2 phase likely nucleates at higher temperatures within the 
shot sleeve or during the transfer from the cold chamber to the shot 
sleeve, as reported in [35]. This phase exhibits a complex polygonal 
morphology, as it continues to grow during solidification, resulting in 
large particles approximately 20–50 μm in size, consistent with obser
vations by Bongiovanni et al. [42]. Wang et al. [43] explain the evolu
tion mechanisms of primary α-Fe intermetallic compounds in AlSiMgMn 
alloys where their shape initially grows as a polyhedron with 〈100〉
orientation, progressing to dodecahedron with {110} faces, then to a 
hexahedron with {100} faces. Further growth results in dendritic arms 
along 〈111〉, forming octagonal dendrite shape. The intermetallic in 
Fig. 8.b exhibits a hollow structure in space, which could indicate an 
intermediate stage of its growth. If these particles form before the 
molten metal is injected into the die, the flow may deform their struc
ture, leading to irregularly shaped particles (Fig. 8.b), moving from the 
surface to the center of the casting [35]. Therefore, the nucleation zone 
of those particles helps to distinguish the two phases. In fact, αI-Al15(Fe, 
Mn)3Si2 phase usually lie within ESC particles while the αII-Al15(Fe, 
Mn)3Si2 mostly can be seen among the eutectic and has a more poly
hedric equiaxial morphology (Fig. 8.b, and Fig.). After annealing and T6 
heat treatment, the shape and size of that phase did not change (Fig. 9.a, 
b,c), nor their distribution (Fig. 10). Only slightly blunt corners can be 
seen for both P and HR alloy after T6 on the larger αII-Al15(Fe,Mn)3Si2 
particles, which may be related to the solution treatment phase.

A small volume fraction of the brittle acicular β-Al5FeSi phase has 
been witnessed in the studied samples (Fig. 9d,e,f) for both P and HR 
alloys. EDS analysis on the β phase was not reported due to technological 
limitations in analyzing particles of such small size. However, its iden
tification is supported by thermodynamic simulations (Fig. 7) and 
literature data [16,44,45], which align with the expected appearance of 
this phase.

The slightly higher content of Fe in HR alloy led to the formation of 
thicker needle particles in comparison to P alloy (Fig. 10). These results 
are consistent with the findings of Kucharikova [44], who determined 
that an AlSi7Mg alloy with 0.655 wt% of Fe exhibited a reduction in 
β-phases of approximately 12 % compared to the same alloy containing 
0.454 wt% of Fe. This variation in size and microstructure was similarly 
observed by Bosch et al. [13] in a commercial primary AlSi10.5 
Mg0.4Fe0.55Mn alloy with a Fe/Mn content comparable to that of the 
alloy examined in this study.

Bjurenstedt et al. [46] reported that cracked intermetallic com
pounds are linked to the final fracture, highlighting the critical impor
tance of their distribution. Analyzing the results related to the 
distribution of Fe-based intermetallic compounds (Fig. 10), it is 
observed that as Fe content is increased, from P to HR alloy, there is a 

tendency for the αII-Al15(Fe,Mn)3Si2 and β-Al5FeSi particle size and 
frequency to slightly increase as well. The distribution of the β-Al5FeSi 
phase varies depending on the processing conditions. In the as-produced 
condition (AP), it exhibits an elongated distribution skewed toward 
higher values, indicative of the presence of elongated lamellae, partic
ularly in the HR alloy, up to 10 μm. A similar value has been found by 
Fracchia et al. [45] on the HPDC AlSi10MnMg alloy in the as-cast con
dition. After the heat treatments, the β-Al5FeSi distribution changes. A 
slight decrease in the size of the β-Al5FeSi phase is observed when 
comparing heat-treated samples to AP components. This may be 
attributed to a partial dissolution effect, where the lamellar edges round 
off, and, if fragmented, they take on a more globular appearance rather 
than elongated shapes (Fig. 9.d,e,f), thereby reducing the typical detri
mental effect on the elongation to fracture. According to Narayanan 
et al. [47], T6 can slightly alter the morphology of needle-like phases, 
whereas the α-phase that contains Mn remains more stable and resists 
dissolution. The transition from AP to T6 condition can be tracked 
through the AN heat treatment, where temperatures are lower than 
those used for the solution phase of the optimized T6, and therefore 
some elongated β-Al5FeSi needles persist, but the distribution begins to 
shift toward a peak concentrated in diameters of 2–5 μm stage, where 
the majority of β particles fall after T6.

3.4. Mechanical characterization

3.4.1. Tensile tests
The results of tensile tests on both P and HR alloys in the AP, AN, and 

T6 conditions are reported in Table 4.
Regarding the strength, the highest yield strength (YS) and ultimate 

tensile strength (UTS) values were generally recorded in the AP condi
tion for both P and HR alloys. Additionally, it should be noted that the 
HPDC castings analyzed in this study, in the AP condition, underwent 
rapid cooling in water at room temperature after extraction from the die, 
followed by natural aging, which may have contributed from the pre
cipitation of strengthening particles to the observed high value of 
hardness, YS, and UTS. In particular, the HR specimens showed an 
average YS 10 MPa higher than the P alloy while maintaining a com
parable standard deviation (1 MPa for P alloy and 2 MPa for HR alloy). 
This difference is likely due to the higher iron and manganese content in 
HR, present as hard intermetallic compounds, which may slightly 
enhance the alloy strength. In terms of UTS, the average value is 
approximately 280 MPa for both P and HR alloys. However, the HR alloy 
showed a significantly higher standard deviation (21 MPa) compared to 
the P alloy (4 MPa), likely due to a greater presence of defects and im
purities in the HR alloy, mainly Cu, as indicated by the reported 
chemical analysis (Table 1). The annealing treatment led to a significant 
reduction in strength. Specifically, about − 35 % in YS and UTS for both 
P and HR alloy. After the T6, the decrease in strength was less pro
nounced, with reductions of 39 MPa (− 25 %) for P alloy and of 32 MPa 
(− 20 %) for HR alloy because the coarsening of the microstructure is 
counterbalanced by precipitation strengthening. However, these find
ings indicate that T6 treatment, performed at a lower temperature 
compared to the typical parameters used for low pressure die casting or 
gravity casting components (usually over 500 ◦C for 3 or 4 h [48,49]) did 
not allow the material to achieve the same strength performance as in 
the AP condition. While the heat treatments caused a significant 
decrease in tensile resistance (YS and UTS), elongation increased 
notably after both annealing and T6 for both P and HR alloys. Despite 
high standard deviation for all the tested samples, elongation improved 
by at least 40 % following annealing. The improvement in ductility 
observed after annealing has also been reported by Jarco et al. [50], who 
demonstrated that a maximum increase in impact strength (KC) of 71 % 
was achieved for an AlSi11 alloy subjected to soft annealing at 370 ◦C for 
8 h. The most significant increase was achieved with the T6 treatment, 
which proved to be the best choice for both P and HR alloys in terms of 
elongation, reaching an average value of 13 % for HR and 16 % for P.

Table 3 
Mn/Fe ratio and SF for the investigated P and HR AlSi10MnMg alloy.

AlSi10MnMg Fe content Mn 
content

Cr content Mn/Fe 
ratio

Sludge 
factor

[wt%] [wt%] [wt%] [%]

P 0.127 ±
0.010

0.579 ±
0.024

Not 
detected

4.6 1.3

HR 0.153 ±
0.005

0.604 ±
0.020

0.005 ±
0.000

3.9 1.4
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This result is significant since, generally, the percentage increase in ef 
% is the main reason why heat treatments are proposed for HPDC alloys. 
Nicklas et al. [51], on 2 mm thick primary AlSi10MnMg(Fe) with 0.17 % 

Fe samples, reported a UTS of 251 MPa in the as-cast condition, with an 
elongation of 3.67 %. After T6 heat treatment, the UTS increased to 327 
MPa, with an elongation of 6.90 %. The values found in this study after 

Fig. 9. SEM-FEG Secondary-Electron (a,b,c,e,f) and Back-Scattered (d) images of αI,II-Al₁₅(Fe,Mn)₃Si₂ (a,b,c) and β-Al5FeSi (d,e,f) intermetallic particles in 
AlSi10MnMg HR alloy in the AP condition (a,d), after AN (b,e), and following T6 heat treatment (c,f).

Fig. 10. Iron based Intermetallic phases distribution in AlSi10MnMg alloy in the as-produced condition and after annealing and T6 heat treatments.
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T6 show higher elongation and lower UTS, likely due to the lower so
lution treatment temperature and shorter duration used (Nicklas et al. 
[51] reported 490 ◦C for 3 h as solution heat treatment parameters), 
which may have resulted in a smaller volume fraction of strengthening 
precipitates.

To provide a comprehensive overview of the results, an Ashby map 
(Fig. 11) was constructed with elongation (%strain) on the x-axis and 
tensile strength on the y-axis. This map includes the data obtained in this 
study for P and HR alloys in AP, AN, and T6 conditions, alongside 
literature data on similar HPDC alloys and commercial HPDC aluminum 
casting alloys. The shape of the plotted markers indicates the variation 
range of each property, with more elongated ellipses representing a 
higher standard deviation. The purple ellipses are cast alloys, the red 
ones are HPDC alloys, and the orange ellipses are AlSi7 alloys. In terms 
of tensile strength, the as-produced alloys investigated in the present 
study (blue for primary, green for high recycled content in Fig. 11) have 
higher values compared to the heat-treated ones and are equivalent to 
the AlSi17Cu4 (A390) alloy and the T6 heat treated AlSi7Mg (A356, EN 
AC 42000) produced by permanent mold cast. The experimental results 

also align well with the results presented by Niklas et al. [51], who 
investigated primary and highly recycled AlSi10MnMg (EN AC 43500) 
alloy. Interestingly, the T6 heat treated HR alloy by Niklas et al. [51] 
overlaps with the as-produced alloys of the present study, likely due to 
the natural aging induced by the rapid cooling of the casting after 
extraction from the die. From the environmental impact perspective, the 
T6 heat treatment presents an extra step of energy consumption and CO2 
emissions compared with the AP; the similar mechanical performance of 
as-produced alloys suggests the possibility for environmental savings.

A similar comment is valid when looking at elongation to failure, 
comparing the as-produced alloys with the results by Niklas et al. [51]. 
The best performing alloys are the T6 heat treated ones, at expense of 
tensile strength, and they are outstanding candidates in the overall 
family of cast alloys. The AlSi7Mg alloys produced by HPDC [52] are 
partially overlapping with the HR alloy of the present study.

3.4.2. Fractographic characterization
Observation of fracture surfaces in HPDC aluminum alloys can pro

vide valuable insights into the fracture mechanisms and the factors 

Table 4 
Mechanical properties of the P and HR AlSi10MnMg alloy under different conditions: hardness, yield strength (YS), ultimate tensile strength (UTS) and elongation (ef 
%).

Alloy Condition Hardness YS UTS ef %

[HBW 2.5/62.5] [MPa] [MPa] [%]

avg st dev avg st dev avg st dev avg st dev

AP 86.7 1.9 146 1 280 4 7.5 3.8
P AN 56.4 1.5 92 4 181 6 10.6 2.4

T6 66.7 0.9 118 3 210 3 16.6 2.6
AP 86.8 1.0 157 2 280 21 7.1 3.8

HR AN 57.7 1.1 97 3 182 5 10.8 1.5
T6 65.7 1.4 125 5 210 1 13.3 2.9

Fig. 11. Comparison of UTS and elongation to failure (εf %) of studied P and HR AlSi10MnMg alloy under different conditions (AP, AN, T6) with literature data in 
Ashby Map.
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influencing the material ductility. The P and HR alloys in AP condition 
exhibited similar behavior governed by a quasi-cleavage fracture mode 
(Fig. 12). In fact, sub-micrometric dimples and tear ridges were present 
in the core of the tested samples, surrounded by small cleavage planes 
and fractured intermetallic compounds (Fig. 12.a,b). Specifically, the 
morphology of the intermetallics aids in recognizing their presence and 
identifying them, as in the case of the one shown in Fig. 12b, which is 
likely an α-Al₁₅(Fe,Mn)₃Si₂. Its chemical composition is therefore ex
pected to be similar to that presented in Fig. 9c. The small and flat 
dimples are generated by the fine microstructure associated with the 
HPDC process, which limits pore growth and eutectic silicon particles 
size. Heat treatment can significantly alter the fracture behavior of both 
primary and high recycled content alloy. Liu et al. [53] indicated a 
transition from brittle to ductile fracture on an Al10Si0.5Mn0.3 Mg T7 

(solution, quenching, and overaging) heat treated. This transformation 
is primarily attributed to the spheroidization and fragmentation of the 
eutectic Si particles during the heat treatment process. Also, in this 
study, it has been observed that after annealing and T6, the fracture 
behavior becomes completely ductile, with numerous bigger and elon
gated dimples on the fracture surfaces (Fig. 12.c-f). No evidence of 
cleavage planes is visible in Fig. 12.c-f.

Characterizing the fracture surface can reveal the role of various 
microstructural features in the fracture process. Large Fe-based inter
metallic compounds and large pores may become potential sites for 
crack initiation or propagation as evidenced by their presence on the 
fracture surfaces (Fig. 13.a,b,d). The cracking of a polygonal αI-Al15(Fe, 
Mn)3Si2 phase (~10 μm) in the AP fracture surface of HR alloy is shown 
in Fig. 13.b.

A
P

A
N

T
6

Fig. 12. Longitudinal section of the fracture surface relative to (a,c,e) P and (b,d,f) HR AlSi10MnMg alloy in the (a-b) AP, (c-d) AN and (e-f) T6 conditions.
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Niklas et al. [26] suggested that casting defects (such as pores, 
shrinkages, cold shots, and cold flakes) are major contributors to the 
substantial reduction in elongation observed in the AlSi10MnMg(Fe) 
alloy. Fracture tends to initiate at the location of the largest pore within 
the gauge section and as the size of the largest pore increases, the 
elongation to fracture decreases [53]. This suggests that, while the heat 
treatment spheroidizes the eutectic Si and improves ductility, the 
slightly increase in defect area fraction (Fig. 4.b) associated with the 
exposure to solution heat treatment and annealing may worsen the final 
elongation to fracture, particularly evident in the AN condition for both 
P and HR. Another feature to consider is the presence of ESCs. These 
feeding failures are susceptible to intergranular fracture because the 
weak bonding between ESC and the matrix promotes the crack propa
gation along the ESC boundaries and other porosities, resulting in a 
tortuous crack path (Fig. 13.c). However, when the stresses are high 
enough, also trans-granular fracture could arise from ESC leading to a 
flatter crack route [53].

Examples of the microcracks nucleation around defects, such as the 
shrinkage pore edge and further propagate along the boundary of the 
dendrites, ESC, fractured eutectic silicon particles and large Fe-based 
intermetallic are reported on Fig. 14.

3.5. Environmental impact assessment

The environmental impact assessment is a powerful tool that, by 
taking as input the energy required for each step of the process, can 
provide a comprehensive view of the contributions to overall energy 

consumption and CO₂ emissions. The results, presented in Fig. 15, 
highlight the differences in environmental impact between primary and 
recycled AlSi10MnMg in the as-produced (AP) condition and illustrate 
how heat treatments, annealing (AN), and T6, modify this impact in the 
recycled alloy. An important finding is that recycled material requires 
significantly less energy than primary production, though this reduction 
is not as high as 95 % when considering primary aluminum produced in 
Europe, where energy consumption is lower than the global average 
[6,8].

Once the material is cast into a shock-tower, the manufacturing 
contribution is shown in the next group of columns on the right (in the 
graphs in Fig. 15). These columns illustrate the impact of casting, cutting 
and trimming operations, as well as the impact of heat treatment on 
energy consumption (Fig. 15.a) and carbon footprint (Fig. 15.b). While 
the AP condition shows that manufacturing has a negligible impact 
compared to the material itself, applying a heat treatment increases the 
environmental burden, particularly with T6, which includes a high- 
temperature solution phase. The use of a secondary alloy determines 
an overall decrease of 28 % in energy use and 31 % of CO2 footprint 
during the component life. Similar values are maintained, in the 27–28 
% and 29–30 % ranges for energy and CO2 footprint, respectively, when 
applying the annealing and T6 heat treatments.

Finally, in Fig. 15, additional phases show comparable contributions 
across all primary and recycled alloy conditions. These include the 
component transportation, which has a minimal impact under the 
assumption that distribution is limited to Europe, and the use phase, 
which considers the expected lifespan of the component in an 

Fig. 13. SEM-FEG micrographs of fractographic surface features on AlSi10MnMg alloy: (a) Gas pores, (b) intermetallic, (c) ESC trace, (d) shrinkage. The images were 
taken from HR alloy in (b) AP and (c) T6 conditions, and from P alloy in (a, d) AN condition.
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automotive application. Further studies focusing on the durability of the 
component, particularly on corrosion and wear behavior, could provide 
more details and refine the evaluation of the use phase. The disposal and 
End-of-Life (EoL) potential highlight how the material can be collected 
and reutilized even after its service life.

Looking to future developments and strategies for a continuous 
decrease in the environmental impact of aluminum alloys, an effective 
action would be to prefer, when possible, no high temperature heat 
treatments and alloys with lower Si contents. Si carries a significant heat 
of fusion, and it is often required as an extra addition to scrap aluminum 

Fig. 14. SEM-FEG micrograph of fractographic surface crack propagation along: (a) ESC, Fe-rich phase and fractured eutectic silicon particles; (b) shrinkage. The 
images were taken from HR alloy in (a) AP and (b) AN conditions.

Fig. 15. Eco Audit of shock tower: a) energy; b) CO2 footprint.
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in order to meet the composition range of near-eutectic cast aluminum 
alloys. From a performance point of view, an example is the AlSi7Mg 
alloy produced by HPDC that is comparable in elongation to the heat- 
treated AlSi10MnMg alloy in Fig. 11. On the other hand, the melting 
and handling of low-Si alloys require a higher melting and holding 
temperatures, e.g. from a foundry practice perspective the pouring 
temperature is around ~680 ◦C for an AlSi10 alloy and around ~720 ◦C 
for an AlSi7 alloy. Higher temperature in the furnaces leads to higher 
energy consumption and an indirect CO2 footprint, as well as a 
decreasing die life. A careful evaluation would be needed from case to 
case to find the best solution, compromising between performance and 
environmental impact.

4. Conclusions

The following key conclusion can be drawn from the characteriza
tion of samples extracted from two shock towers manufactured by HPDC 
using primary (P) and high-recycled content (HR) AlSi10MnMg alloy, 
respectively, and studied in as-produced (AP) condition (natural aging 
that follows the rapid quenching after the HPDC), annealing (AN) and 
T6 heat treatments: 

a. The similar chemical composition of P and HR AlSi10MnMg alloy led 
to comparable microstructures in the AP condition with fine and 
elongated eutectic Si particles, small and compact polyhedral 
α-Al15(Fe,Mn)3Si2 and few β-Al5FeSi acicular intermetallic 
compounds.

b. AN and T6 heat treatments resulted in eutectic Si fragmentation, 
spheroidization, coarsening, and an increase in interparticle spacing 
for both P and HR alloys. A negligible effect of heat treatment was 
observed on SDAS, defects, and Fe-based intermetallic compounds.

c. For both the P and HR alloys, AP specimens showed the highest 
strength and lowest ductility. AN led to the greatest ductility, while 
the T6 treatment led to a trade-off between strength and elongation.

d. The fractographic characterization confirmed for both P and HR al
loys the results of mechanical tests, by showing areas of quasi- 
cleavage on fracture surfaces for the AP specimens and the pres
ence of ductile dimples for both the AN and T6 specimens.

e. Using recycled alloy significantly reduces environmental impact, 
requiring only about 1/4 of the energy and CO₂ emissions compared 
to primary alloy production. However, applying heat treatments 
increases energy consumption, with T6 adding +30 % and AN +25 % 
impact on the overall component life. Therefore, heat treatment 
should be applied only when necessary to meet specific strength, 

although lower than AP, and ductility requirements, as the AP con
dition offers a good balance between performance and sustainability.
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Appendix A

Table A1 
Data used for environmental impact evaluation in Granta Software Eco Audit tool

Parameter Data Note/Reference

Material AlSi10MnMg P 
AlSi10MnMg HR

Recycled Content P (0 %) 
Embodied energy: 160–200 MJ/kg 
CO2 footprint: 11–13 kg/kg 
HR (75 %) 
Embodied energy recycling: 10–15 MJ/kg 
CO2 footprint recycling: 0.6–2.35 kg/kg

EPD-IES-0006063:002 [34] https://environdec.com/library/epd6063

Part mass 4.5 kg https://www.gfcs.com/en/market-segments/light-vehicles/shock-tower0.html
Primary process Casting 

Energy: 5.8–8 MJ/kg 
CO2 footprint: 0.5–0.8 kg/kg

EPD-IES-0006063:002 [34] https://environdec.com/library/epd6063

(continued on next page)
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Table A1 (continued )

Parameter Data Note/Reference

Secondary process Cutting, trimming, and machining
Removed material 10 %
Manufacture

Casting Energy: 5.8–8 MJ/kg 
CO2 footprint: 0.5–0.8 kg/kg

Granta Selector database

Heat treatment Annealing (AN) 
Energy: 0.7–2.9 MJ/kg 
CO2 footprint: 0.1–0.2 kg/kg 
T6 
Energy: 2–7.5 MJ/kg 
CO2 footprint: 0.2–0.6 kg/kg

Measured in a furnace on 1 kg and 4.5 kg samples (graph in Fig. A1). 
A cold ingot was inserted in a cold furnace

Transport Transport type: Truck >32 t, EURO 6, Distance: 1200 km Granta Selector database
Use Fuel: Hybrid gasoline 

Mobility type: electric family car 
Area of use: The whole world 
Product life: 15 years 
Usage: 300 day/year Distance: 40 km/day

Granta Selector database

Disposal Recycle 
Recovered: 90 %

Fig. A1. Energy consumption measured during different heat treatment conditions for (a) 1 kg and (b) 4.5 kg of AlSi10MnMg alloy.

Data availability

Data will be made available on request.
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