POLITECNICO DI TORINO
Repository ISTITUZIONALE

On the role of additive manufacturing, heat treatment and machining on the microstructural evolution
and corrosion behaviour of AISI9Cu3(Fe) alloy

Original

On the role of additive manufacturing, heat treatment and machining on the microstructural evolution and corrosion
behaviour of AISi9Cu3(Fe) alloy / Lagalante, I., Ghinatti, E., Martucci, A., Bertolini, R., Bruschi, S., Lombardi, M.. - In;
MATERIALS CHARACTERIZATION. - ISSN 1044-5803. - 224:(2025). [10.1016/j.matchar.2025.115089]

Availability:
This version is available at: 11583/2999774 since: 2025-05-02T13:39:36Z

Publisher:
Elsevier

Published
DOI:10.1016/j.matchar.2025.115089

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

27 June 2026



Materials Characterization 224 (2025) 115089

-

MATERIALS

CHARACTERIZATION

Contents lists available at ScienceDirect

Materials Characterization

journal homepage: www.elsevier.com/locate/matchar

ELSEVIER

On the role of additive manufacturing, heat treatment and machining on
the microstructural evolution and corrosion behaviour of AlSi9Cu3
(Fe) alloy

a,*

Lagalante Ilaria®, Ghinatti Edoardo ”, Martucci Alessandra®, Bertolini Rachele ",

Bruschi Stefania ", Lombardi Mariangela *

& Department of Applied Science and Technology, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Turin, Italy
b Department of Industrial Engineering, University of Padova, Via Venegia 1, 35131 Padova, Ttaly

ABSTRACT

Laser Based Powder Bed Fusion for Metal (PBF-LB/M) is an additive manufacturing (AM) technique capable of producing geometrically complex, high-performance
components. Among the aluminium alloys suitable for PBF-LB/M yet underexplored, AlSi9Cu3(Fe) stands out for its high strength-to-weight ratio and corrosion
resistance. While the overall characteristics of AlSi9Cu3(Fe) are firmly established for cast products, studies on its mechanical performance and corrosion behaviour
after the PBF-LB/M process and subsequent heat treatments remain scarce, with finishing operations often overlooked. In this framework, the paper gives novel
insights into the performance of AlSi9Cu3(Fe) fabricated through a process chain comprising PBF-LB/M, heat treatment, and final machining, showing the correlation
of the alloy microstructural features and surface finish with the corrosion resistance. Besides the as-built (AB) condition, two different heat treatment conditions were
proposed: direct ageing (T5), and solubilisation and ageing (T6). Microstructural analysis showed that, after T5, Si network remained intact, with minor Si pre-
cipitation. On the other hand, T6 fully homogenised the microstructure, dissolving the network and activating a massive precipitation of Si, Cu and Fe phases.
Afterwards, turning tests were carried out at fixed cutting parameters, showing better surface results by increasing the treatment temperatures. Potentiodynamic
polarisation tests on both machined and unmachined samples gave the corrosion potential and current density at varying initial microstructural conditions. The AB
samples proved to have the highest corrosion resistance before and after machining, while the lowest was always offered by the T6 samples. An explanation of such

behaviour was given based on a detailed microstructural analysis together with the evaluation of the surface quality.

1. Introduction

Aluminium and its alloys, known for their versatility, are at the
forefront of innovation in various industrial fields, from defence to
automotive. Their competitive characteristics, such as low density, good
mechanical properties, excellent corrosion resistance, and high thermal
conductivity, have paved the way for their extensive application. In
addition, their remarkable strength-to-weight ratio and impressive
corrosive resistance make them an ideal alternative to heavier and more
expensive metals like titanium alloys. Based on the presence and
quantity of alloying elements, Al-based alloys can acquire a wide range
of distinctive properties [1-3]. Silicon is a crucial alloying element in
cast aluminium alloys, as it enhances fluidity and reduces solidification
shrinkage, thereby improving castability [4,5]. However, cast Al—Si
alloys hardly meet the industrial requirements due to their moderate
strength, limited hardness, and low toughness in their as-processed
state. In addition, these alloys are not well-suited for heat treatments
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because the silicon in solid solution is rejected from the Al matrix at high
temperatures, forming particles that rapidly grow in size and quantity,
drastically reducing the alloy mechanical properties [6,7]. Nevertheless,
combining small quantities of Mg in the Al—Si alloys was proved to
increase mechanical performance after heat treatment thanks to the
precipitation of dispersed Mg,Si nanoparticles, also improving corrosion
resistance [4]. To further enhance strength and hardness, also ensuring
the best mechanical performance for both heat-treated and not-treated
conditions, the addition of Cu in Al-Si-Mg alloys could be the key
[8-10]. Moreover, the addition of Cu provides excellent performance at
higher service temperatures [1]. Another commonly added alloying
element to improve the temperature performance of Al-based alloys is
Fe. Nonetheless, Fe must be kept at a low percentage as it might cause a
decrease in ductility and promote brittle phases that could negatively
affect the material performance [3,11].

Thanks to all these possible improvements, Al-Si-Cu alloys with small
quantities of Fe and Mg have been widely employed for automotive
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applications, where high mechanical performance combined with light
weight for reducing fuel consumption are required [12,13]. The
AlSi9Cu3(Fe) (ENAC-46000) alloy is a shining example of cast Al-Si-Cu
alloy successfully used in the automotive industry [14]. It offers
impressive mechanical properties and good resistance to both wear and
corrosion but still shows high castability and machinability [15]. Ac-
cording to BS EN 1706:2020 + A1:2021 standard, it boasts a tensile
strength of 240 MPa, yield strength of 140 MPa, minimum elongation at
fracture of 1 %, and hardness of 80 HBW. Thanks to its Cu content, the
alloy retains its properties when used at higher temperatures, till 200 °C,
making it suitable for engine parts. Other automotive components
traditionally produced using AlSi9Cu3(Fe) include cylinder heads, pis-
tons, shock absorbers, steering gearboxes, and heat exchangers [16,17].

Corrosion resistance is a critical factor for automotive applications,
as often the components have to withstand harsh conditions, which can
pose an issue in guaranteeing vehicle safety over time. In Al-Si-Cu-Fe
alloys, Al noble precipitates, like Al;CusFe, AlsFe, and AlyCu, act as
cathodic sites, leading to the formation of micro galvanic cells and
preferential corrosion in the surrounding Al matrix [18]. Additionally, Si
precipitates also contribute to the cathodic activity, albeit to a lesser
extent than Cu- and Fe-rich phases [19]. These phases not only serve as
active sites for corrosion but also prevent the formation of a protective
oxide layer [20]. The negative impact of these cathodic phases increases
with the heat treatment temperatures and times, as larger precipitates
induce a more active matrix and result in a less protective, porous oxide
layer [18,21]. Also, in [18] it was stated that the grain size influences
corrosion resistance. Smaller grains are revealed to promote faster
passivation. Nonetheless, once the oxide layer is breached, the high
number of grain boundaries act as active sites for corrosion, promoting
the propagation of deeper pits.

The vast majority of research on the corrosion resistance of AlISi9Cu3
(Fe) has focused on material processed by casting or high-pressure die
casting (HPDC), using a 3.5 wt% NaCl solution as corrosion medium at
room temperature, according to ASTM G85 standard. The relationship
between HPDC process parameters and corrosion resistance was inves-
tigated in [22], finding that a reduced porosity level improved the
corrosion resistance, resulting in lower current density and higher po-
tential. Si and Cu- and Fe- precipitates were found to stimulate micro-
galvanic effects in [19] and the pitting phenomenon was time-
dependent. The impact of different amounts of Cu in cast AlSi9CuX
(Fe) was investigated in [14], observing slightly degrading corrosion
properties as the Cu content increased from 2.2 to 4 wt%. The effect of
the heat treatment on the cast AlSi9Cu3(Fe) corrosion behaviour was
studied in [17], observing that the untreated samples exhibited more
generalised corrosion, whereas the heat-treated ones displayed inter-
granular corrosion or pitting, depending on the adopted treatment time
and temperature.

As seen, the mechanical properties and corrosion resistance of
AlSi9Cu3(Fe) manufactured by traditional processes have received
extensive attention. Nonetheless, the design limitations that characterise
the traditional processes have paved the way for investigating the
feasibility of using alternative and more innovative processes to fabri-
cate AlSi9Cu3(Fe) parts. Among the promising technologies developed
to overcome these limitations, the Lased Based Powder Bed Fusion for
Metal (PBF-LB/M) stands out. This layer-by-layer additive
manufacturing (AM) process enables the production of geometrically
complex, near-net-shape metal parts with minimal porosity and
enhanced properties. Nonetheless, the technology remains limited to
low-volume production, because of high costs, issues related to repeat-
ability and results consistency, and lack of proper standardisation. These
issues largely impact the reliability and safety of mass production, thus
limiting industrial applications and making conventional methods more
cost-efficient and more suitable for large-scale manufacturing [23,24]
However, when combined with the proper design for additive
manufacturing, PBF-LB/M has been shown to improve part lightweight
impressively and to structurally optimise the part, thus improving the
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strength-to-weight ratio. Also, its design freedom makes it ideal for
customised, high-quality parts for high-end vehicles and on-demand
spare parts [23,25-27].

Some studies have already attempted to process AlSi9Cu3(Fe) using
PBF-LB/M. The first attempts were reported in [28], followed by studies
in [12,15]. A detailed analysis of the material microstructure was con-
ducted, reporting that the PBFed alloy shows a fine subcellular structure,
with supersaturated Al matrix surrounded by a continuous network of
fine Si precipitates, similar to the one seen for other Al—Si alloys [29].
Furthermore, the mechanical performance of the as-built material was
compared to conventionally produced ones, i.e. HPDC [28] and as-cast
[12,15], showing that, in both cases, the PBFed alloy outperformed
the traditional one in both static tests, i.e. tensile and compression, and
fatigue tests, thanks to a refined microstructure and lower defect
density.

Heat treatments can further tailor the final mechanical performance
of the PBFed alloy [30-33]. For instance, T6 treatment is a common heat
treatment for aluminium alloys, consisting of three steps: a first ho-
mogenisation and phases dissolution at high temperature (solutioning),
a rapid microstructural cooling that leaves the matrix supersaturated
(quench) and a controlled phases precipitation (artificial ageing). It
ensures an improvement in strength and hardness for Al cast alloys
thanks to precipitation hardening, thus being particularly beneficial for
alloys that promote precipitation hardening, like AlI—Cu or Al—Mg al-
loys [34]. Although studies have shown that the effect of T6 treatment
on PBFed Al alloys differs from that on cast alloys due to the peculiar
supersaturated microstructure, it still offers important benefits. In fact,
despite the potential coarsening of the fine additive microstructure at
high temperatures, T6 treatment has been reported to significantly
reduce material anisotropy, an important challenge in layer-by-layer
technologies, while also alleviating residual stress and enhancing
ductility [31,35]. Other heat treatments that better accommodate the
peculiar PBFed microstructure have been investigated, such as direct
ageing (T5), which is an artificial ageing at low temperatures that avoids
solutioning. The treatment takes advantage of the supersaturation of the
Al matrix induced by the rapid cooling of the PBF-LB/M process to
promote controlled precipitation, without losing the fine microstructure
or the silicon network [31]. The resulting microstructure greatly im-
proves hardness, though usually at the expense of toughness [36-38].

The peculiar microstructural changes resulting from the high cooling
rates achieved in the PBF-LB/M process can impact not only the
AlSi9Cu3(Fe) mechanical and thermal properties but also its corrosion
behaviour. In fact, as reported in [18,39,40]1, the finer grains and smaller
precipitates obtained by additive process, together with the Si network
that tends to limit the corrosion attack, reveal superior corrosion resis-
tance in the PBFed alloy compared to casting. However, to the best of the
authors’ knowledge, the effect of heat treatments on the corrosion
behaviour of PBFed AlSi9Cu3(Fe) remains unexplored, with existing
studies focusing only on similar alloys. For instance, it has been observed
by [41] for a PBFed AlSi10Mg treated at 300 °C, that low-temperature
treatments, which lead to partial network breakage, might show
deeper pitting phenomena since the broken network works as a prefer-
ential route for corrosion. On the other hand, as explored by [39] the
homogenisation ensured by the T6 treatment on Al—Cu alloy leads to a
uniform pitting due to the high amount of cathodic phases dispersed in
the matrix that tends to guide the corrosion towards the surrounding
matrix.

Another aspect that is not extensively addressed in the literature but
holds significant interest for industrial applications is the effect of sur-
face roughness resulting from AM technologies on alloy behaviour. This
becomes particularly crucial for additively processed aluminium alloys,
as they have been shown to exhibit the highest average surface rough-
ness among alloys processed via PBF-LB/M [42]. Machining influences
the part surface integrity, which, in turn, affects its service life perfor-
mance. For instance, machining the wrought AA2024 alloy at different
cutting speeds and feeds altered surface integrity characteristics such as
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the severe plastic deformation layer thickness and residual stress in-
tensity, improving fatigue resistance [43]. Similarly, surface treatments
on AlSi10Mg alloy, like sandblasting, vibro-finishing, machining, and
polishing, reduced roughness from 8.3 to 0.5 pm, nearly doubling the
fatigue limit from 95 to 194 MPa. In addition, several studies indicate
how surface alterations induced by finishing processes can also tune the
part corrosion resistance [44,45]. In [46], the surface of the wrought
AA7075 alloy was plastically deformed by an ultrasonic surface rolling
process, proving an increase in the part corrosion fatigue life of 26 times
compared to the untreated material. Nevertheless, most of the literature
studies deal with wrought and cast aluminium alloy, with only a few
addressing AM alloys. In [47], AlSi10Mg samples underwent post-PBF-
LB/M treatments like shot peening and ultrasonic nanocrystalline sur-
face modification: the latter caused a change in the alloy surface
integrity in terms of surface roughness, surface defects, and severe
plastic deformation layer thickness that led to the decrease of wear of 80
%, decrease of corrosion current of 84 % and increase of corrosion po-
tential of 0.1 V.

Even though profoundly innovative and promising for future de-
velopments, the corrosion resistance of the additively produced
AlSi9Cu3(Fe) alloy has been rarely studied, and never in the context of a
process chain that includes additive manufacturing, heat treatment, and
machining. To address this literature gap, the present work aims to
characterise a PBFed AlSi9Cu3(Fe) in both as-built and heat-treated
conditions, and to analyse its corrosion resistance when subjected to a
couple of different heat treatments and a final machining step. The study
started with the microstructural analysis of the A1Si9Cu3(Fe) samples in
the as-built state and different heat-treated conditions. Microstructure
modifications and precipitates after each heat treatment were assessed
making use of different techniques, such as differential scanning calo-
rimetry (DSC), X-Ray diffraction (XRD), and electron backscatter
diffraction (EBSD). Thereafter, the surface quality of the samples after
each heat treatment was analysed before and after turning tests carried
out at fixed cutting parameters. The as-built and heat-treated samples
before and after machining were subjected to corrosion tests in a 3.5 wt
% NaCl environment at room temperature. The correlation between
microstructural features, surface quality, and corrosion resistance was
finally assessed.

2. Materials and methods
2.1. Sample preparation

PBFed fully dense samples were fabricated using a commercial gas
atomised AlSi9Cu3(Fe) powder provided by ECKA Granules Germany
GmbH™, with the composition reported in Table 1. The powder has a
density of 2.76 g/cm®, as measured by pycnometer analysis, and a re-
ported size range of 20-63 pm. Further measurements conducted using a
Morphologi 4 Malvern™ Panalytical assessed D10, D50, and D90 per-
centiles of 17.16, 32.28, and 50.24 pm respectively, and highlighted a
good, though not excellent, spherical shape of the particles. The non-
perfect sphericity of the particles was then confirmed by scanning
electron microscope (SEM) images (Fig. 1.a), which revealed that some
particles exhibited defects, such as a high number of satellites and
irregular shapes (see yellow arrows in the image).

The powder was then processed by an EOSINT M270™ Dual-mode
system (EOS Gmbh) in an argon atmosphere, keeping the oxygen level
below 0.1 %, and using a rigid recoater. To overcome densification is-
sues that could result from the powder defects highlighted above, a

Table 1
Chemical composition of AlSi9Cu3(Fe) as reported by the producer ECKA
Granules Germany GmbH™.

Si Cu Fe Zn Mg Mn Al

Wt% 9.3 3.0 0.91 0.81 0.29 0.21 Rem.
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preliminary optimisation of the process parameters was performed. The
following parameters, which assured the highest level of densification,
were chosen: 195 W laser power, 800 mm/s scan speed, 0.14 mm hatch
distance, and 30 pm layer thickness. The stripes scan strategy with a 67°
rotation after every layer was used, and the Al-based building platform
was heated at 100 °C to reduce the thermal stresses between the plat-
form and the samples as much as possible. 10x10x10 mm® cubes were
built for the material characterisation, whereas nine cylinders 25 mm
high and with a diameter of 20 mm were built for the machining and
corrosion tests. The cylinders were manufactured with the axis parallel
to the building direction. Samples were positioned with sufficient space
between each other to avoid undesirable interactions and were pri-
marily constructed in the central area of the platform to minimise laser
distortion, thereby reducing unpredictable defects. Samples were then
randomly selected for the post-processes to minimise any bias in the
investigation caused by building stochastic phenomena.

After the PBF-LB/M process, the as-built specimens were removed
from the platform using electro-discharge machining. The Archimedes
principle was applied to measure the densification level of the samples,
revealing a relative density of 99.77 + 0.11 %. To evaluate the nature
and size of the few porosities that were still present, an image analysis by
optical microscopy OM (Leica DMI 5000 M™) was performed, revealing
a very limited number of defects (highlighted with yellow arrows in
Fig. 1.b). Most of the porosities detected in the samples were identified
as gas or powder-related porosities, which are very small porosities
characterised by a spherical and regular shape typical of the PBF-LB/M
process that usually have a limited effect on the part mechanical
performance.

The samples were then subjected to two different heat treatments: (i)
a solubilisation treatment, followed by water quenching and ageing (T6)
and (ii) a direct ageing (T5), all performed in air. The treatment times
and temperatures were selected based on the analyses conducted in [33]
according to the UNI EN 1706: 2010 standard and were picked to meet
possible industrial applications. Indeed, it is advisable to use heat
treated alloys instead of as-built ones to ensure mechanical stability
[33]. The T6 treatment described in [33] consists of a solubilisation at
520 °C for 6 h, followed by water quenching and an ageing treatment at
160 °C for 10 h. This T6 treatment is a standardised process for Al alloys,
aligning with potential industrial specifications. According to [33], it
enhances microstructural stability by promoting homogenisation. The
resulting microstructure improves mechanical performance, offering
greater toughness and enhanced stress resistance. It can also be expected
that the corrosion resistance will be greatly affected by the new micro-
structure, as shown for similar T6 heat treated, PBFed Al alloys [39,41]
having a different corrosion mechanism caused by the disappearance of
the Si network.

On the other hand, T5 are treatments developed to improve the
strength of PBFed alloys without overlooking the microstructure, but
instead trying to accommodate it [30,31]. Indeed, [33] has reported an
improvement in stress resistance, though at the expense of ductility. In
particular, the hardness after treatments at three different temperatures,
i.e. 140, 160, and 180 °C, at increasing holding times, were explored in
[33]. The focus was on the material strengthening, identifying the
treatment time needed to reach the peak hardness for each temperature,
which were 26 h at 140 °C, 8.5h at 160 °C, and 1 h at 180 °C. Then, [33]
further explored the treatment at 140 °C for 26 h, which showed the
highest hardness. However, in the present study, the goal is to achieve
an alloy with strong mechanical properties in a practical ageing time;
therefore, the T5 treatment at 160 °C for 8 h was chosen, as it also uses
the same temperature as the final step of the T6 treatment. Based on
[33], the microstructural changes will be limited to precipitation and
possible network breakage. These small microstructural changes might
however lead to important different corrosion behaviour as proved in
[41] that recognise a profound pitting.
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BD

Fig. 1. (a) SEM image of the powder, highlighting irregular particles and satellites; (b) OM image of the as-built sample, taken along the building direction (z axis).

2.2. Material characterisation

Different characterisation techniques were used to track the changes
in the material microstructure resulting from the PBF-LB/M and heat
treatment steps. Image analyses of the microstructure were endured
using OM and SEM (SEM EVO™ 15 for the Secondary SEM images,
Phenom ProX SEM™ for the EDS analysis). The samples were etched
using a Keller reagent for the SEM image analyses. The grain size dis-
tribution was measured using EBSD maps, recorded at 500x using a
Tescan S9000G™ FIB-SEM. The voltage was set at 20 kV and 10 nA, with
a working distance of about 7 mm and with the samples tilted 70°. The
as-built and heat-treated surfaces were analysed along the building
direction.

The phase identification was done using X-ray diffraction (XRD) and
direct scanning calorimetry (DSC) thermal analyses. XRD was performed
with a PANalytical™ X’Pert PRO PW3040/60 diffractometer, using Cu-
Kal radiation in the angular range of 26 from 10 to 150°, with a step size
of 0.013° and a step duration of 60 s. The phase identification was done
using the X'Pert HighScore software, and the fcc-Al lattice parameter
was determined using the cosfcotd method. DSC scans were conducted
using a 214 Polyma™ in the temperature range between 25 and 550 °C
with a heating rate of 10 °C/min. The measurements were performed in
alumina crucibles under a nitrogen-protective atmosphere.

Finally, microhardness tests were performed on the XZ plane, i.e.,
along the building direction, using a VMHT™ Vickers tester, a static load
of 0.5 kgf, and a dwell time of 10 s, following the ASTM E384 standard.
Five indentations were performed for each sample for the sake of
repeatability.

2.3. Machining trials

Longitudinal semi-finishing turning trials were conducted on an NL
1500 Mori Seiki™ CNC lathe, under conventional flooding lubrication
conditions. Sandvik Coromant™ VCEX 11 03 01 L-F 1125 cutting tools
were selected, whose main characteristics are reported in Table 2. Each
tool was inspected before machining using a FEI™ Quanta 400 Scanning
Electron Microscope to verify its integrity. The cutting parameters were
kept fixed for all the experiments, being the depth of cut (d) = 0.25 mm,
cutting speed (Vc) = 200 m/min, and feed (f) = 0.03 mm/rev. A cutting
length of 8 mm was adopted, which did not induce any noteworthy tool
wear. The tool type and cutting parameters were chosen based on the
recommendations of the tool manufacturer for finishing aluminium
alloy parts. Three cylindrical samples were machined for each initial

Table 2
Turning tool specifications.

Substrate Tungsten carbide
Coating PVD TiAIN+TiAIN
Nose radius 0.1 mm

Rake angle 5°30

Clearance angle 7°

material state to guarantee the results repeatability.

Hereafter, the three initial material states will be referred to as AB
(as-built, no heat treated), T5 (directly aged at 160 °C x 8 h), and T6
(solubilisation treated at 520 °C x 6 h, water quenched and finally aged
at 160 °C x 10 h). The nomenclature of the samples prepared in this
study is reported in Table 3.

2.4. Surface analysis

The surface topographies of the as-built and heat-treated samples
were acquired before and after machining to assess the surface quality
and possibly correlate the surface texture parameters and subsequent
corrosion characteristics. A Sensofar Plu Neox™ 3D optical profiler
(0.45 numerical aperture, maximum tilt 21°, field of view 636 x 477
pm?, spatial sampling 0.83 pm, optical resolution 0.31 pm, vertical
resolution <20 nm) with a 20x Nikon™ confocal objective was used to
acquire the surface topographies. Three separate areas of at least 800 x
6000 pm? were acquired for each sample. Three height surface param-
eters—arithmetic mean height (Sa), kurtosis (Sku), and skewness
(Ssk)—along with three functional parameters—core height (Sk),
reduced peak height (Spk), and reduced pit depth (Svk)—were evalu-
ated using a 2.5 pm S-filter and an 800 pm L-filter. This analysis followed
ISO 25178 [48], which requires using ISO 16610 [49] for roughness
computation with both the L-filter and S-filter. Both Ssk and Svk were
selected for their correlation with the amount of liquid that can be
retained in the valleys of the surface topography, which in turn in-
fluences corrosion behaviour over time [44,50]. The remaining pa-
rameters were considered informative for general surface
characterisation.

To evidence possible defects caused by the cutting process, the
machined surfaces were qualitatively analysed by acquiring high-
magnification SEM images using a backscattered electron detector
(BSED). Further, the chemical composition of the machined surfaces was
investigated with an Oxford Instrument™ Xplore 15 probe for energy-
dispersive X-ray spectroscopy (EDS).

2.5. Corrosion tests

The corrosion resistance and electrochemical behaviour of the as-
built and heat-treated samples before and after machining were

Table 3
Experimental plan nomenclature.

Initial material state

AB As-built (no heat treatment)
T5 Direct ageing (160 °C/8 h)
T6 Solubilisation (520 °C/6 h) + water quenching + ageing (160 °C/10 h)

Surface condition
-NM Not machined
-PM Post machining
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evaluated via potentiodynamic polarisation (PDP) tests. After 1 h of
open circuit potential (OCP) stabilization, the PDP tests were conducted
using a potential range between —250 mV and + 50 mV vs. OCP, at a
scanning speed of 0.1 mV/s. The tests were carried out using an AMEL™
2551 potentiostat in combination with an Ag/AgCl saturated reference
electrode (ESHE = 0.198 V) inserted in a Luggin capillary, two platinum
electrodes as the counter electrode, and an AMEL™ model 595 corrosion
cell according to the ASTM G5 standard. An aqueous solution containing
0.6 M NaCl (35 g/1 L) was employed as the electrolyte, with an exposed
area of 3.67 cm? Each test was repeated 3 times. Before corrosion
testing, the samples were ultrasonically cleaned in an acetone bath for 5
min and then dried.

The corrosion current density (Icorr) and corrosion potential (Ecorr)
were graphically extrapolated from the potentiodynamic polarisation
test outcomes by using the Tafel method. The corrosion potential is a
parameter commonly used to assess a metal nobleness: the higher the
corrosion potential, the higher the corrosion resistance. The corrosion
current density is a measure of the number of electrochemical reactions
during the corrosion process, therefore the higher the corrosion current
density, the higher the corrosion of the metal [51].

3. Results
3.1. Microstructure of as-built and heat-treated alloy

The analysis of the SEM images allowed the identification of the
effects of the heat treatments on the AlSi9Cu3(Fe) microstructural fea-
tures and homogeneity. When examining the material along the building
direction, the microstructure of the AB samples displayed the charac-
teristic Si cellular network, already observed in other PBFed Al—Si al-
loys [52,53]. Additionally, fish scale-shaped melt pools were visible
(Fig. 2.a). Thinner cells were observed inside the melt pools, while larger
cells were recognisable at their borders (Fig. 2.b).

After the T5 heat treatment, the melt pools were still clearly visible,
similar to what was seen in the AB samples (Fig. 2.d). However, at higher
magnifications, it was possible to highlight how the high temperature
had initiated the rupture of the Si network, which appeared irregular
and broken in many different spots (Fig. 2.f). In addition, small pre-
cipitates of Si inside the Al matrix could be glimpsed, which are a result
of the Si phases precipitating out of the supersaturated matrix. No Cu-
phases were identified through SEM, leading to the assumption that
much of Cu is still in solid solution with the aluminium and that only
limited and small precipitates could have formed.
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On the other hand, after the T6 heat treatment, a major difference in
the microstructure was noticed. The high solubilisation temperature
thoroughly homogenised the microstructure, deleting any trace of the
melt pools and the cellular structure (Fig. 2.g). The subsequent ageing
treatment boosted the precipitation of new phases and the growth of the
already precipitated ones, as evidenced by BSED and EDS observations
(Fig. 3). Si phases are sized a few micrometres and have a peculiar
diamond shape, whereas minor Al-Cu/Fe phases are submicrometer and
uniformly dispersed in the matrix. It can also be evidenced that a high
amount of Cu is still in solid solution and has yet to precipitate. Finally, it
can be observed that the T6 treatment led to more pores than the as-built
and the T5 microstructures (Fig. 2.g).

Afterwards, for a better understanding of the effects of the heat
treatments on the AlSi9Cu3(Fe) microstructure, EBSD analysis was
conducted on the same surfaces (Fig. 4). The grain boundaries were
identified by measuring the misorientation between all pixel pairs. No
major differences were highlighted between the AB and T5 samples
(Fig. 4.a/b). They both showed elongated grains inside the melt pools,
but smaller and equiaxed ones at the borders. The presence of equiaxed
grains at the melt pool bottom can be attributed to the low temperature
gradient G and solidification rate R ratio (G/R), which results from the
more efficient heat conduction near the substrate and the higher solid-
ification rate. Conversely, near the upper melt pool boundary (i.e., the
interface between the solid and liquid), the formation of columnar
grains is promoted by the relatively high G/R ratio [54].

The mean equivalent circular diameter (ECD) of the AB and T5
samples was 5.42 + 4.43 pm and 6.54 + 5.14 pm, while the maximum
ECD was 35.57 and 34.00 pm, respectively. However, by measuring the
individual grains of both samples, it was found that the equiaxed grains
at the melt pool borders predominantly exhibited a Feret diameter in the
range of 0.5-5.0 pm. In contrast, the elongated grains were observed to
have a Feret diameter ranging from 50 pm to as much as 100 pm. No
preferential orientation of the grains was univocally defined. On the
other hand, the T6 sample did not exhibit the bimodal grain distribution
seen in the AB and T5 samples (Fig. 4.c). The grains appeared pre-
dominantly elongated, and the melt pool borders were no longer
distinguishable. Only a small portion of uniformly distributed grains
appeared fine (as indicated by the yellow arrow in Fig. 4.c). This phe-
nomenon is primarily driven by the microstructural rearrangement
induced by solution treatment and subsequent artificial ageing. The high
solutioning temperature promotes the preferential growth of columnar
grains along crystallographic directions with lower grain boundary en-
ergy. By analysing the Feret diameters obtained from the EBSD maps of

Fig. 2. Representative Secondary SEM micrographs of the AB (a-c), T5 (e-f), T6 (g-i) samples at three different magnifications (1500x, 20,000, 50,000x).
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Fig. 4. EBSD images of the AB (a), T5 (b) and T6 (c) samples, at magnification 500 x; phases analysis (d) of micrograph (c), where aluminium is in red and silicon in
green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

T6-treated samples, it is possible to observe that grain growth has
resulted in the formation of columnar grains with diameters reaching up
to 250 pm. Additionally, the phase composition was input into the
Aztec™ software to map the Si precipitates, highlighting their distri-
bution and providing the area fraction (Fig. 4.d). This analysis revealed
the presence of Si where most equiaxed grains appeared, uncovering
their true nature.
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Fig. 5. DSC analysis of the AB, T5 and T6 samples.

3.2. Thermal analysis and phases identification

Figure 5 provides the AlSi9Cu3(Fe) thermal response in the three
initial states, vertically translated to have a better comparison of the
results. The AB samples showed three exothermic peaks, which can be
attributed to the Al,Cu precipitation sequence, i.e. 8”=> 6’ 6, respec-
tively to peaks A, B, and D. The first peak, i.e. A, is also a consequence of
the diamond Si precipitation, whereas peak C can be correlated to the
breaking and spheroidization of the Si network. This result is in good
agreement with what was reported in [12], though in this work the last
peak was noticeably less intense and started at a higher temperature.
After the T5 treatment, the peak pattern remained almost unaltered,
with only a slightly less intense first peak, due to ongoing stages of Si
precipitation during the ageing treatment. On the other hand, after the
T6 treatment, only one peak was detected, likely caused by the precip-
itation of the Cu remained in the solid solution. However, some studies
also suggested the presence of other intermetallic phases for similar
aluminium alloys, for instance by attributing the second peak of the DSC
curve (B) to Mg,Si precipitation in Al—Si alloys [55,56], but no presence
of these precipitates was evidenced in this work. Nonetheless, Mg,Si
XRD patterns usually correspond to much more intense Si peaks, and
precipitates might be too small and complex to spot via SEM analysis,
therefore Mg,Si presence cannot be excluded for sure. Also, the last peak
of the DSC curve, which was associated with the last step of the 6-Al,Cu
precipitation sequence, might otherwise be correlated to another phase
precipitation, AlsFe, as reported in [57] for an Al-Fe-Si alloy.
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Phase identification for each initial material state was also carried
out through XRD. The XRD patterns recorded for the samples in as-built
and heat-treated conditions, normalised by the most intense peak, are
reported in Fig. 6. The patterns of the AB and T5 samples looked very
similar, showing the same peak position, though with slightly different
intensities, i.e. higher Si peaks characterised the T5 samples. In both
cases, high-intensity peaks of fcc-Al and diamond cubic Si were found,
together with few smaller peaks associated with Al—Cu phases. The
peaks were mostly in accordance with what was reported in [12]. On the
other hand, higher temperature treatments led to major precipitation,
revealing new secondary peaks. Indeed, after the T6 treatment, the
pattern showed a much stronger signal of Si precipitates, and it also
appeared richer in secondary phases, though with extremely low-
intensity peaks. The tendency of Si and Cu-/Fe- phases to precipitate
out of the supersaturated solution can also be seen through the mea-
surements of the Al-lattice parameter in each condition. The measured
lattice parameters for the AB, T5, and T6 samples were 4.044599,
4.045451, and 4.046245 A, respectively. A clear increase in the
parameter after each treatment can be observed.

3.3. Hardness

The hardness measurements give a clear understanding of how the
microstructural modification after heat treatment also affects the ma-
terial mechanical resistance. The hardness measurements are reported
in Fig. 7. It can be noted that the T5 treatment induced a 10.4 % hard-
ness increase compared to the AB state. On the other hand, after the T6
treatment, the material showed almost the same hardness as in the as-
built condition but a 7.3 % decrease relative to T5. It was also
observed that the standard deviation in the T6 sample is significantly
lower compared to those measured in the AB and T5 samples.

3.4. Surface finish before machining

Figure 8.a illustrates the height surface roughness parameters of
AlSi9Cu3(Fe) samples before machining. The surface is generally very
rough, with Sa values exceeding 10 pm for all samples analysed. The Sa
values indicate that the T5 sample exhibits the highest roughness, while
both AB and T6 show a slight reduction. The Sku values remain rela-
tively consistent across all conditions, slightly decreasing from AB to T6
but remaining above 3, indicating a surface with sharp features. Simi-
larly, the Ssk values stay near zero in all conditions, suggesting a sym-
metric distribution of peaks and valleys.

Figure 8.b presents the functional surface roughness parameters for
the AlSi9Cu3(Fe) samples before machining. Sk is the highest for the T5
condition, indicating a significant material plateau that dominates the
surface profile. Both the AB and T6 conditions exhibit slightly lower and
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Fig. 7. Hardness of the AB, T5 and T6 samples.

comparable Sk values, suggesting a smoother surface with a less pro-
nounced core roughness.

The Spk values indicate that the AB has the highest peak height,
while heat treatment reduces this value, with T5 showing a moderate
decrease and T6 exhibiting the lowest Spk. This suggests that heat
treatment, particularly T6, helps in reducing the prominence of surface
peaks. The Svk values, which represent valley depths, remain relatively
stable across all conditions, with only a slight reduction in T5 and T6.
The limited change in Svk indicates that heat treatment primarily affects
surface peaks rather than deep valleys.

3.5. Corrosion behaviour before machining

Figure 9.a and b present the OCP and PDP curves before machining,
respectively, corresponding to different initial microstructural states.
From Fig. 9.a, it is evident that the corrosion potential is influenced by
the initial microstructural state of the AlSi9Cu3(Fe) alloy. For the AB
and T5 samples, the OCP values fluctuated within a 30 mV range before
reaching equilibrium. In contrast, the T6 samples exhibited a higher
initial OCP value, followed by a 100 mV drop before stabilising. This
suggests greater electrochemical instability in the T6 samples compared
to the AB and T5 samples, whose OCP curves showed smaller
fluctuations.

Figure 9.b confirms that the cathodic and anodic branches of the AB
and T5 samples demonstrated a higher degree of linearity, whereas the
T6 samples exhibited fluctuations in both the cathodic and anodic

20 30 40 50 60 70 80

Fig. 6. XRD patterns of the AB, T5 and T6 samples (a); zoom of the patterns between 20 and 80°, for better readability.
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Fig. 8. a) Height surface roughness parameters and b) functional surface roughness parameters of the AB, T5, and T6 samples before machining.
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Fig. 9. OCP (a) and PDP curves (b) of the AB, T5, and T6 samples before machining.

regions, suggesting a less stable electrochemical behaviour.

Figure 10 presents the corrosion potential and the corrosion current
density as functions of the material initial state, derived from the PDP
curves. The AB samples exhibited the highest corrosion potential, indi-
cating superior corrosion resistance. In contrast, the T5 and T6 samples
showed lower corrosion potential values, with a reduction in Ecorr of
10.3 % and 7.5 %, respectively. A similar trend is observed for Icorr, as
shown in Fig. 10.b, although the differences are significantly more
pronounced: Icorr increases by 146.2 % and 151.8 % for the T5 and T6
samples, respectively, compared to the AB ones.

3.6. Surface finish after machining

The height surface roughness parameters after machining are pre-
sented in Fig. 11.a. The Sa values reveal that the AB condition exhibits
the highest surface roughness, indicating a more irregular texture
compared to the T5 and T6 samples, which have slightly lower Sa values.
Among them, the T6 condition demonstrates the smoothest surface,
while T5 displays a slightly higher roughness.

The Ssk parameter provides additional insight into the surface pro-
file. Both AB and T5 exhibit negative skewness, indicating that their
surfaces are dominated by deep valleys rather than pronounced peaks,
with T5 showing the most pronounced effect. In contrast, the T6
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n
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-900
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condition presents a slightly positive skewness, which is characteristic of
turned surfaces, suggesting that it features more elevated peaks than
valleys.

The Sku values remain consistently above 3 across all conditions,
confirming a leptokurtic distribution, which is indicative of sharp peaks
and deep valleys rather than a uniformly distributed surface profile.

Figure 11.b presents the functional surface roughness parameters for
the AlSi9Cu3(Fe) samples in the AB, T5, and T6 conditions after
machining. The Sk values indicate that the AB condition has the highest
Sk, closely followed by T5, while the T6 samples exhibit significantly
lower Sk values, indicating a smoother and more uniform core surface.

The Spk values, which represent the prominence of surface peaks,
follow a consistent trend across all conditions, with AB and T6 exhib-
iting comparable values, while T5 shows the lowest peak prominence,
implying that the T5 surface has fewer protruding asperities.

In contrast, Svk values follow a different trend. The AB condition
exhibits the highest Svk, indicating deep valleys that may increase sus-
ceptibility to localised corrosion. The T5 condition shows slightly lower
Svk values, while the T6 condition has the shallowest valleys.

The error bars indicate considerable variability in Sk for the AB and
T5 conditions, suggesting inconsistencies in the material plateau struc-
ture. However, Svk and Spk values show more stable trends across all
conditions.
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Fig. 10. Ecorr (a) and Icorr (b) of the AB, T5, and T6 samples before machining.
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Fig. 11. a) Height surface roughness parameters and b) functional surface roughness parameters of the AB, T5, and T6 samples after machining.

Comparing the results of Fig. 11 with those of Fig. 8, it is evident that
the machining process led to a significant reduction in all roughness
parameters considered, contributing to an overall smoother surface
across all conditions.

Fig. 12 presents high-magnification SEM images combined with EDS
maps showing the Si distribution on the sample surfaces after
machining. Feed marks, characteristic of the turning process, were
visible regardless of the material initial microstructural state. Various
surface defects were detectable, but their morphology and density
depended on the sample’s initial microstructural state: the machined
surfaces of the AB and T5 samples were characterised by a uniform
distribution of tears, even if the AB surfaces had a higher concentration
of tears compared to the T5 ones. On the contrary, the T6 surfaces did

not exhibit tears, but a distribution of micro-holes, which can be
ascribed to both the detachment of Si precipitates from the aluminium
matrix due to turning and the pores generated by the T6 heat treatment
(Fig. 12.e). The EDS maps showed an even distribution of Si (in green)
on the surfaces of the AB and T5 samples, while, on the T6 surface, the
presence of Si precipitates was visible.

3.7. Corrosion behaviour after machining

Figure 13.a presents the OCP after machining for different initial
microstructural states. The overall OCP trend over time remains
consistent with the one before machining, with the T6 samples exhib-
iting high variability and instability. After stabilization, the T5 and T6
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Fig. 12. SEM images of the machined surfaces of the AB, T5, and T6 samples at 2500x magnification (a), (c), and (e); EDS maps to evidence the Si distribution (b),

(d), and (f).
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Fig. 13. OCP (a) and PDP curves (b) of the AB, T5, and T6 samples after machining.

samples reach similar OCP values, while the AB samples consistently
maintain the most noble potential.

Figure 13.b presents the PDP curves for different initial microstruc-
tural states after machining, while the corresponding values extracted
from these curves are summarised in Fig. 14.

Comparing these values with those reported in Section 3.5, it can be
inferred that the surface modifications induced by machining had a
minimal effect on the corrosion potential. In other words, even a sig-
nificant improvement in surface finish due to machining did not influ-
ence the corrosion potential whatever the material microstructural state
is.

Conversely, machining had a pronounced impact on the corrosion
current density. Specifically, machining reduced the corrosion current
density by one order of magnitude for the AB and T5 samples, while for
the T6 samples, the reduction was smaller, reaching 24 %.

4. Discussion

4.1. Effect of the heat treatment on the microstructure and corrosion
behaviour

The high cooling rates characterising the AM processes, particularly
the PBF-LB/M one, induce a distinctive microstructure in the Al-Si-Cu-Fe
alloys [58]. The rapid solidification leads to the formation of a super-
saturated solid solution, as the elevated cooling rates significantly
enhance the solid solubility of solute elements, preventing the typical
formation of equilibrium phases. Consequently, the microstructure is
exceptionally fine, characterised by features that are not typically
observed in conventionally processed alloys [9,55,59]. Indeed, a very
fine cellular structure was observed within the melt pools, indicative of
this rapid solidification dynamics (Fig. 2.c). These fine cells were espe-
cially prominent in the central region of the melt pools. However, the
microstructure changed at the borders, where multiple melt pools
overlap, and larger cells are formed, reflecting variations in thermal
gradients and cooling rates during the process [52]. Interestingly, very
few secondary phases could be spotted since the high cooling rates also
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suppress the formation of secondary phases. This was particularly
noticeable since Cu and Fe are present, largely remaining in supersat-
urated solid solution instead of precipitating as distinct secondary
phases, as also demonstrated by the absence of secondary peaks in the
XRD pattern (Fig. 6). This suppression of secondary phase formation
contributes to the unique mechanical and physical properties of the PBF-
LB/M processed AlSi9Cu3(Fe) alloy, offering a material that combines
fine microstructural features with a high degree of solute retention.
Preliminary microstructural investigations conducted at low
magnification on the samples subjected to the T5 treatment revealed
that the low temperature involved in this treatment did not induce
significant changes in the overall microstructure. The original melt pool
shapes and the interconnected Si network remained distinctly visible,
indicating that the as-built microstructure was largely preserved (Fig. 2.
d). Also, as visible in Fig. 4, no significant changes in the grain distri-
bution and size could be observed after the heat treatment. Nonetheless,
closer examinations at higher magnifications highlighted how the T5
ageing temperature was enough to initiate localised precipitation of Si
inside the aluminium matrix and to induce partial breakage of the Si
network (Fig. 2.f). These changes were particularly pronounced in the
heat-affected zones and at melt pool borders, where the thermal gradi-
ents during processing are more variable and emphasized. The DSC and
XRD analyses further evidenced the higher presence of Si precipitates
resulting from this precipitation process. Indeed, the DSC analysis
(Fig. 5) revealed a notably smaller peak associated with the Si precipi-
tation in the T5 samples compared to the as-built one, indicating that a
significant portion of the Si had already precipitated during the T5
treatment, thus reducing the amount available for further precipitation
during the DSC measurement. Additionally, the XRD analysis (Fig. 6)
showed that the peaks corresponding to Si appear more intense in the T5
sample compared to the as-built one. This increased peak intensity re-
flects a higher degree of Si precipitation. Furthermore, the measured Al
lattice parameter increased after the T5 treatment, implying the pre-
cipitation of Si and possibly other elements like Cu and Fe out of the
supersaturated solution during the heat treatment. This behaviour is
consistent with the fact that elements like Si, Cu, and Fe reduce the
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Fig. 14. Corrosion potential (a) and corrosion current density (b) of the AB, T5, and T6 samples after machining.

10



L. Ilaria et al.

lattice spacing when dissolved in aluminium but cause an increase in the
lattice parameter upon precipitation due to their smaller atomic radii
relative to aluminium [60,61]. However, no significant differences in
the formation of other secondary phases were observed between the AB
and T5 samples. The XRD patterns showed no new peaks, and the SEM
image analysis did not reveal any additional phases. This might suggest
that the low ageing temperature of the T5 treatment was insufficient to
activate the precipitation of other secondary phases. However, it is also
plausible that precipitation takes place, but Cu and Fe-rich phases
remain in a particularly low amount and nanometric size, not allowing
them to be detected by image analysis nor by XRD, since peaks can be
clearly distinguished in the XRD pattern only when in an amount of at
least 5 % [62].

The T5 heat treatment is typically applied to enhance the mechanical
properties of the aluminium alloys. Indeed, this low-temperature treat-
ment facilitates controlled precipitation of solute elements, which con-
tributes to an increase in material strength via precipitation hardening.
Importantly, this process achieves a balance, allowing the material to
gain strength through secondary phases without compromising the
beneficial effects of the PBF-LB/M peculiar fine microstructure,
contributing to its overall strengthening [53,63]. The effectiveness of
the T5 treatment in enhancing hardness was demonstrated by the
increased hardness values reported in Fig. 7, which shows a 10.4 %
increase in hardness compared to the AB state. This increase is directly
related to the finely dispersed Si precipitates (Fig. 2.f), which obstruct
dislocation movement, thereby enhancing the material resistance to
deformation. The hardness measurements provide a clear understanding
of how microstructural modifications induced by heat treatment influ-
ence the mechanical resistance of the material and also provide insight
into the material yield strength, as the literature suggests a well-
established correlation between these two properties, typically gov-
erned by a factor of approximately 1/3 [64]. Given these results, it can
be reasonably hypothesised that the T5 treatment will significantly
improve tensile strength due to the finer and more dispersed
precipitation.

The precipitation of Si precipitates and the Si network partial
breakage resulting from the T5 treatment are also known to influence
the material corrosion behaviour [41]. The intact Si network in the as-
built condition generally acts as a barrier to corrosion because it forms
and maintains the oxide layer which protects the Al matrix, effectively
containing and limiting the spread of corrosive agents within the ma-
terial, contributing to the overall stability of the as-built condition
corrosion resistance, as indicated by the OCP curves shown in Fig. 9.a.
On the contrary, when the Si network is disrupted during heat treat-
ment, it creates pathways that facilitate corrosion progression. These
broken network regions also have a less stable oxide layer, which pre-
vents protection from corrosion and further serves as preferential routes
for corrosive species to penetrate deeper into the alloy, lowering the
corrosion potential and increasing the corrosion current density
compared to the as-built condition (Fig. 10). Since the Al matrix has a
lower concentration of Si, the Si particles can act as micro-galvanic cells
within the Al matrix. In these cells, the Al matrix, being more anodic,
tends to corrode preferentially compared to the Si precipitates, which
are more cathodic [20].

The microstructure of the PBFed AlSi9Cu3(Fe) alloy underwent a
significant transformation after the T6 heat treatment, displaying
characteristics that were markedly different from those observed in the
as-built and T5-treated conditions. The T6 samples did not show the
distinctive melt pool shapes, and the Si network, which was prominent
in the previous microstructures, was no longer visible (Fig. 2.g). This
change directly results from the high solubilisation temperature, which
aims to homogenise the Al matrix, followed by the controlled precipi-
tation and growth of various phases during the subsequent ageing pro-
cess. During the T6 treatment, a complete Si precipitation from the
supersaturated solid solution was witnessed, as also confirmed by the
absence of the Si precipitation peak during the DSC analysis (Fig. 5). The
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precipitates grew to sizes ranging from several nanometres to a few
micrometres, but uniformly dispersed throughout the microstructure
(Fig. 2.h, 3). In addition to the larger Si precipitates, new smaller phases
emerged, as detected through both image analysis (Fig. 3) and then
confirmed by the XRD patterns (Fig. 6). These phases were primarily
identified as intermetallic compounds, including 6-Al>=Cu and Al-Fe
(—Cu) minor phases. However, the small size and relatively low volume
fraction of these intermetallic compounds pose challenges for detection
via XRD, as their diffraction signals are often weak and may overlap with
those of more dominant phases like the Al and Si ones, potentially
obscuring their detection. This overlap complicates the unambiguous
identification of specific phases. However, based on previous research
on PBFed AlSi9Cu3(Fe) [33], it can be hypothesised that these minor
phases might be the cathodic phases AlsFeSi, Al;CuyFe, or AlgFes. The
higher precipitation of both Si and minor elements rich in Cu and Fe
could also be inferred from the increase of the Al lattice parameter,
which implied further precipitation of Si, Cu, and Fe elements out of
supersaturated solution. However, it must also be observed that a high
amount of Cu can still be observed inside the matrix: its higher presence
in solid solution could also be inferred from the DSC curve after T6
(Fig. 5). Indeed, the presence of the exothermic peak correlated to
Al—Cu precipitation confirms that during T6, though already partially
precipitated, Cu still remains in solid solution. The high temperature
involved in the T6 treatment also led to a significant homogenisation of
grain structure. The pronounced difference between the elongated
grains within the melt pools and the fine equiaxed grains at the melt pool
boundaries, which is characteristic of the as-built condition, became
nearly indistinguishable after the T6 treatment (Fig. 4). However, a
notable downside of the T6 treatment was the increased porosity
observed within the alloy (Fig. 2.g). This phenomenon was already re-
ported in previous research on Al alloys [33,55,65,66]. The origin of this
porosity has not been uniquely and entirely understood. It is mainly
associated with the incipient melting of AlI—Cu phases during the high-
temperature treatment [33,55,67] and the expansion of gases trapped in
pre-existing pores [66,68,69]. The increase in porosity can have a
detrimental effect on the part performance, potentially compromising its
mechanical resistance. Additionally, the presence of pores can severely
impact the material corrosion resistance, as these voids can act as
initiation sites for corrosion, facilitating the inlet of corrosive agents and
accelerating the degradation process.

The T6 treatment also ensured a slight improvement in hardness
compared to the AB condition (Fig. 7), though showing only a 2.3 %
increase, and a 7.3 % decrease relative to T5. The lone solubilisation step
would lead to a decrease in strength and hardness, as reported for an Al-
Si-Mg-Cu alloy in [55], due to the massive Si precipitation out of the
supersaturated solution (Fig. 3) and the growth of the fine microstruc-
ture, which led to the near disappearance of equiaxed grain boundaries
and a general coarsening of the grains (Fig. 2.h, 4.c), thus causing the
loss of several strengthening mechanism, i.e. the contribution of su-
persaturation, dislocation and grain boundaries. However, during the
ageing treatment, the controlled precipitation of different phases
improved the precipitation strengthening contribution, recovering the
as-built strength. It can also be noted that the hardness standard devi-
ation was the lowest in the T6 samples compared to the AB and T5 states,
thanks to the high homogenisation and uniform dispersion of the pre-
cipitates obtained during the solubilisation process, which weakened the
microstructural anisotropy, thus resulting in more consistent mechani-
cal properties. As previously stated, hardness behaviour is linked to the
material yield strength; thus, the T6 treatment may lead to a reduction in
yield strength compared to the AB. However, the coarsening of the
grains achieved after T6 treatment will probably contribute to a
reduction in strength and an increase in elongation [64].

The T6 treatment also significantly influenced the material corrosion
behaviour due to its peculiar microstructure, which foresees the com-
plete dissolution of the Si network. With the Si network dissolved, the
alloy becomes more prone to forming a less protective oxide layer,
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making it more susceptible to corrosion attacks. Notably, the partial or
complete dissolution of the Si network observed in the T5 and T6 sam-
ples, respectively, has a similar impact on corrosion current density
(Fig. 14b). This suggests that the integrity of the Si network plays a key
role in determining the corrosion resistance of the AlSi9Cu3(Fe) alloy.

4.2. Effect of machining on the corrosion behaviour

After machining, the surfaces of the AB and T5 samples were char-
acterised by a significant density of tears (Fig. 12.a,12.c) as a conse-
quence of their highly inhomogeneous microstructure with fine cellular
structure within the melt pools and coarser one near the boundaries,
which induced local variations in the resistance the tool encountered
when cutting the material [70]. Nevertheless, the T5 samples exhibited
fewer tears and higher surface finish quality than the AB ones as a
consequence of the microstructure modification induced by the Si
network fragmentation at the melt pool boundaries and the formation of
Si precipitates [31]. The similar cutting response exhibited by the AB
and T5 samples is attributed to forming a similar surface texture, which
shows comparable roughness levels. Increased variability is observed
compared to T6 samples, arising from the stochastic nature of the
tearing process, which introduces random surface irregularities.

On the contrary, the machining of the T6 samples resulted in a less
rough surface, due to the profoundly different microstructure resulting
from the heat treatment they underwent compared to the AB and T5
samples (Fig. 11). The heat treatment homogenised the microstructure,
dissolving the Si network and promoting a uniform distribution of the Si
precipitates along with the Fe and Cu phases. This homogeneous
microstructure offered less resistance to cutting, hence inducing a less
defective surface. The Si precipitation was much more substantial in the
T6 samples, with a bigger size of precipitates on average compared to
the other two microstructural conditions (Fig. 2). Since the interface
between the Al matrix and the precipitates is weaker than the matrix
itself, the action of the cutting tool could facilitate the Si precipitates
detachment (Fig. 12.e) [71].

The machining step did not affect the corrosion potential of A1Si9Cu3
(Fe), regardless of the material initial microstructural state (Fig. 14.a).
The corrosion potential values remained largely unchanged compared to
the pre-machining condition (Fig. 10.a), despite the significantly
improved surface finish of all machined samples. This behaviour can be
attributed to the fact that corrosion potential is a thermodynamic
parameter, primarily governed by the material chemical composition
and electrolyte chemistry, rather than surface roughness. Corrosion
potential is determined by the electrochemical equilibrium between
anodic and cathodic reactions. While increased surface roughness may
enhance reaction rates, it affects both anodic and cathodic processes
proportionally, maintaining a relatively stable corrosion potential.

Conversely, the machining step significantly influenced the corro-
sion current density of AlSi9Cu3(Fe), regardless of the material initial
microstructural state (Fig. 14.b). Corrosion current density is a kinetic
parameter directly affected by the electrochemically active surface area,
which increases with surface roughness.

It is acknowledged that surface roughness directly influences the
contact area between the electrolyte and the part surface: the lower the
roughness, the smaller the contact area [72], which, in turn, reduces the
number of electrochemical reactions occurring between the electrolyte
and the material. However, in the present study, no clear correlation was
found between surface texture parameters and corrosion indicators.
Notably, a rougher surface, such as that of the AB samples, did not
correspond to poorer corrosion resistance. This observation also extends
to Svk and Ssk, surface texture parameters specifically related to
corrosion, as they represent the depth of surface valleys and the number
of valleys, respectively, which can trap corrosive agents and promote
localised corrosion. Despite having the lowest Svk, the T6 samples
exhibited the worst corrosion performance, particularly in terms of
corrosion current density.
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However, surface roughness alone is not the only factor influencing
corrosion behaviour as the type of surface defects must also be consid-
ered. The AB samples still exhibited the lowest corrosion current den-
sity, with the T5 ones having a slightly higher value. Despite the AB and
T5 samples having higher roughness, they are characterised by the same
type of surface defects, namely tearing, which may explain the unex-
pected trend observed in the T5 samples before and after machining.

In contrast, the T6 samples, despite having the smoothest surface,
exhibited the highest corrosion current density. This is attributed to the
morphology of their surface defects, specifically the detachment of the Si
precipitates, which creates small pits on the surface (Fig. 12.e). These
pits likely act as localised corrosion initiation sites, accelerating the
overall corrosion rate. Furthermore, the limited reduction in Icorr be-
tween the states before and after machining can be attributed to the
presence of voids within the material even before machining (Fig. 2.g).
These voids behave similarly to the micro-holes formed during the
machining process.

Thus, it can be stated that the corrosion behaviour of AlSi9Cu3(Fe)
after machining is primarily governed by a combination of microstruc-
tural characteristics and surface defect morphology rather than surface
roughness alone.

5. Conclusions

The study explores the effects of different heat treatments on the
microstructure of an AlSi9Cu3(Fe) alloy produced through PBF-LB/M,
and how the different microstructures influence the surface finish and
the corrosion resistance. Three main conditions were considered for the
heat treatments and turning tests: as-built (not heat treated), T5 (direct
ageing), and T6 (solubilisation + water quenching + ageing).

The main results can be summarised as follows:

e The high cooling rates of the PBF-LB/M process induce a distinctive
microstructure, characterised by super-saturated solid solution, fine
cellular structure, fine grains and recognisable melt pool shape.

e The lower temperature T5 heat treatment maintains the melt pool
shapes and the as-built cellular microstructure. However, tempera-
ture activates network breakage and small-sized Si precipitation,
which enhances hardness though affecting the overall galvanic
effect.
The three-step T6 heat treatment leads to a full homogenisation of
the alloy, the complete precipitation of Si phases and of other minor
ones out of the supersaturated solid solution. Melt pool shapes are
also no longer visible. The uniform distribution of precipitates in-
duces precipitation strengthening, making up for the loss of solid
solution strengthening. Corrosion is affected by the increase in
phases that promote galvanic corrosion, also weakening the protec-
tive oxide layer. In addition, an increase in porosity was detected.
The corrosion resistance of Al1Si9Cu3(Fe) shows that the AB condi-
tion exhibits the best corrosion behaviour due to its microstructure,
characterised by an integral Si network. Conversely, the dissolution
of this network leads to a deterioration in corrosion performance,
particularly in terms of corrosion current density.
Turning tests on PBF-LB/M cylinders of AlSi9Cu3(Fe) alloy before
and after heat treatment was performed. The T6 samples after
machining resulted in the best surface roughness, even if their sur-
face was dominated by micro-holes due to SiC detachment. The
turned surfaces of the AB and T5 samples were instead dominated by
tearing, with the former showing the worst surface roughness and the
latter settling in between the surface roughness of the AB and T6
samples.

The corrosion current density of AlSi9Cu3(Fe) improves after

machining due to the reduction in surface roughness, while, in

contrast, the corrosion potential remains unaffected by machining.

Besides the microstructure induced by heat treatment, which still

plays a significant role, surface defects resulting from machining
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become another highly influential factor. The AB and T5 samples,
with a surface initially dominated by tearing, stabilise at the same
corrosion current, whereas T6, with a surface primarily characterised
by micro-holes, exhibits the worst performance.
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