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Metal additive manufacturing (MAM), also known as metal 3D printing, is a rapidly growing industry based on the
fabrication of complex metal parts with improved functionalities. During MAM, metal parts are produced in a layer by layer
fashion using 3D computer—aided design models. The advantages of using this technology includes the reduction of
materials waste, high efficiency for small production runs, near net shape manufacturing, ease of change or revision of
versions of a product, support of lattice structures, and rapid prototyping. Numerous metals and alloys can nowadays be
processed by additive manufacturing techniques. Among them, Al-based alloys are of great interest for the automotive
and aeronautic industry due to their relatively high strength and stiffness to weight ratio, good wear and corrosion
resistance, and recycling potential. The special conditions associated with the MAM processes are known to produce in
these materials a very fine microstructure with unique directional growth features far from equilibrium. This distinctive
microstructure, together with other special features and microstructural defects originating from the additive manufacturing
process are known to greatly influence the corrosion behavior of these materials. Several works have already been
conducted in this direction. However, a number of issues concerning the corrosion and corrosion protection of these
materials are still not well understood. This work reviews the main studies to date investigating the corrosion aspects of
additively manufactured aluminium alloys. It also provides a summary and outlook of relevant directions to be explored in
future research.
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| 1. Introduction

Metal additive manufacturing (MAM), commonly known as metal 3D-printing, is a process by which complex
multifunctional metal parts are produced in a layer by layer fashion using 3D computer-aided design (CAD) models [L121[3]
(415161, Several MAM techniques are available. They can be separated into two main groups: direct energy deposition
(DED) methods and powder bed fusion (PBF) technology . During direct energy deposition, focused thermal energy is
used to fuse materials by melting as they are being deposited; while during powder bed fusion, thermal energy selectively
fuses regions of a powder bed . DED processes such as wire arc additive manufacturing (WAAM) and laser metal
deposition (LMD) can generally be used on existing parts of arbitrary geometry with a relatively high deposition rate;
however, the shape complexity is limited. This makes DED processes the preferred methodology for repairing or
improving existing parts [8l. On the other hand, on PBF methods such as selective laser melting (SLM), selective laser
sintering (SLS), and electron beam melting (EBM), the dimension of the pieces is limited and the starting substrate has to
be a flat surface. However, they generally allow the fabrication of pieces with extremely high structural complexity at a
relatively high level of precision. Among the several MAM processes, those utilizing a metal powder feedstock and a laser
source to achieve the metal fusion are the most widely used RIZIBIAIEIE] From those, SLM is regarded as the most used
and studied MAM method. This is not only because it allows a higher level of precision compared to other MAM
techniques, but also because (in contrast to SLS) it allows the full melting of the material, and therefore the production of
solid and dense metal parts in a single process (without the need to use binders and/or other post-process furnace
operations).

Additive manufacturing is considered one of the enabling technologies for Industry 4.0 . In particular, MAM presented a
global market valued at € 2.02 billion in 2019 19 This included systems, materials, and services. MAM allows the near-
net shape manufacturing of geometrically complex parts such as lattice structures and 3D structures with undercuts or
cavities, which is why this technology has found numerous applications in industries such as medical implants, energy,
aerospace, and automotive. As an example in aerospace applications, MAM has made possible the re-design of complex
fuel injector nozzles (commonly requiring the assembly of more than 20 parts) in a single operation L1122 as well as the
re-design of several other complex engineered parts, resulting in considerable cost and weight reduction. In aerospace,
as well as in the automotive industry, MAM is also actively used in prototyping and the fabrication of custom tooling.



Nowadays, a great number of metals and alloys can be processed by additive manufacturing techniques, depending
mainly on the availability of the raw materials as metal powders or metal wires 2. Amongst these, aluminium alloys are of
great interest for applications requiring high strength and stiffness to weight ratio, good wear and corrosion resistance,
and recycling potential, which is why they are attracting increasing attention of the automotive and aerospace industries
(12113] The most common Al-based alloys processed by additive manufacturing (AM) either for commercial use or for
research purposes are (S1124][15]: AlSi12, AlSi10Mg, AISi7Mg0.6, AISi9Cu3, AISi5Cu3Mg, AA1050, AA2017, AA2024,
AA2219, AA6061, AA7020, AA7050, AA7075, and AA5083; next to proprietary industrial alloys like Scalmalloy. From
those, Al-Si alloys, and more specifically AlSilOMg (followed by AlSil12), are undoubtedly the most investigated and
commercially used additively manufactured Al-based alloys. These materials, particularly relevant for light-weight and
high-strength applications, are widely used for aluminium casting due to the proximity to the eutectic composition (~12.5%
Si) 1€ Therefore, they are relatively easy to process by laser applications, which are known to lead to a small
solidification range 4. Additionally, minor additions of magnesium (0.3—-0.5 wt.% Mg) are known to induce hardening of
the alloy by forming Mg,Si precipitates upon natural or artificial ageing treatments 8. However, the actual formation of
these precipitates on additively manufactured Al-Si parts is still a topic of discussion.

Due to the special conditions of the MAM processes (namely that the metal powder used is already pre-alloyed, and the
melting occurs in small pools that rapidly solidify), a very fine microstructure with unique directional growth features far
from equilibrium is achieved W. This distinctive microstructure, together with other special features and microstructural
defects originating from the additive manufacturing process is known to greatly influence the corrosion behaviour of these
materials. Sander et al. 19 and Kong et al. 2% reviewed the impact of these special features and defects on the corrosion
performance of additively manufactured metals. These works also consider the main corrosion issues of several additively
manufactured materials, including some studies on Al alloys. Zhang et al. 4 presented a review of Al-based alloys
summarizing the microstructural characteristics and mechanical properties. Chen et al. 21 reviewed the main research
studying the corrosion behaviour of selective laser melted Al alloys, classified/structured by the used technique.

| 2. AI-Si Alloys
2.1. Effect of Microstructure on Corrosion Behavior

Several studies characterizing the microstructure of as-built additively manufactured Al-Si alloys have been conducted in
recent years [221[231[24](25](26](27][28][29)[301[311[32] ~ As-built specimens exhibit a fine distribution of Si, forming a three-

dimensional network that encloses the primary face-centred cubic a-Al in very small cells (see Figure 1). The size of these
cells varies over the melt pool due to the thermal gradient created by the moving heat source. Finer cells are formed
towards the middle of the melt pools (MP), while coarser cells are present in the melt pool borders (MPBs) 22, A marked
anisotropy has been described in past studies concerning the shape of these cells. These cells are known to present an
approximately round shape in the plane parallel to the building platform (XY), whereas in the plane perpendicular to the
building platform (XZ) more elongated cells have been observed (2381, A heat-affected zone (HAZ) located right outside
the borders of the melt pools has also been identified (see Figure 1). This HAZ, in which the silicon network is partly
broken and discontinuous, has been associated with overheating of the underlying layer during the scanning of a newly
deposited layer 25,

B
<
{

»
AN 1l

,
> ’(

Figure 1. (a) Secondary electron image representing the microstructure of additively manufactured Al-Si alloys
(AISi10Mg). The surface parallel to the building platform is represented here. Similar features can be observed in the
surface perpendicular to the building platform, but the shape of the cells is more elongated in that case. (b) Higher
magnification image of a zone in the melt pool border. (c) Higher magnification image of a zone within the melt pool. MPB
—melt pool border; HAZ—heat-affected zone. (Adapted from reference [22l),



A great number of works have already shown that the corrosion behaviour of additively manufactured Al-Si alloys is
greatly influenced by this special and unique microstructure created during the additive manufacturing process.

2.1.1. Influence of the Melt Pool Borders on Corrosion

Among the different details of the microstructural features of as-built AM Al-Si alloys, the borders of the melt pools have
been pointed out to be a key element in the corrosion of these materials. Several studies have shown that after
potentiodynamic polarization tests and/or immersion in NaCl solution a particularly pronounced selective corrosion of the
a-Al cells in the melt pool borders is observed (see Figure 2) [33][34][35][36][37][38][39][40][41][42][43][44][45][46][47][48] This selective
corrosion attack along the borders of the melt pools has been reported for polished and ground specimens [331[34(35][26][37]
(38][39][40][41][42)[43][44][45][46][47]  pyt also for as-built materials presenting a low surface roughness 48 for which the
microstructural features are believed to control the electrochemical performance of the material.

Figure 2. Secondary electron microscopy image of the surface of an as-built AM Al-Si (AISi10Mg) corroded in NacCl
solution. (Adapted from reference [38)),

The initiation and further propagation of the corrosion attack in the Al cells along the MPBs are caused by the higher
driving force for micro-galvanic corrosion between the a-Al and the Si phase in these regions compared to other areas
within the melt pools 3381145 pye to the presence of a relatively larger microstructure at the MPBs (see Figure 3), a
greater Volta-potential difference has been reported between the Al and the Si phase compared to regions within the MPs
(Figure 3c). Nevertheless, Kubacki et al. 2 do not support the assumption of a galvanic couple between the Al and Si
phase accelerating corrosion in simulated atmospheric conditions at the melt pool borders. The researchers believe that
under these conditions the cathodic kinetics on the Si phase is not fast enough to support the active dissolution of Al.
Instead, the selective/pronounced corrosion attack at the borders of the melt pools is attributed to the high discontinuities
of the Si network around the MPBs (in the heat-affected zone).
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Figure 3. (a) Topography and (b) surface potential map (obtained by scanning Kelvin probe force microscopy — SKPFM)
of an area on the surface of a polished AM AISi10Mg specimen in which a melt pool border is visible (delimited by the
discontinuous line). Scan size: 20 x 20 um?. Colour bar: (a) 30 nm range, (b) 210 mV range. (c) Surface potential profile
of the line represented in (b). (Adapted from reference [23]),

The morphology of the corrosion attack in as-built AM Al-Si alloys has been described by several researchers to be rather
superficial due to the existence of a considerably connected Si network that holds the corrosion from penetrating deeper
into the material [31[3411421145]149] However, several works have found a large penetration of the corrosion attack along the
melt pool borders [B74142][43][44][46] \joreover, the formation of micro-cracks during corrosion has been reported in
regions next to the MPBs, where heat-affected zones exist [B3I[34I45]46150] A5 mentioned above, Revilla et al. (24
associated the formation of these micro-cracks to the synergistic effect of the selective dissolution of the a-Al cells along



the MPBs, next to which the disrupted heat-affected zones are found, and the existence of internal and superficial residual
stresses from the MAM process. Rafiezad et al. 2% also confirmed through intergranular corrosion test an accelerated
preferential attack combined with the formation of micro-cracks along the melt pool borders for specimens fabricated
using recycled powder. Moreover, while conducting electrochemical tests in NaCl solution, Girelli et al. Y found that the
MPBs/HAZ represent preferential paths for exfoliation-like corrosion to occur.

The schematic in Figure 4 shows the proposed evolution of the corrosion attack in as-built AM Al-Si alloys 24l. Because of
the greater Volta-potential difference between the a-Al and the Si phase at the melt pool borders (as measured by
scanning Kelvin probe force microscopy SKPFM B3IB6l45]__see Figure 3), a higher driving force for galvanic corrosion
provokes the initiation of the corrosion attack in these regions. The corrosion spreads superficially to adjacent zones,
including the neighbouring heat-affected zones. This corrosion is partially contained by the connected portion of the Si
network. However, due to the disruption in the heat-affected zone, the corrosion can propagate further into the material
along the MPBs.
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Figure 4. Schematic diagram representing the process of corrosion initiation and corrosion propagation for as-built
additively manufactured Al-Si alloys. The illustrations portray the corrosion process seen from a cross-sectional
perspective, with the top side of the images representing the surface exposed to the corrosive medium. The Al phase is
represented with green, while black portrays the Si phase. A melt pool border (MPB), where a coarser microstructure is
seen, and a heat-affected zone (HAZ), characterized by discontinuities in the Si network, can be observed in the images
(a). The corrosion attack initiates at the MPB, where there is a larger potential difference between the Al and the Si phase,
and therefore, a larger driving force for galvanic corrosion (b). Because of the partial containment of the corrosion by the
Si network, the attack spreads superficially to adjacent zones, reaching the HAZ (c). Due to the disruption of the Si
network in the HAZ, combined with the existence of internal stresses from the MAM process, micro-cracks are formed
along the HAZ (d). In a later stage of the corrosion, additional lateral spreading of the attack occurs, accompanied by
further propagation of the crack and corrosive medium through the HAZ (e) 241,

2.1.2. Anisotropy

As already mentioned, the special microstructure of additively manufactured Al-Si alloys is the result of the exceptionally
high cooling rates and direction of the thermal gradients . The particular directional distribution of thermal gradients during
the fusion and solidification of the different layers of the material produces an intrinsically anisotropic microstructure 23],
The small a-Al cells surrounded by the Si network are rather rounded in the plane parallel to the building platform, while in
the plane perpendicular to the building platform these cells have an elongated shape 22, Additionally, in the surfaces
parallel to the building platform (XY plane), elongated laser tracks are easily identified, while in the surfaces perpendicular
to the building platform (XZ plane) a scale-like feature of melt pool borders is generally seen [B3I341[35][36][37](38]39]

Concerning the influence of this anisotropy on the corrosion behaviour/resistance of these materials, various and
contradictory results have been reported in the literature. For AlISil0Mg prepared by SLM, Cabrini et al. B[4 concluded
from potentiodynamic polarization experiments in diluted Harrison’s solution that the surface of the XZ plane presents a
slightly lower pitting corrosion resistance than the XY plane. The researchers associated this behaviour with the higher
density of melt pool borders found in the XZ plane compared to that of the XY plane. However, in a later work, the same
researchers concluded through a statistical approach that the building direction does not significantly influence the
corrosion resistance of the analysed surface 47 Moreover, Revilla et al. 3313445 foynd no difference in the
electrochemical behaviour of the different planes during potentiodynamic polarization tests in aerated NaCl solution.

On the other hand, Cabrini et al. B2 demonstrated in another work by conducting an intergranular corrosion test that the
corrosion in as-built specimens propagates mainly along the MPBs. Therefore, the penetration depth of the corrosion
attack is highly influenced by the anisotropy of the melt pools. A more penetrative corrosion attack was seen on the



surface parallel to the building platform compared to the surface perpendicular to the building platform. This could
demonstrate that even if similar electrochemical behaviour is seen during potentiodynamic polarization tests, great
anisotropy can still exist on the morphology of the corrosion attack and corrosion penetration depth.

For SLM AISi7Mg0.6 and AISi12, no considerable difference was reported between the behaviours of the two different
planes during potentiodynamic polarization tests in NaCl solution 4], Nevertheless, a clear distinction in the corrosion
resistance of the different planes was shown by Chen et al. Bl for SLM Al-Si12. The researchers presented experimental
data (open circuit potential, potentiodynamic polarization, and electrochemical impedance spectroscopy measurements)
supporting a better corrosion resistance of the XZ plane compared to the XY plane. This is the opposite trend as that
reported for AISi10Mg by Cabrini et al. B4l Chen et al. 31 associated this behaviour with the depth of the Al/Si cells in
each plane. The small and round cells were seen in the XY plane are deep since they are elongated in the perpendicular
direction. According to the researchers, this could lead to the growth and even deposition of corrosion products, which
could extrude and crack the Si shells, exposing the underlying Al substrate to further corrosion attack. On the other hand,
the cells seen in the XZ plane are shallow, which could limit/prevent the deposition of corrosion products. Moreover, Chen
et al. B reported a clear difference in the weight loss rate during corrosion in NaCl solution for the different planes. These
results are shown in Figure 5. A reduced weight loss rate is seen for the XZ plane compared to the XY plane, possibly due
to the same reason as that given for the difference in the electrochemical behaviour.
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Figure 5. The weight loss rate for the different surface planes (parallel to the building platform—XY—and perpendicular to
the building platform—X2Z) of as-built and mechanically polished SLM AlSi12 after immersion in 3.5 wt.% NacCl solution at
room temperature 211,

Due to the limited and contradictory results found in literature concerning the effect of the anisotropic microstructure on
the corrosion behaviour, further research is needed to better understand this issue. It is also important to keep in mind that
different alloys (even from the same alloy family) might display intrinsically different behaviours.
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