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Corrosion performance and degradation mechanism of a bi-
metallic aluminum structure processed by wire-arc additive
manufacturing
Amin S. Azar 1✉, Angeliki Lekatou2, Martin F. Sunding 1, Joachim S. Graff 1, Nicky Tzima2 and Spyros Diplas1

An Al-5Mg alloy (AA5083) block, deposited over an AA6061 substrate by wire-arc additive manufacturing, was electrochemically
tested along two different cross-sectional planes by cyclic polarization in 3.5 wt.% NaCl. The deposited layers and the interlayer
boundaries showed similar polarization behavior regardless of the cross-sectional direction. The corrosion of both the substrate and
the deposited layers was mainly attributed to the presence of relatively coarse intermetallic Al(Fe, Mn)Si particles. In the substrate,
corrosion was governed by deep crevices along the interfaces of directionally aligned Al(Fe, Mn)Si particles with the Al matrix. The
deposited layers and the interlayer boundaries showed pitting around numerous Al(Fe, Mn)Si particles and/or Al(Fe, Mn, Cr, Ti)Si at
the interlayer boundaries, which were much finer compared to those of the substrate. The abundance of the fine precipitates and
their intergranular location caused surface material removal, which was more extensive along the interlayer boundaries. The
perpendicular z-y and z-x planes of the deposited block did not show significant differences in anodic polarization behavior.
Differences were more distinct in the case of cathodic polarization. Some anisotropy in polarization behavior was noted through
the thickness of the z-y plane that complies with the obtained tensile behavior.
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INTRODUCTION
Wire-arc additive manufacturing (WAAM) of metallic materials is a
method for processing multi-material components. The composi-
tional variation in the deposited layers may potentially influence
the corrosion performance of the final component. In addition to
composition, the microstructure also varies along the build
direction since each deposited layer generates a heat affected
zone on the material underneath. This can result in precipitation
of secondary phases or local coarsening of the microstructure that
will also influence the corrosion properties of the material.
Multi-material constructions with variable properties along a

given length scale are good candidates for satisfying advanced
design requirements. It was demonstrated that additive manu-
facturing can produce such components for primary applications
such as thermal barriers1, corrosion protection2, wear resistance3,
optimization of strength and ductility4, and several other
opportunities yet to be explored.
Apart from processability and manufacturability challenges,

multi-material components may suffer from environmental
degradation and corrosion triggered by their dissimilar composi-
tions. It is well known that use of bulk structures consisting of
alloys with very different galvanic corrosion potentials may be
detrimental for several industrial applications5. In this context, the
processed multi-materials can be classified into two different
groups from a design perspective:

1. Layered components that are designed for applications
aiming to protect an underlaying material/component when
the whole structure is exposed to a degrading environ-
ment6. Such multi-material components are shaping the
vast majority of the recent developments in the field and
many researchers reported functionally graded materials
(FGM) that prevent or decelerate degradation. Typical

examples include (but are not limited to) thermal barrier
coatings (TBC) deposited onto Cu substrate for improving
spallation behavior7, production of a Ni-Co/CoO FGM
showing excellent electrochemical performance and subse-
quently corrosion behavior8, processing of laser assisted
cladding with multi-graded layers aiming towards increased
resistance to erosion and thermal stress induced cracking in
molds for die casting9.

2. Multi-material components that are optimized for weight,
size, or cost. Chin10 described how the defense industry can
benefit from using FGMs in light and small components
performing at the same or higher level than larger and
heavier counterparts. Jutte et al.11 demonstrated how FGMs
can result in higher performance and reduced weight for
the space exploration industry. Even though the main goal
in such cases is to improve the component’s performance
with respect to a physical property, the developed
components may be potentially exposed to corrosive
environment during their lifetime. This can lead to severe
corrosion attack as a result of galvanically coupled materials.
In this respect, the corrosion performance of the FGMs
deserve special attention. The material system in the present
study is bi-metallic (substrate-overlaid block) with relevant
compositional and distinct microstructural inhomogeneity.
Thus, the above challenges for FGM are applicable to a large
extent in the present material system.

Additive manufacturing (AM) is gaining widespread attention
for its ability to produce high-quality structural metallic compo-
nents with greatly reduced cost and improved lead-time12–14. A
wide variety of AM processes are currently available with different
but also similar attributes15. In these processes, feedstock is
melted or consolidated by an energy source in an incremental,
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layered manner through computer driven motion control. The
outcome is a three-dimensional component created directly from
a computer model without the use of molds or tooling open
overlay panel16.
Despite the currently limited industrial adoption, there is a

growing interest in AM of Al-alloys for building lightweight
structures with complex geometries, high ratio of strength/
stiffness to weight and good corrosion resistance17. Alongside
technological progress, the process time and cost of AM of Al-
based components can be greatly reduced15,18. However, the
production repeatability and reliability can be challenging due to
factors such as presence of surface oxide scales, high thermal
conductivity and large solidification shrinkage19.
Wire-arc additive manufacturing (WAAM) is a promising manu-

facturing technology of solid freeform fabrication owing to
advantages, such as reduced time from concept to production,
rapid processing, high density, materials saving, flexibility in materials
and easy adaptability to automation20. Owing to its high deposition
rate, high material utilization rate, low production and equipment
cost and high equipment flexibility and scalability, WAAM is more
suitable for manufacturing large-scale components than other
powder metallurgy AM techniques, where laser or electron beams
are used as heat sources21–23. However, the adoption of a
conventional welding process for WAAM of aluminum is currently
limited by solidification-due defects, like porosity and cracking24. As-
deposited WAAM-Al alloys have been found to possess inferior
mechanical properties as compared to wrought counterparts and
they have to undergo post-heat treatments25.
The cold metal transfer (CMT) process is a modified version of

gas metal arc welding (GMAW) based on a mechanism of
controlled dip transfer26,27. CMT yields high welding quality, low
thermal heat input whilst it is nearly spatter-free28. A combination
of WAAM and CMT followed by an appropriate heat treatment
may lead, through modification of the thermal profile, to a refined
equiaxed microstructure and reduction of porosity29. Owing to the
aforementioned advantages, WAAM of Al-alloys combined with
CMT is receiving an increasing interest from the aerospace
industry. Recent studies30–32 have reported that a constant inter-
pass temperature leads to an even distribution of material
properties over the build-up geometry, whereas the mechanical
properties depend on the direction of loading. Nevertheless, an
Al-5Mg alloy manufactured by WAAM and polarity CMT exhibited
a high tensile strength anisotropy between transverse and
longitudinal tensile samples (8–27%), owing to the presence of
interlayer micro pores33.
So far, the vast majority of the corrosion studies on AM Al-alloys,

refer to alloys prepared by SLM (mainly AlSi10Mg and to a much less
extent Al12Si, Al-Cu (Al2024), AlSi50, Al-Zn (Al7075)). Sander et al.34

and Kong et al.35 have reviewed the recent studies extensively.
Sander et al.34 concluded that the effect of the AM microstructures
on the corrosion of Al alloys is still not sufficiently understood. Kong
et al.35 identified the main factors affecting the corrosion degradation
of SLM alloys: porosity, molten pool boundaries, surface roughness
and microstructure anisotropy. Several corrosion studies comparing
SLM and DMLS (direct metal laser sintering) Al-alloys with their
wrought or cast counterparts have attributed the improved corrosion
resistance of the SLM and DMLS alloys to their finer and more
homogeneous microstructures36–39. Cabrini et al.17 observed that the
corrosion resistance of AlSi10Mg fabricated by DMLS in aerated
dilute Harrison’s solution was slightly reduced on planes perpendi-
cular to the building plane. Similarly, Chen et al.40 found that the x-z
(parallel to the build direction) plane of SLM Al-12Si had better
corrosion resistance in comparison with the x-y plane (parallel to the
build plate) in 3.5 wt.% NaCl. In all AM technologies, the material is
built on a substrate, which may have a significantly different
chemical composition. This is mainly owing to the tendency to
diversify the AM alloy compositions for technical reasons and the
subsequent lack of an equivalent composition for the substrate

material. Post-deposition removal of the substrate from the
deposited section and subsequent scraping can often be counter-
productive. Therefore, in several applications, the substrate needs to
remain as a part of the component to minimize the waste and cost.
In these cases, a proper understanding of the corrosion performance
of the system (substrate/deposited layers/fusion zones etc.) becomes
important. Within the above framework and considering the scarcity
of studies on the corrosion behavior of WAAM Al-alloys, the present
effort investigates the corrosion performance of an AM aluminum
alloy of the 5xxx series and its correlation with the microstructure of
the deposited layers as well as the microstructure of the substrate.
The choice of 5xxx series is based on their distinguished

combination of strength and corrosion resistance, as well as good
weldability, that make them suitable for a broad range of
industrial applications41. Although, 5xxx alloys cannot be
hardened by aging (because Al does not form coherent
precipitates with Mg), they exhibit the highest strength of all
the non-age hardened series, through solution hardening (Mg has
a high solubility in Al), dispersion hardening and strain hard-
ening42. They are often used in applications in harsh environ-
ments, such as polluted atmosphere, industrial environments, and
seawater. Typical examples are highway structures, bridges,
storage tanks, pressure vessels, cryogenic systems for tempera-
tures as low as −270 °C and marine applications43.
However, the Al-Mg alloys that contain Mg higher than 3.5 wt.%

are susceptible to intergranular corrosion (IGC), stress corrosion
cracking (SCC), and exfoliation corrosion (the latter in markedly
directional structures) owing to the continuous intergranular
precipitation of the highly anodic β-AlR8RMgR5R or β-AlR3RMgR2R
phase44,45. AlR6R(Mn, Fe, Cr) particles, cathodic to Al46, are also
encountered in strain hardened and heat-treated Al 5xxx alloys47–49.
Moreover, MgR2RSi particles, anodic to Al50, are found in as-cast or
wrought Al5xxx alloys44,47 and they are often associated with the
AlR6R(Mn, Fe) phase44.
An issue that has to be addressed when dealing with the corrosion

behavior of Al alloys (including the 5xxx and 6xxx series) is the effect
of the Fe-containing intermetallic precipitates. Fe is the most
common impurity in Al-alloys, even in commercially pure Al, forming
with Al and Si a variety of brittle intermetallic compounds of acicular
morphology51, identified as β-AlR5RFeSi

52–54 and/or δ-AlR3RFe-
SiR2

50,55. The presence of other transition metals besides Fe, like
Mn and Cr in trace amounts, can stabilize bcc phases, having a less-
brittle Chinese-script morphology (e.g., α-AlR19RFeMnSiR2R, α-AlR12R
(FeMn)R3RSi, α-AlR12R(Fe, Cr)R3RSi

55,56 or a compact blocky morphol-
ogy (α-AlR15R(Fe, Mn)R3RSiR2R)

57. α-Al(Mn, Fe)Si (AlR8RFeMnSiR2R or
AlR12R(Fe, Mn)R3RSi) are microstructural features in as-cast, homo-
genized and strain hardened Al 5xxx alloys47,58,59. The cathodic role
of the Al-Fe-based intermetallic impurities in the corrosion of Al-
alloys and composites is well-established46,50,60,61. Al-Fe based
intermetallic compounds are nobler than Al, particularly when Al is
alloyed with the extremely anodic Mg46.

RESULTS AND DISCUSSION
Deposition and characterization of the as-received material
Figure 1a, b illustrate the computer aided design (CAD)
representation of the block geometry compared to the deposited
material. The dimensions of the deposited block are ~20 × 10 ×
5 cm. The inter-pass temperature was controlled to reach below
120 °C before a new bead was deposited. The obtained
stress–strain curves are shown in Fig. 1c, d. Note that the tensile
tests were carried out only for the deposited material and the
results do not reflect the strength of the interface between the
two alloys. The tensile test specimens were in as-deposited and
homogenized conditions. Round tensile samples were extracted
along x, y, and z directions, complying with the ASTM E8M-04, with
the parallel section diameter of 6 mm, and gauge length of
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30mm. Homogenization heat treatment was performed at 400 °C
for 4 h, only towards identifying the effect of chemical composi-
tion inhomogeneity on the mechanical behavior.
The tensile strength and elongation at break along the x

(deposition) direction show consistent and acceptable mechanical
performance. Although the homogenized material shows somewhat
higher ultimate tensile strength compared to the as-deposited
material along the deposition path, the overall behavior is quite
identical before and after heat treatment. In the as-deposited
condition, the tensile curves along the y and z directions—where the
interfaces between each deposited bead come into play—show
degraded properties. The original hypothesis was whether chemical
inhomogeneity, especially on the fusion line and interfaces between
adjacent deposited beads, could be the root cause. However, the
same type of behavior was also observed after the homogenization
heat treatment. This observation suggests that there is another
mechanism that governs the mechanical response of the material
along different orientations. Later in this section, it will be explained
that the abundance and special positioning of the precipitates on the
fusion lines of the deposited beads is a possible explanation for the
inferior mechanical and corrosion performance of the deposited
material.
Figure 2a–d presents SEM micrographs from different zones of the

as-received material (x-y plane). All zones exhibit uniform dispersions
of particles that were identified by energy-dispersive spectroscopy
(EDS) as mostly being Al-Fe-Mn-Si (or Al(Fe, Mn)Si) intermetallic
compounds, in compatibility with47,55–59. Some Al-Fe-Mn (or Al(Fe,
Mn)) particles have also been identified in the deposited alloy, in
compliance with findings of other researchers44,47–49.
The Al6061-T6 substrate contains coarse second phase particles

directionally distributed in the matrix. The coarse particles appear
to a great extent polygonal and more rounded as compared to
original needle-like AlFeSi particles, due to the solution treatment,

as well as the presence of Mn62. The directional precipitation in
Al6061-T6 has previously been associated with the precipitation of
insoluble Al(Fe, Cr)Si and excess soluble Mg2Si particles along the
grain boundaries (elongated due to work hardening)62. In the
present case, Mg2Si particles could not be discerned, neither by
SEM nor by EDX, because: (a) the Mg2Si phase has largely been
dissolved in the Al-matrix due to the solution treatment, and (b)
the semi-coherent β‘-Mg2Si precipitates in the matrix (due to
aging) are ultra-fine (besides, β‘-Mg2Si precipitates need a special
etching technique to be discerned, which is out of the scope of
the present paper. The substrate/deposited alloy interface is
characterized by finer precipitates than those of the substrate but
still coarser than those in the deposited material.
The interlayer boundaries and the overlayer interior are

characterized by a similar microstructure in terms of precipitation
extent, particle size, shape, and distribution. Fine particle size and
spheroidal or short rod-like shape of the dispersed phase of the
deposited block can be ascribed to the higher amount of Mn and
Cr and the lower amount of Si in the 5083 alloy, as shown
previously, Mn and Cr accelerate the transformation of acicular
β-AlFeSi to the more equiaxed α-AlFeSi phase, whereas Si
decelerates it63. Therefore, the aforementioned differences in
the microstructures of the substrate alloy, substrate/deposited
alloy fusion zone and the deposited alloy can pose a threat on the
overall performance of the AM structure.
Homogenization heat treatment was applied on the deposited

materials. It was observed that the partitioned Mg content in the
as-deposited condition dissolves into the matrix after homogeni-
zation. Therefore, the homogeneity of the improved microstruc-
ture does not explain the observed loss in the structural integrity
and its mechanical behavior. The degraded mechanical properties
echo a heat treatment induced phenomenon that will be
scrutinized later in this section.

Fig. 1 The deposited material and the corresponding stress–strain curves of the deposited alloy in x-, y-, and z-directions. a Nominal CAD
geometry; b Actual deposited geometry; c Tensile results of the as-deposited materials; d Tensile results in heat-treated (homogenized)
condition.

A.S. Azar et al.

3

Published in partnership with CSCP and USTB npj Materials Degradation (2021)    26 



Further exploration of the microstructure shows the presence of
needle shape precipitates, mostly in the interlayer regions (fusion
lines).
In this study, a length of 6.5 mm that crosses over three

deposition layers was investigated. The number of analyzed

particles in the inspected area was 1119 counts. Figure 3 depicts
the results of particle chemistry analysis. The Genome graph in Fig.
3a shows that all of the 1119 analyzed particles were found rich in
Fe, Mn, and Mg, while 74%, 71%, 12%, 6.5%, and 0.9% of the
particles contained Cr, Si, Ti, Ni and V, respectively. Figure 3b

Fig. 2 SEM micrographs (BEC mode) of the as-received structure (x-y plane). a zone a: substrate; b zone b: substrate/deposited alloy
interface; c zone c: interlayer boundaries; d zone d: within a deposition layer.

Fig. 3 Abundance and distribution of elements in the analyzed particles. a Weight normalized genome graph; b Ternary phase diagram
showing the content of Cr and Si elements as second and third most abundant elements in the particles of this alloy.
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illustrates the distribution of the particles on a ternary phase
diagram. In this illustration, the distribution of the three
dominating elements in the particles, namely Fe, Mn, and Mg
are mapped against the second and the third most abundant
elements in the particles (Cr and Si). According to this illustration,
the analyzed particles in addition to Fe, Mn, and Mg contained Si
in a relatively wide compositional range, while the same particles
hardly showed Cr at contents above 2 wt%.
Another important finding is the location dependency of the

content of certain elements in the investigated particles. Figure 4
maps the weight percentages of Cr, Mn, and Mg in analyzed
particles across three deposition layers of AA5083. Inside the
deposited material, the contents of these elements are scattering
within a few wt.% range. However, at the interlayer boundaries
(fusion lines) the analyzed particles seem to be richer in Cr, Mn,
and Mg. In other words, the thermal gradient during multiple layer
deposition gives rise to localized presence of particles along the
fusion boundaries with different composition. The evolution of
particles with higher Cr, Mn, and Mg content suggests that the
alloying elements in the matrix can also be influenced. Whether
this phenomenon affects the corrosion performance, will be
investigated later in this section. Evolution of these particles may
also explain the anisotropic mechanical performance of the
material shown in Fig. 1c, d.
The microstructures of the intermetallic dispersed phases reveal

that during deposition and subsequent cooling, dissolution and
recrystallization processes have taken place. At the interlayer
boundaries of the as-received AM alloy, needle-like Fe-rich
particles were occasionally observed (Fig. 5). These precipitates
are rich in Al, Fe, Mn, and Si and correspond to Al(Fe, Mn)Si
intermetallic particles that were not partially dissolved during
deposition to finally produce fine Al(Fe, Mn)Si particles. Figure 5
also reveals fine dispersoids that are rich in Fe, Mn, Si, and/or Ti.
The samples were electropolished to reveal the needle shape
particles without which, they could not be vividly presented.

Corrosion performance of the as-received AM material
The cyclic potentiodynamic polarization curves of the different
zones of the ΑΜ sample (surfaces parallel to the y-z plane) during

immersion in 3.5 wt.% NaCl at 25 °C are shown in Fig. 6a. It can be
seen that despite the microstructural differences of the four zones,
the polarization performances with respect to the corrosion
potential (Ecorr), pitting potential (Epit), forward and reverse curve
shapes, onset potential of current stabilization and current
stabilization values are similar. The mean corrosion potential
values for the tested surfaces of “substrate/coating interface”,
“within an overlayer”, and “interlayer boundaries” are −709 ± 15,
−744 ± 20, and −705 ± 1mV vs. Ag/AgCl, respectively; the mean
pitting potential values for the tested surfaces of “substrate/
coating interface”, “within an overlayer”, and “interlayer bound-
aries” are −685 ± 24, −695 ± 21, −687 ± 26mV vs. Ag/AgCl,
respectively. All zones have suffered from localized corrosion, as
suggested by the flat gradient of the anodic polarization curves,
which is sustained for current densities of more than three orders
of magnitude. The negative hysteresis loops of the cyclic
polarization curves and their large surface areas enhance the
above indications for occurrence of localized corrosion. The
shapes of the anodic polarization portions are characteristic for
aluminum and its alloys in aerated aqueous NaCl64–66. Pitting
potentials are almost equal (in one out of three of the anodic
curves of the “substrate/coating interface” and “interlayer
boundaries” zones) or just a few tens of mV higher than the
corrosion potential, suggesting that aluminum is readily polarized
to its pitting potential67; in other words, localized corrosion has
already taken place during the open-circuit state42 and/or during
cathodic polarization68. Hence, it is inferred that the corrosion of
the aluminum matrix in all zones controls the overall corrosion
mechanism.
The only distinct difference in the polarization performance of

the four zones lies in the cathodic polarization curves. It is seen
that cathodic current values follow the sequence: substrate >s
ubstrate/coating interface > interlayer boundaries > within an
individual deposited layer. This sequence indicates that the
Al6061 substrate owns the largest cathodic particle surface area,
and the interior of each deposition layer owns the smallest
cathodic particle surface area.
Figure 6b compares the potentiodynamic polarization curves

(forward scans) of surfaces parallel to the y-z and x-z planes. These
planes and substrate do not present significant differences with

Fig. 4 Distribution of the elements along the build direction. The illustration shows that the particles contain larger amounts of Cr, Mn, and
Mg on the fusion lines.
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respect to the anodic polarization behavior. Differences are rather
greater in the case of the cathodic polarization curves. Further-
more, the same sequence (as in the y-z plane) in the cathodic
current values of the four zones is followed.
Figure 6c compares the potentiodynamic polarization curves

(forward scans) of overlayers located at different distances from
the substrate (parallel to the y-z and x-z planes). The polarization
curves of the Z2 and Z4 surfaces, parallel to the x-z plane (their
centers were located at 2.0 and 5.5 cm (respectively) away from
the substrate/deposited alloy boundary) are similar with the
exception of small differences between the cathodic current
densities. More distinct differences are observed in the (anodic
and cathodic) polarization curves of the Z2 and Z3 surfaces
parallel to the y-z plane, the centers of which were located at 2.0
and 4.0 cm (respectively) away from the substrate/deposited alloy
boundary. Therefore, it is indicated that the deposited AM alloy
parallel to the x-z plane is somewhat more isotropic through its
thickness than the deposited AM alloy parallel to the y-z plane.
Figure 7 shows that the corrosion of the 6061 substrate

presents a strongly localized character with deep crevices.

Corrosion at the substrate-deposition interface has progressed
to a shallower depth than that of the substrate, but intergranular
corrosion is more extensive (Fig. 7b). The intensively wavy
(excavated-like) surfaces of the interlayer boundaries and the
deposited layers in Fig. 7c, d, respectively, reveal higher surface
material removal for the deposited block as compared to the
substrate and the primary fusion zone. However, the localized
manifestations in the deposited alloy have proceeded to a much
lower depth than that of its substrate and substrate/deposited
alloy interface.
The governing form of the substrate (zone a) corrosion appears

to be pitting of Al around second phase particles that has evolved
to crevice corrosion that are of Al(Fe, Mn)Si intermetallic type.
The degradation features of the substrate/deposition interface

(zone b) show abundant signs of IGC, unbranched cracking and
material detachment (mostly intergranular). Large zones appear
totally oxidized. IGC of Al is associated with increased inter-
granular concentration of Si and Fe and intergranular Al(Fe, Mn)Si
intermetallic phases. The possibility of stress corrosion cracking is
indicated by the presence of intergranular cracks. The extensive

Fig. 5 Images of accumulated intermetallic particles between the deposited beads. a shows the interface in which many such particles can
be seen; b shows a magnified image of the needle-shaped particles; c shows the elemental maps of Al (blue), Mg (green), Mn (red), Fe
(orange), Ti (cyan), and Si (yellow).
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intergranular degradation hints the presence of intergranular
submicron/nano-precipitates.
Figure 8a, b reveal pitting around fine and submicron particles

at the interlayer boundaries (zone c) and within the individual
overlayers (zone d), respectively. EDS analysis reveals that the
large majority of the intermetallic particles are of the type Al-Fe-
Mn-Si, Al-Fe-Mn, Al-Fe-Mn-Cr-Si (Fig. 8a, sp. +, Fig. 8b, sp. •). Al-Fe-
Mn-Ti-Cr-Si and Al-Ti-Fe-Mn intermetallics have also been

detected by EDS. Therefore, the surface material removal in Fig.
7c, d can be attributed to the intergranular dissolution of the (Al,
Mg) matrix and the subsequent dislodgement of the dispersed
fine particles. IGC is associated with the increased IG presence of
Fe (Fig. 8b, sp. *).
The observations in this section manifest that the Al(Fe, Mn)Si-

based intermetallic particles play the most important role in the
corrosion behavior of the system. The coarseness of the Al(Fe, Mn)

Fig. 6 Polarization curves. a Cyclic polarization curves of the different zones of the AM structure (surfaces parallel to the y-z plane);
b Comparison of forward polarization curves of surfaces parallel to the y-z and x-z planes; c Comparison of forward polarization curves of
surfaces parallel to the y-z and x-z planes at distances Z2: ~2.0 cm, Z3: ~4.0 cm and Z4: ~5.5 cm from the substrate (3.5 wt.% NaCl, 25 °C).
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Fig. 7 Overview SEM micrographs of the corroded cross-sections. a Substrate; b Substrate-deposition interface, c Interlayer boundaries, and
d Within a deposition layer.

Fig. 8 Cross-sectional micrographs after corrosion testing. a Interlayer boundaries (zone c) showing preferential corrosion of the Al-Mg
matrix (sp. ▪) around Al-Fe-Mn-Cr-Si (sp.+) particles; b Within an overlayer (zone d) showing preferential corrosion of the Al-Mg matrix around
Al-Fe-Mn-Si-Cr precipitates (sp. •) and IGC associated with the intergranular presence of Fe (sp.*).
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Si-based intermetallic particles along with their directionality are
the main reasons for the intensively localized corrosion behavior
of the substrate and the substrate/deposited alloy interface as
compared to that of the overlayers. The coarse cathodic surfaces
can obviously support cathodic reactions more efficiently than the
fine ones. Moreover, the directionality of the Al(Fe, Mn)Si particles
in the substrate as well as the intergranular degradation in both
the substrate and the substrate/deposited alloy interface show
that the Al(Fe, Mn)Si phase forms a network predominantly
interconnected (Fig. 7a, b). As the anode is gradually consumed
with corrosion progressing, the already high total cathodic surface
area-to-total anodic surface area ratio further increases because of
the large surface area of the Al(Fe, Mn)Si network61,69. This
phenomenon results in a rapid and intensive corrosion effect.
The cathodic Al(Fe, Mn)Si intermetallic particles in the deposited

layers (interior and interlayer boundaries) is also responsible for
the degradation. The particles are form a homogeneously and
relatively dense distribution, probably as an interconnected
network (see Fig. 8b). Although the individual precipitates are
comparatively fine to provide as an effective support to cathodic
reactions as the coarse ones (in the case of the substrate and
substrate/coating interface), their dense dispersion provides a fine
network of cathodic boundaries that results in a significant total
cathodic surface area-to-total anodic surface area ratio. Moreover,
the inclusion of elements like Cr and Ti further increases the
nobility of the cathodic precipitates (as Cr and Ti can stabilize the
weak passive film formed on the Al-Fe-based intermetallics46),
enhancing the galvanic effect between the Al(Fe, Mn)Si particles
and the adjacent matrix. Consequently, degradation along this
fine network takes place, leading to surface material removal that
is more extensive in comparison with that of the substrate.
However, it proceeds to a shallower depth compared to the
corrosion of the substrate and the substrate/primary layer
interface.
To summarize, the microstructural observations of the corroded

cross-sections are compatible with the polarization results in the
following manner:

1. The susceptibility to localized corrosion, suggested by the
negative hysteresis loops of the cyclic polarization curves as
well as the sharp and sustainable anodic current increase at
potentials very close to the pitting potential of Al, has been
confirmed by the main corrosion forms identified in all
zones of the AM system (substrate: pitting and crevice,
substrate/deposited alloy interface: pitting, intergranular
corrosion and stress corrosion cracking, deposited layers
(boundaries and interior): pitting and intergranular).

2. The highest cathodic current values recorded for the
substrate can be explained by the presence of the coarsest
Al(Fe, Mn)Si intermetallic compounds (Fig. 7) that provide
the largest cathodic surfaces to support cathodic reaction
and, consequently, the greatest galvanic effect between the
intermetallic particles and the aluminum matrix.

3. The substrate/deposited alloy interface yields cathodic
current values that are lower than those of the substrate,
but higher than those of the deposited layers in compat-
ibility with the intermetallic Al(Fe, Mn)Si particles. Such
particles are finer than those of the substrate, yet coarser
than those in the deposited layers (Fig. 7).

4. The similar polarization behavior of the boundaries and
interior of each individual deposited layer can be attributed
to the similar microstructure in terms of dispersed particle
extent, particle size, shape, and distribution (Fig. 7).

Topography mapping results on the AM sample after the
corrosion test are shown in Fig. 9. The surface of the deposited
material appears rougher than that of the substrate (height step
present at the substrate/deposition interface), in aggreement with
the wavy, excavated-like surfaces of the overview cross-sectional

micrographs of Fig. 7c, d. The interlayer boundaries (zone c)
appear deeper than the surrounding bead material, making the
individual layers (zone d) distinct both on the overview and the
detail topography maps. Hence, the respective postulation put
forward in the results section for a higher surface material from
the interlayer boundaries as compared to the layer interior is
herein confirmed. While the substrate appears to have lost less
surface material than the deposited layers, deep corrosion pits are
apparent in both the substrate (zone a) and the substrate/
deposited layer interface (zone b). Pits appear dispersed on the
surface of the substrate in aggreement with Fig. 7a. Conical pits
wide and shallow at the surface but narrow and deep at the
bottom are observed at the substrate/interface vicinity. These
wide (at the surface) pits are localized within the primary
deposition-due heat affected zone suggesting that the thermal
history of the alloy, affecting its corrosion properties. The
extensive IGC along with intergranular stress corrosion cracks of
zone b (Fig. 7b) enhance the above consideration. The topography
measurements thus corroborate the microstructural observations.
X-ray photoelectron spectroscopy (XPS) analysis in Fig. 10

shows that the corroded surface of the deposited material is
mainly composed of aluminum oxide with the presence of carbon
and fluorine contaminations, as well as small amounts of
magnesium, sodium and chlorine, in compatibility with previous
XPS studies on the corrosion products of 5xxx alloys70–72. Silicon is
barely observed, while neither iron nor manganese are detected,
in aggreement with70–72. Regarding Si and Fe, their concentrations
in the deposited alloy are only 0.1 wt.% and 0.2 wt.%, respectively,
and they become even lower in the outer surface oxides/
hydroxides and chlorine complexes. As such, their presence in
the outermost surface can be masked by the abundant presence
of Al and Mg. Regarding Mn (0.8 wt.% in the deposited alloy), its
participation in the outer part of the passive film of Al-Mn alloys
(Mn ≥ 1 wt.%) in chloride media has also been found negligible in
previous works73–75. According to Zhang et al.74, Mn may be
present in the surface film only as an impurity and does not
influence the electronic structure of the film.
Detailed spectra of Al and Mg peaks do not show multiple

chemical states (Fig. 10b, c). The peak positions fit well with
oxidized species of these elements, the precise chemical state
cannot be determined with certainty. The XPS maps for Al and O
in Fig. 10d show that the corroded surface has been uniformly
covered by an Al-oxide/hydroxide-based film.
The presence of Na peaks is attributed to residual electrolyte,

despite a thorough rinsing of the surfaces under deionized water
before XPS scanning. However, the presence of Cl peaks can only
partly be attributed to the residual electrolyte. The intensive
presence of Cl in surface parts denuded of Na, as shown in the XPS
map of Fig. 10d, indicates that Cl peaks are partly owing to
chlorine adsorption in the outer layer of the surface film; the
adsorption of chlorine in the outer layer of the surface film of Al-
alloys has been well-documented74,76–78. Therefore, the XPS
results suggest that one reason for the high current values in
the current stabilization stage is the deposition of unstable
products (heavily hydrated structures, like hydrated oxides and
chlorine complexes) in the pits/crevices.
In all zones of the layered material system, corrosion has mainly

been induced by the large electrochemical potential difference
between (Al, Mg) and Al(Fe, Mn)Si intermetallic compounds. This
electrochemical potential difference becomes even bigger con-
sidering the following established statements: (a) Locally (i.e.,
around cathodic intermetallic inclusions) alkaline pHs result from
the cathodic reaction of oxygen reduction O2+ 2H2O+ 4e─ →
4OH─ on the intermetallic precipitate sites77. The cathodic
dissolution of Al can also cause a significant local pH increase79.
(b) The passive film of the Al-Fe-based intermetallic compounds at
alkaline pHs is thermodynamically stable80. (c) Al2O3 is soluble at
alkaline pHs81. Therefore, in the present effort, dissolution of the
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alumina film on the surface of the Al-matrix adjacent to the Al-Fe-
Si-Mn precipitates has occurred, which has been accentuated by
the cathodic polarization that preceded anodic polarization. The
Al(Fe, Mn)Si particle size, preferential location/orientation and
inclusion of noble elements (Cr, Ti) also play important roles on
the governing corrosion form and progress, as discussed in
previously in this section.
Based on the electrochemical and microstructure observations,

as well as the aforementioned statements, corrosion degradation
is postulated to have proceeded via the following steps:

(i) chloride adsorption on the alumina surface film, selectively
at the interfaces between incoherent precipitates, like Al(Fe,
Mn)Si and the (Al, Mg) matrix. (The presence of Cl in the
outer surface layer was detected by XPS (see Fig. 10).

(ii) chemical reaction of the adsorbed chloride with the
aluminum anion in the aluminum oxide/hydroxide lattice,
as reported in76.

(iii) accelerated surface film thinning at the interface by
dissolution76. As aforementioned, the alumina film is soluble
in the locally alkaline pHs generated from the oxygen
reduction reaction and dissolves in its flaws.

(iv) direct and concentrated galvanic attack on the matrix under
the thinned film amplified by the electrochemical potential
difference between the matrix and Al(Fe, Mn)Si-based
intermetallic compounds and formation of small pits.

(v) deepening of the pit, as pitting is an autocatalytic process82,

and formation of differential aeration cells between the pit
bottom and the pit walls.

(vi) acidification of the growing pits due to aluminum hydrolysis
reactions: Al3+ + 3H2O→ Al(OH)3+ 3H+P; The local pit
environment becomes depleted in oxygen (i.e., the cathodic
reactant), whilst enriched in Al3+ and Cl-. The latter electro-
migrates into the pit to maintain charge neutrality.

(vii) pit propagation under the acidic chloride environment in
the pits.

(viii) in the case of the substrate and the substrate/deposited
alloy interface, pit merging and evolution to crevice
corrosion (substrate) or IGC (substrate/coating interface).

(ix) in the case of the deposited layers, pit merging and
evolution to IGC. (The fine and relatively dense dispersion of
Al(Fe, Mn)Si particles, often including galvanic effect
enhancers, such as Cr and Ti, promotes IGC and a relatively
extensive surface material removal.) The dislodgement of
fine intermetallic particles causes a reduction of the
cathodic surface area-to-the anodic surface area ratio that
eventually hampers IGC. Corrosion further proceeds through
localized degradation of Al adjacent to the Al(Fe, Mn)Si
particles.

The delineated mechanism was shown to occur in previous
works, where Fe impurities in the form of Al-Fe-Si intermetallic
compounds are present in the Al-alloys in minor amounts or
traces50,83.

Fig. 9 Topography mapping results of the corroded sample. a High-resolution map of the transition between substrate and deposited
layers (left) and of two-layer interfaces; b, c Optical image with the positions of the topography measurements and topography mapping over
the whole length of the sample; d Three topography profiles extracted from the large area mapping.
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Based on the discussions above, the following can be deduced:

● WAAM combined with CMT process is able to deposit a multi-
layered Al5083-type alloy on an Al-6061 substrate.

● The substrate, substrate/deposited alloy interface, interlayer
boundaries and deposited layers interior presented a micro-
structure mostly consisting of Al(Fe, Mn)Si intermetallic
particles uniformly dispersed within an Al-Mg matrix. The
coarseness of the dispersed particles followed the sequence:
substrate > substrate/deposited alloy interface > interlayer
boundaries ≈ deposited layer interior. The fine particle size of
the dispersed phase in the deposited block is attributed to
higher Mn, Cr and lower Si contents as compared to the
substrate.

● The observed particles in the fusion line region affect the
mechanical properties of the material along the transverse
directions, namely y- and z- direction.

● The interlayer boundaries presented an increased concentra-
tion of Cr, Mn, and Mg relative to the interior of the deposited
layers.

● The main corrosion forms identified in the various zones of the
AM system are substrate: pitting and crevice corrosion,
substrate/deposited alloy interface: pitting, intergranular
corrosion, and stress corrosion cracking, overlayers (bound-
aries and interior): pitting and intergranular corrosion.

● After the deposition process, heat treatment of the material
has been performed. Despite the fact that the microstructure
becomes more homogenous, the corrosion tests results on the
as-deposited condition do not suggest any significant impact
on the corrosion performance since the main influential
microstructural features were identified as interlayer precipi-
tates.

● The corrosion degradation of the Al6061-T6 substrate was
mainly due to the presence of coarse Al(Fe, Mn)Si particles and

Fig. 10 XPS results from the corrode surface of the deposited layer. a XPS survey spectrum from a region covering parts of two beads; b Al
2p fitted with a single spin-orbit pair; c Mg KLL detail spectra, and d Optical image with the XPS mapping area marked (left) and quantitative
XPS maps of the detected elements.
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their directional alignment. The corrosion degradation of the
Al6061-T6 substrate/Al5083 deposited block interface was
mainly due to the presence of coarse Al(Fe, Mn)Si particles
forming a continuous intergranular network with Fe-rich
submicron precipitates and the exertion of residual stresses.

● The corrosion degradation of Al-5083 AM-deposited on
Al6061-T6 was mainly due to the presence of AlFeSi (usually
containing Mn, often Cr, occasionally Ti) precipitates that are
highly cathodic (especially the ones containing Cr and/or Ti) to
the Al-matrix.

● The interior of the deposited layers and the interlayer
boundaries exhibited similar polarization behavior (along x-z
and y-z planes), as well as similar microstructure and surface
chemistry after corrosion testing. The y-z and x-z planes of the
deposited block did not present significant differences in
terms of anodic polarization behavior. Differences were more
distinct in the case of the cathodic polarization curves. The
deposited block parallel to the x-z plane presented a
somewhat higher isotropy in the electrochemical performance
through its thickness than the deposited AM alloy parallel to
the y-z plane.

● Both the substrate and the substrate/deposited block inter-
face manifested an intensively localized behavior with deep
crevices (substrate) and deep intergranular cracks/pits. On the
other hand, the deposited layers and their boundaries
presented a greater removal of surface material (uniform as
a result of intergranular corrosion) but shallower pits and
absence of IG cracks.

● A more suitable substrate (possibly of the 5xxx group that
finds wide application in marine environments) could be
tested towards an improvement of the galvanic compatibility
between substrate and deposited alloy. This suggestion is also
supported by the fact that the microstructure of the substrate/
deposited alloy interface was governed by the microstructure
of the substrate. Besides, the substrate/deposited alloy inter-
face was the only zone that exhibited stress corrosion
cracking, suggesting the existence of residual stresses.

Future work
Based on the advanced characterization results, mechanical
response, and overall observations of the material performance,
it can be confidently claimed that the inhomogeneous and
uneven distribution of the precipitates is the governing phenom-
enon that explains the anisotropic properties and local corrosion
attacks. Precipitation mechanisms in aluminum alloys is a complex
and challenging aspect. One viable approach is to define the AM
processing window away from the precipitation range. In most of
the precipitation strengthened aluminum alloys, the temperature
range for evolution of precipitates is usually below 400 °C84. One
plausible hypothesis would be to hold the inter-pass temperature
above this threshold to avoid formation of the precipitates
between each two adjacent layers. Since the thermal conductivity
of aluminum is relatively high, achieving this level of control may
be quite challenging. On the other hand, precipitation is
phenomenon that is time, temperature, and transformation (TTT)
dependant. For instance, most of the rapidly solidified materials
do not show uneven distribution of particles or excessive
precipitation coarsening episodes in the matrix due to limited
diffusion range85,86. Therefore, increasing the cooling rate through
the precipitation window may prevent uneven distribution of the
particles. Therefore, in-depth thermodynamic analysis of the
material towards better understanding of the precipitation
phenomenon may yield in an AM processing window that can
potentially resolve the observed challenges.

METHODS
Materials and conditions
In this study, aluminum alloy AA5083 (Al5MgMn) was deposited on a
solution treated and aged Al AA6061 plate. The 5083 alloy is weldable and
tolerates thermal gradients that may occur in a processing step87. The 6061
alloy was chosen as a substrate, as it is among the most produced high-
strength aluminum alloys and it is easily available in the form of plates at a
reasonable price range. Our experimental planning required flexibility to
remove the substrate material Therefore, AA6061 was mainly chosen for its
availability and price rather than having a substrate with a composition
similar to that of the overlaid 5083 alloy. Table 1 shows the chemical
compositions of the relevant materials.

Deposition setup and parameters
The WAAM setup consists of an ABB IR2400 robot, carrying a cold metal
transfer deposition head connected to the Fronius TPSi-400 power
supply unit.
After a few trial-and-error sequences, the material was successfully

deposited at 177 A and 15.3 V of arc settings, wire feed rate of 8 m/min and
tool traveling speed of 6 mm/s.

Tensile property evaluation and microstructural inspection
Three sets of tensile specimens were prepared from the bulk of the
deposited material along the x, y, and z directions (c.f. Fig. 1). The samples
were tested in an Instron tensile machine using a conventional
extensometer.
For the microstructural investigations, the specimens were taken from

the y-z plane (width-height) and the x-y plane with reference to the
coordination system shown in Fig. 1.
For the scanning electron microscopy (SEM) inspection of the as-

received specimens, three microscopes were used: (a) Hitachi tabletop for
EDS mapping and microstructure observations, (b) FEI NOVA NANOSEM
650 ultrahigh vacuum field emission gun scanning electron microscope
equipped with an X-Max 50 EDS detector from Oxford Instruments and
“Aztec Feature” analysis software, which was used to investigate the
chemistry and distribution of the particles, and (c) JEOL JSM 6510 LV SEM
for microstructure observations under Backscattered Electron Composition
(BEC) mode.
In the “Aztec Feature” method, the SEM images are segmented

according to their grayscale value and used as a criterion for identifying
a particle in the matrix. Owing to the interaction volume of the electron
beam in the SEM, the images may reveal subsurface particles at a different
grayscale level and therefore, a threshold value was carefully selected to
mask the particles that were not exposed to the surface. The motivation
behind excluding subsurface particles was to increase the chemical
composition accuracy as subsurface particles show higher content of
aluminum. After successful thresholding and segmentation, the exposed
particles were identified, and an EDS spectrum was acquired in the
geometrical center of each particle. Thus, each spectrum was correlated to
a specific particle with reference to the global microscope stage
coordination.

Electrochemical testing
The specimens to be tested for corrosion were water jet-cut from the as-
fabricated block (c.f. Fig. 1b). Samples from the y-z and x-z surfaces were
extracted and tested. Four polished rectangular segments from the y-z
plane and four rectangular segments from the x-z plane, each of which
belonging to or centered around a different zone of the AM structure
(zone a: substrate, zone b: substrate/deposited alloy interface, zone c:
interlayer boundary, zone d: within an individual deposition layer). The
samples were peripherally mounted in epoxy, leaving an effective surface
area of 0.75 (0.3 × 2.5) cm2 for zones b, c and 0.84 (0.7 × 1.2) cm2 for zones

Table 1. Chemical composition of the alloys based on the supplier
certificate.

Element (wt%) Mg Mn Fe Zn Cu Si Cr Ti Others Al

AA5083 5.0 0.8 0.2 0.15 0.05 0.1 0.05 0.1 <0.15 Rest

AA6061 1.0 0.1 0.3 0.15 0.25 0.5 0.13 0.1 <0.15 Rest
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a, d to be exposed to the electrolyte. The samples were subjected to
potentiodynamic polarization testing in an aerated 3.5 wt.% NaCl aqueous
solution (pH: 7.2). The deposited beads at different distances from the
substrate (from the y-z and x-z planes) were also polarized to evaluate the
uniformity through the thickness of the deposited block. The samples were
electrically connected through spot welding to the Gill AC Weld
Potentiostat/Galvanostat. A standard three-electrode cell was employed
(reference electrode: Ag/AgCl/sat. KCl, counter electrode: Pt gauze).
Following the determination of the rest potential (1 h of immersion in
3.5 wt.% NaCl under open circuit), potentiodynamic polarization started in
the potential range of −100 to +1000mV versus the rest potential, at a
scan rate of 10mV/min.
The IR drop due to the electrolyte was expected to be quite small, since

the resistivity of 3.5 wt.% NaCl (measured at 25 °C by an electrical
conductivity meter) was quite low (0.019mΩ × cm). Nevertheless, com-
pensation for IR drop was automatically carried out on the potentiostat by
measuring the solution resistance between the working electrode and the
reference electrode with an AC signal and then adjusting the output
voltage (via the Ohms law) using a PID (proportional-integral-derivative)
control algorithm.
Besides anodic potentiodynamic polarization and microstructural

observations, the susceptibility of the alloys to various forms of localized
corrosion was investigated by cyclic (reverse) polarization. The funda-
mental concept of this technique is that localized corrosion would occur if
the current density of the reverse anodic portion of the polarization curve
is higher than the current density of the forward corrosion for the same
anodic potential67,88. This behavior is a direct consequence of the more
aggressive environment within the propagating pits67. Under such
conditions, the forward and reverse portions of the scan do not overlay.
The hysteresis caused by the current density difference between the
forward scan (lower current density) and reverse scan (higher current
density) at the same potential was designated as “negative hysteresis”
(Further information can be found in83).

Microstructural analysis of the corroded specimens
Cross-sections of the corroded surfaces were ground stepwise by 180, 320,
500, 800, and 1200 grade sandpapers, followed by stepwise polishing by
cloth with 6, 3, and 1 μm abrasive media. The prepared cross-sections were
examined by SEM-EDS under secondary electron (SE) mode at the JEOL
JSM 6510 LV scanning electron microscope equipped with an Oxford
Instruments X-Act EDS system.
Corroded surfaces were investigated by an XPS AxisUltraPDLDP XP

spectrometer from Kratos Analytical using monochromatic Al Kα radiation
(hν= 1486.6 eV). Survey spectra were acquired over a 700 × 300 µmP2P
area with 80 eV pass energy (1.1 eV resolution, as determined by the full
width at half maximum of the Ag 3dR5/2 of metallic silver). The XPS
mappings and the extracted detail spectra were acquired over an 800 ×
800 µmP2P area with 40 eV pass energy (0.8 eV resolution). Charge
compensation using low-energy electrons was applied during acquisition
in order to ensure good acquisition conditions. The energy scale was
referenced based on the position of the C 1 s peak from C-C/C-H bonds in
adventitious carbon, set to 284.8 eV binding energy (BE). Quantification
was based on the manufacturer’s relative sensitivity factors.
The topography of corroded surfaces was analyzed quantitatively with

white light interferometry (WLI) using a Veeco Wyko NT9800.
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