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Additive manufacturing opens new possibilities for designing light-weight structures using aluminium
alloys. The microstructure of two Al alloys and their corrosion resistance in NaCl and natural seawater
environments were investigated. The newly designed Al-Mn-Cr-Zr based alloy showed a higher
corrosion resistance than reference AlSi10Mg alloy in both environments in as printed and heat-
treated conditions. The corrosion initiated in the Al matrix along the precipitates in the alloys where the
Volta potential difference was found the highest. The coarser microstructure and precipitate
composition of the new Al-alloy led to the formation of a resistant passive film which extended the
passivity region of the Al-Mn-Cr-Zr alloy compared to the AlSi10Mg alloy. The effect of heat treatment
could be seen in the microstructure as more precipitates were found in between the melt pool
boundaries, which affected the corrosion initiation and slightly the pitting resistance. Overall, this
study shows that a newly designed Al-alloy for additive manufacturing has a suitable corrosion

resistance for applications in marine environments.

Additively Manufactured (AM) alloys represent a new frontier in materials
engineering, offering unprecedented design flexibility for customized
component production. This attribute empowers the creation of highly
tailored alloy components, introducing a new paradigm in materials design
and application. AlSi10Mg alloy was one of the first alloys to be additively
manufactured by Thijs et al." and has shown not only superior mechanical
properties” but also good corrosion resistance’ as compared to con-
ventionally cast Al-Si-Mg alloy. Often, the AM material exceeds the per-
formance of cast material counterparts’. The mechanical property
improvements stem from the significantly finer microstructure because of
AM powders in thin layers (typically 20-80 pm) being melted, remelted, and
cooled rapidly. The grain size of AM material is therefore considerably
smaller than cast materials and the alloying elements are evenly spread
throughout the AM material compared to cast materials* resulting in better
mechanical integrity. Furthermore, it exhibits enhanced corrosion
resistance® compared to cast Al-Si-Mg alloys due to reduced volta potential
differences (typically an indicator of corrosion driving force) of Si related to
Alin the AM material. Owing to its attainment of very good properties and

being the first AM aluminium alloy to be synthesized, AM AlSi10Mg is often
used as the benchmark alloy when investigating newer alloy compositions.

While the corrosion resistance of AM materials is higher than their cast
counterparts, additively manufactured AlSil0Mg is however not immune to
corrosion. This is primarily due to presence of fine Si particles in the
microstructure that demonstrate a cathodic behaviour relative to Al’. For
marine applications, a need exists to create even better corrosion resistant
alloys. Metastable Al alloys’ synthesis using non-equilibrium processing
techniques have opened pathways of designing alloys with even higher
corrosion resistance’, where such an improvement is observed to be due to
homogeneous distribution of alloying elements and formation of super-
saturated solid solution. Mn and Mg are the two most common alloying
elements for solid solution strengthening of Al alloys’. Mn has a lower
solubility in cast alloyed Al compared to Mg (about 2 wt. % Mn)® whereas in
AM alloys, the Mn content can be increased to 5 wt. %’. Mn in general
provides resistance to general corrosion both in solid solution or in the form
of precipitates (Al{Mn or Al;;Mn) as it possesses solution potentials which

are almost similar to the Al-solid solution matrix'*"".
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Other elements, such as Cr and Zr can also be added to improve the
material properties of the alloy. Cr has a low solubility in Al, thereforeis nota
common alloying element as intermetallic phases would form and decrease
the mechanical performance. There are however non-equilibrium alloying
techniques which can be used to implement Cr into the Al alloy to improve
the corrosion resistance. For example with ion implantation, Cr additions
increased the pitting potential of an Al alloy in a NaCl environment’. The
improved corrosion resistance was attributed to the presence of Cr in the
protective passive film. Zr is added to Al-alloys to form Al;Zr dispersoids for
increased recrystallization resistance'” and higher tensile strength'*'*. The
addition of Zr to a 1xxx alloy improved the corrosion resistance compared to
unalloyed with Zr in NaCl solution". The higher resistance was attributed to
the refinement and dispersing of other detrimental intermetallic particles
such as Al;Fe when Zr is present in the alloy. However, the selected heat-
treatment can impact the corrosion behaviour of Al-Mn-Si-Zn-Zr alloy as
the particle distribution is affected'®. Such heat treatments are beneficial for
strengthening but can be detrimental to corrosion response. The primary
cause is heterogeneity in the microstructures due to volta potential differ-
ences which has been studied extensively for wrought alloys while less
commonly for cast alloys. However, few studies have been done on
understanding the influence of microstructure on localized corrosion of AM
aluminium alloys AlSil0Mg’ and AA7075".

To cover this knowledge gap, the present work attempts to investigate
the influence of microstructure on the localized corrosion susceptibility.
This investigation looks at novel Al-Mn-Cr-Zr based alloys which were
developed previously by the authors’. The main aim of developing these
alloys was to provide high temperature stability combined with general
corrosion resistance (due to presence of Mn as main alloying element). The
alloys were designed to gain strength with help of precipitation hardening
using post AM process heat treatments. One of the Al-Mn-Cr-Zr alloys
(referred to hereon as “Alloy C”) is of interest to investigate the localised
corrosion behaviour, particularly its initiation and evolution as a function of
second phase particles in the microstructure. The alloys AlSi10Mg (used as a
benchmark), as printed Alloy C (referred to hereon as “Alloy C AP”) and
heat-treated Alloy C (referred hereon as “Alloy C HT”) were exposed to
immersion tests for short times of 15 min and 1 h to observe the initiation
and progression of corrosion damage. Furthermore, different micro-che-
mical, morphological and surface potential measurements were performed,
and quantitative data was statistically analysed to explain the corrosion
initiation behaviour. The corrosion resistance of a newly designed AM Al-
Mn-Cr-Zr based alloys was investigated in NaCl solution and natural sea-
water. Electrochemical and spectroscopy techniques in combination with
optical, scanning electron and surface potential microscopy were used to
assess corrosion behaviour of these new alloys in comparison to the AM
benchmark AlSil0Mg alloy.

Results and discussion

Microstructural analysis

Optical microscopy results (Fig. 1) show that even though a similar bulk
density (~99.8-99.9% relative density) is seen for both materials, a clear
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distinction was made in the border of the samples wherein AlSi10Mg samples
had lower number of pores as compared to alloy C. The reason for that is
explained by printing without contours in the case of alloy C. After printing
with contours, the pores were removed significantly. The images were mea-
sured using cut-section analysis in Image] software with a detection limit of
1 pm (assuming 6 pixels = 1 feature of 1 um), which was considered sufficient
for density estimation. The limitation of this technique is that it is a destructive
method for measuring density, unlike CT scan or Archimedes method.

Electron microscopy was conducted on all three sets of samples. As
shown in Fig. 2, AlSi10Mg shows a eutectic Al-Si rich solidification struc-
ture. Two different areas were studied, namely the melt pool boundaries in
the bulk and border of the sample (inset 1 and 2, respectively). The differ-
ence between the two is characterised by slight difference in the inter-
dendritic spacing between these eutectic structures suggesting a difference in
cooling rates during processing'®. The elemental composition as shown by
EDS maps conducted at inset 1 suggests clear Si segregation at the Al-Si
eutectics. The chemistry of the alloy (see Table 1) is seen to be similar to the
chemistry in Table 1. Figure 3 shows the microstructure of Alloy C in as-
printed condition. The alloy contains a dispersion of several nanometric
precipitates, mostly Mn rich. In the centre of melt pools, more rod-/needle-
shaped precipitates with sizes <100 nm in length were observed (Fig. 3 inset
2, they can also be seen in previous works'**’). At the melt pool boundaries
in the bulk and the border of the sample (inset 1 and 3 in Fig. 3), slightly
larger (200-400 nm) and relatively spherical in shape. These melt pool
boundary precipitates in the border of the sample are relatively larger in size
(~1-2 pm). EDS maps conducted at melt pool boundaries suggest enrich-
ment of Mn, Cr at the precipitates in the bulk whereas the ones at borders are
only rich in Mn. The chemistry of the alloy is seen to be slightly enriched in
Mn (5.8 wt% instead of 5 wt%) as compared to base composition of the alloy
(see Table 1). This suggests a slight segregation of Mn at these areas. Similar
results have been reported by the authors before'’. Finally, Fig. 4 shows the
microstructure of peak aged alloy C. As reported before®, the micro-
structure is enriched in very fine Al-(Mn,Cr) containing precipitates that are
formed upon direct ageing and are partly responsible for an increase in
hardness of the material. These precipitates have preferential growth at
grain boundaries followed by the matrix. The melt pool boundary pre-
cipitates look slightly larger in size, but mostly similar to as-printed con-
dition. Otherwise, similar observations to Fig. 3, with relatively larger
precipitates at the border were observed.

Particle size and Volta potential analysis

Electrochemical heterogeneities in the microstructure are the primary
causes of localized corrosion in aluminium alloys. These electrochemical
heterogeneities in the microstructure of different alloys were characterized
by scanning kelvin probe force microscopy (SKPFM) to obtain volta
potential maps as shown in Fig. 5. The Si particles in the AlSi10Mg alloy
were found to be relatively cathodic to the Al matrix as these particles show
higher volta potential (Fig. 5d) compared to the Al matrix they are present
in. Similarly, the volta potential map of Alloy C AP and Alloy C HT (Fig. 5e
and f, respectively) shows that the very fine sized Al-(Mn,Cr) precipitates
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Fig. 1 | Optical microscopy showing as-printed samples. Images from (a) Alloy C and (b) AlSi10Mg. The insets show border porosity in both samples marked with green

arrows.
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Fig. 2 | Electron microscopy for AlSi10Mg. Images
from the (a) bulk and (b) border of the sample. Inset
1 (orange) and 2 (gold) show high magnification
imaging of Al-Si eutectics at melt pool boundaries at
the bulk and border respectively. EDS Al, Si, Mg and
Fe maps conducted on inset 1.

demonstrate cathodic characteristics as they have a relatively higher volta
potential compared to the Al matrix. The volta potential difference between
the particles and the Al matrix is referred hereon simply as AV. The AV of 40
particles in each alloy was determined from the volta potential maps and the
statistics are presented in Fig. 5g. While all the particles in each three alloys
are observed to be cathodic, they have a range of values whose distribution is
shown though a box plot (showing the median, upper and lower quartiles
and minimum and maximum values) in Fig. 5. The spread in AV values is
due to the spread in particle sizes; size-volta potential relation was estab-
lished by Davoodi etal.” and has also been observed in AM AlSi10Mg alloy’.
Moreover, the distribution of AV was also observed to be region dependant.
A selection of regions from each alloy shown with white boxes on SKPFM
maps and the particles” AV distribution is summarized in Fig. 5g.

Susceptibility to localized corrosion is generally directly proportional to
the AV as has been demonstrated in various studies on different aluminium
alloys’. The median AV of Si particles in the melt pool boundary (MPB) at
0.23 V was higher than the median values of AV of Si particles outside the
MPB or in the bulk of the alloy at 0.18 V. Revilla et al. * also observed greater
AV values in the MPB regions (~0.22 V) as compared to other regions
(~0.1V) and the resulting localized corrosion was also greater along the
MPB. In comparison, fine Si particles in a cast Al-Si have a AV value 0.18 V**
and coarse Si particles have a AV value of 0.4 V*. In the case of Alloy C AP,
two different regions containing the fine precipitates are selected: MPB
containing the circular precipitates and the bulk of the alloy containing
needle-like precipitates. In this alloy, the precipitates within the MPB had
the lowest median AV, followed by CW and greatest values in the bulk
region. Comparatively, in the HT alloy C, particles within the MPB
boundary AV values are greater than in the bulk region.

Localized corrosion around cathodic intermetallic particles does not
only depend on the volta potential, but also the geometrical characteristics
such as particle size. The particle size distribution (effective diameter of a
particle calculated from the measured surface area of the particles) measured
using Image] on different microstructural regions (Fig. 6a), each with an
area of 373 um’ is shown in Fig. 6b. Other characteristics such as cumulative
number of particles, cumulative area of cathodes and length of the micro-
galvanic couple (MGC) interface are shown through bar plots in Fig. 6¢c—e,

Table 1| Summary of composition from EDS chemical analysis
in the bulk of the sample for the alloys studied

Alloy Al Mn Cr Zr Fe Si Mg
AISi10Mg Rem. - - - 0.3 10.7 0.3
Alloy C AP Rem. 5.8 0.8 0.8 0.3 0.1 -
Alloy C HT Rem. 6 0.7 0.6 0.3 0.2 -

respectively. The cumulative cathode area and the length of MGC interfaces
was greatest for Si particles in AlSi10Mg alloy although the total number of
cathodes is lower due to Si being a network and not discrete particles. Similar
cumulative cathode areas were observed for Alloy C AP and Alloy C HT,
however the number of particles in Alloy C HT was significantly higher.
This indicates that the particles in the Alloy C AP are greater in size than
particles in Alloy C HT as also shown in the PDF plot of Fig. 6b.

Corrosion initiation and evolution

To understand the initiation and evolution of localized corrosion, polished
samples were exposed for 15 minutes and 1 hour in 3.5% NaCl and then
examined under the SEM (Fig. 7). The exposed surface is parallel to the
building direction, similarly to the one examined by electron microscopy in
Figs. 2—4. The corrosion attack occurs primarily in the Al matrix regions
directly in the vicinity of a cathodic particles and is due to micro-galvanic
coupling. In the case of AlSil10Mg, the corrosion attack morphology follows
the eutectic Al-Si network, whereas for Alloy C distinct particle precipitates
exist, the morphology of corrosion attack follows the shape of the particles.
The likelihood of a circumferential pitting attack around particles in Alloy C
depends on the AV which, as shown by Dawoodi et al. 2l is related to the size
of the cathodic particle. Since Alloy C HT contains greater fraction of small
sized particles and because their AV is lower, lower likelihood of pitting
attack is observed on their microstructure even after 1 h immersion (Fig. 7a)
compared to counterpart microstructure of Alloy C AP.

AlSi10Mg alloy showed the greatest corrosion damage as the attack is
spread over an extensive area, following the morphology of the Al-Si eutectic
region. While the AV values for the Si particles were the lowest (Fig. 5), the
greatest intensity of initial attack is attributed to the much greater geome-
trical characteristics (Fig. 6). Since the total and cumulative cathodic area
length is the greatest, there is much higher susceptibility to corrosion attack.
The other two alloys Alloy C AP and Alloy C HT showed similar initial
localized corrosion values. Alloy C AP and HT have porosities and tenta-
tively coarser precipitates in melt pool boundaries and the outer layers (Fig.
1) and that is where the corrosion initiated. This indicates that the porosities
or coarser precipitates are possible corrosion initiators™. AlSil0Mg was
printed with a contour which reduced the porosities in the border of the
alloy considerably and the corrosion attacks were not as localised as in Alloy
C. Thus, the presence or not of a contour in the printing strategy seems to
primarily affect the initiation of corrosion.

It is however noteworthy that in Alloy C AP, the initial attack pre-
ferentially occurs over the rod-/needle- shaped precipitates, owing to them
having much greater AV values than the other precipitates. An inset in Alloy
C AP after 15 min exposure shows the higher magnification image of attack
around such particles. It is observed that the intensity of attacks is greater
around them as compared to fine round precipitates. In the case of Alloy C
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Fig. 3 | Electron microscopy for Alloy C as-printed condition. Images from the (a)
bulk and (b) border of the sample. Inset 1 (orange) and 2 (orange) show high
magnification image of microstructure at melt pool boundaries and centre of melt
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pool at bulk. Inset 3 (gold) shows high magnification imaging of microstructure at
melt pool boundaries at border of the sample. EDS Al, Mn, Cr and Fe maps con-
ducted on inset 1, 2. Sub-surface pores in border of the sample are marked in green.

Fig. 4 | Electron microscopy for Alloy C peak aged condition. Images from the (a)
bulk and (b) border of the sample. Inset 1 (orange) and 2 (gold) show high mag-
nification imaging of microstructure at melt pool boundaries at bulk and border

respectively. EDS Al, Mn, Cr and Fe maps conducted on inset 1, 2. Sub-surface pores
in border of the sample are marked in green.

HT, the particles in the MPB show greatest susceptibility to localized cor-
rosion attack and is due to them having a greater AV.

Prolonged exposure to 3.5% NaCl for 24 h was performed to evaluate
similarly the extent of corrosion damage and the results are presented in Fig.
8. The SEM microstructures in Fig. 8a show the morphology of corrosion
attacks. It can be seen that the localized corrosion that started due to micro-
galvanic coupling between Al-Si in the AlSil0Mg alloy has progressed into
more severe form as the corrosion products are observed to be formed over
most of the surface of the alloy. Comparatively, the micrographs of the
corroded surfaces of Alloy C AP and Alloy C HT do not show widespread
corrosion product spread but the localized damage is more intense than that

seen for shorter exposures (Fig. 7). The cumulative area of corrosion attack
was found greater for Alloy C AP compared to Alloy C HT.

So, while during the corrosion initiation, the AV provides the driving
force for localized corrosion, it is the particle density in the local region of the
microstructure that dictates how intense the corrosion attack is at longer
exposures.

Electrochemical investigation of corrosion resistance in NaCl
and natural seawater

Potentiodynamic polarisation (PD) measurements were carried out after 1
day of exposure to 3.5% NaCl and natural seawater (Fig. 9).
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Fig. 5 | Volta potential analysis. SEM micro-
structure of different regions in (a) AlSi10Mg (b)
Alloy C - AP (c) Alloy C - HT, (d-f) SKPFM maps
showing volta potential of the corresponding
regions (g) box and scatter plot showing the AV of
particles within the different white boxes indicated
in SKPFM maps.
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In the PD curves, at potentials more positive than the corrosion
potential E,,, all materials (except AlSi10Mg in seawater) have a passive
region until the critical pitting potential (E,;) is reached. AlSi10Mg in
seawater does not have a passive behaviour and is constantly active. Its
corrosion potential however is the highest of all materials. The passive

region for AlSi10Mg is much shorter compared to Alloy C. This means the
passive film formed on the surface of Alloy C is more stable and less active
than AlSi10Mg. The passive film of Alloy C is also more resistant to pitting
corrosion compared to AlSi10Mg, which can be seen from the higher pitting
potential.
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Fig. 6 | Particle geometrical characteristics obtained using ImageJ on SEM micrographs (373 pm?). (a) Cathodic particles in the three alloys (b) particle size distribution
and probability density function (PDF) (c) Number of cathodic particles (d) cumulative area of cathodic particles (e) cumulative length of MGC interfaces.

The corrosion potential E,,, corrosion current density i.o, passive
current density i,,s, and pitting potential E,,;; were extracted through Tafel
extrapolation and presented in Table 2.

Alloy C samples (AP and HT) have significantly lower corrosion and
passive current densities compared to AlSilOMg in both NaCl and seawater,
thus the corrosion resistance of Alloy C is considerably higher than
AlSi10Mg. However, the corrosion current density is higher in seawater
compared to NaCl. This can be explained by the difference in electrolyte
composition, i.e. natural seawater contains anions other than Cl such as
SO*", HCO’~ and Br . These anions are expected to play a larger role in the
breakdown of the passive layers” ™. The pitting potential of heat-treated
samples is slightly more negative (—0.1 V) in NaCl compared to the as-
printed condition, which could indicate the heat-treatment seem to slightly
decrease the corrosion resistance of Alloy C. This could be caused by the
presence of the grain-boundary precipitates that affects localized corrosion.

Electrochemical Impedance Spectroscopy (EIS) were carried out after 1
day of exposure to 3.5% NaCl and natural seawater. The Bode and Nyquist
plots of the recorded data is shown in Fig. 10.

The data was then fitted with an equivalent electronic circuit based on
the Randles circuit with a constant phase element. The results from the fit
are shown in Table 3.

In NaCl the total impedance at low frequency is very different for
AlSi10Mg compared to Alloy C, i.e. 3.7 kQ vs 272 kQ) for Alloy C AP and 446
kQ for Alloy C HT. The two order of magnitude difference could also be
seen in the corrosion current densities, confirming once again that the
surface of AlSi10Mg is considerably more active than Alloy C in NaCl. In
natural seawater the difference between the alloys is also seen but not as
pronounced, i.e., 13 kQ for AlSi10Mg, 56 kQ for Alloy C AP and 44 kQ for
Alloy C HT, in agreement with the corrosion current densities. In the
Nyquist plots, the larger semi-circles for Alloy C in both environments
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Fig. 7 | Corrosion initiation in NaCl. a SEM images

(a)

of exposed samples AlSi10Mg, Alloy C AP and Alloy
CHT after different immersion times of 15 min and
1hin 3.5% NaCl and (b) quantitative analysis of the
cumulative corroded area in each of the alloys’
microstructures.
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compared to AlSi10Mg is in line with the Bode total impedance trends, i.e.
that Alloy C has a higher corrosion resistance. The two orders of magnitude
difference in charge transfer resistance (R) from the fitted data for NaCl
samples is also in agreement with the corrosion current densities in Table 2
and the total impedances. In natural seawater, the charge transfer resistance
of Alloy C is higher than AlSi10Mg, but not as predominantly as in NaCl.
The capacitance values are lowest for Alloy C in both environments, which
indicates a denser passive film compared to AlSil0Mg. For the phase angle
values, in NaCl AISi10Mg seems to present one time constant, whereas Alloy
C presents a broader peak which could be an overlap of two time constants
contributions as it has been seen for AlSi10Mg. This would indicate a slow
diffusion process at lower frequencies was detected for Alloy C and not for
AlSi10Mg™. In seawater all three alloys present the broader peak as seen for
Alloy C in NaCl, which would indicate that the behaviour of AlSi10Mg is
different in seawater compared to NaCl. This difference in behaviour was
not seen for Alloy C. The maximum phase angle for Alloy C is shifted
towards higher frequencies compared to AlSil0Mg which indicates higher
passive film barrier properties and higher resistance”. Overall, the impe-
dance data is in agreement with the potentiodynamic polarisation curve
data that the corrosion resistance of Alloy Cis higher than AlSi10Mg in both
NaCl and seawater. The overall higher corrosion resistance of Alloy C is
attributed to the formation of a protective passive film with high resistance at
OCP (Fig. 10) and also at higher potential as the critical pitting potential is
high (Fig. 9 and Table 2). The coarser microstructure with larger precipitates
of Alloy C seems to favour the formation of the passive layer compared to
the finer eutectic structure of AISil10Mg.

Passivity is broken down over heterogeneous phases and since
AlSi10Mg has the greatest area fraction of cathodic Si phase as compared to

area fraction of cathodic phases in both as printed and heat-treated Alloy C
(Fig. 6¢) the AlSil10Mg also has the least corrosion resistance. Lowest pas-
sivity is also reflected in the extensive corrosion initiation damage (Fig. 7a)
even at very short immersion times. The corrosion damage to the Al in the
Al-Si eutectic extended over a large area as compared to much more loca-
lized corrosion damage initiation around fine and coarse precipitates in
Alloy C (Fig. 7a). This is reflected also in the quantitative analysis shown in
Fig. 7b where the total initial corroded area was also very high for AISi10Mg
alloy compared to as printed and heat-treated Alloy C. The passivity of
AlSi10Mg surface was poor after 24 h exposure, majority of the surface was
covered with corrosion products. Relatively, alloy C showed higher corro-
sion resistance because the corrosion was localized over and around pre-
cipitates. Heat treated Alloy C shows better corrosion resistance than as
printed Alloy C due to dispersion of Zr and Cr containing precipitates into
much finer features, which has been observed and reported in studies of Jia
etal. * and Kim et al.”.

In summary, two Al alloys have been additively manufactured by laser
powder bed fusion, their microstructure analysed and their corrosion
resistance in NaCl and natural seawater have been evaluated. The micro-
structure of the AlSil0Mg presents a fine eutectic Si network, whereas Alloy
C has Mn enriched nano precipitates mainly concentrated in the melt pool
boundaries. After heat treatment precipitates in between the melt pools had
grown slightly combined with a global formation of fine Mn rich precipitates
in the matrix. In AlSi10Mg the corrosion initiated in the eutectic Al-Si
regions, in Alloy C more localized attack around the particles in the melt
pool boundaries were observed.

The corrosion resistance in NaCl and natural seawater environments
was investigated. Alloy C showed a higher corrosion resistance than
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Fig. 8 | Corrosion evolution after 24 hours of exposure. a SEM micrographs of corroded samples of the three different alloys after 24 h immersion exposure, b cumulative
corroded area measured using Image] analysis of micrographs in (a); ¢ Cumulative number of corrosion attacks.

reference AlSil0Mg in both environments in as-printed and heat treated
condition. The corrosion current densities and total impedance values were
one to two orders of magnitude higher for Alloy C compared to AlSi10Mg.
The corrosion initiated in the Al matrix along the precipitates in the alloys
where the Volta potential difference was found the highest. The cumulative
cathode area in AlSil0Mg was almost double compared to Alloy C which
explains to higher susceptibility to corrosion of AlSi10Mg compared to the
newly designed Al-Mn-Cr-Zr alloy.

Methods

Raw material

Pre-alloyed Al-Mn-Cr-Zr powder manufactured using nitrogen gas ato-
mization process was provided by Hogands AB, Sweden. Standard
AlSi10Mg powder was sourced from EOS GmbH, Germany. The alloy
chemistry and powder size distribution are provided in Table 4.

Manufacturing methods and post processing heat treatments
All the materials were processed using powder bed fusion-laser beam (PBF-
LB) process in an EOS M290 machine with a Yb-fiber laser of 400 W (370 W
nominal) power. [8] Laser power (370 W), laser speed (1300 mm/s), hatch
distance (0.13 mm), scan rotation (67° between each layer), and layer
thickness (0.03 mm) were employed to produce fully dense samples
(>99.7% relative density). Some of the samples were heat treated based on
previous knowledge of optimised heat treatments or heat treatments sug-
gested by machine manufacturer’”. The heat treatments were conducted in
a pre-heated resistance furnace with a secondary thermocouple to verify the
temperature close to the sample and keep a temperature control of +2 °C.
Samples were printed in 105x10x12 mm. Table 5 Summarizes the printing
parameters used and heat treatments applied on the samples.

Structural and chemical characterisation

For microstructure analysis, samples were cut close to the centre of XZ plane
(along building direction) a few mm from the edge followed by mounting
the samples in an epoxy-based conductive thermoset resin. The samples
were coarse grinded and polished up to 1 pm grit size followed by a final OP-
S silica-based polish for electron microscopy. The samples were prepared
using a Struers Tegra Pol 31 machine. Light optical microscopy was con-
ducted using a ZEISS Axioscope 7 machine with an automated scale
enabling the stitching of larger cross sections (10-20 mm?®) at 10X optical
zoom for each image, providing 0.4 um/pixel accuracy. Electron microscopy
was done using a Zeiss Gemini 450 SEM equipped with a field emission gun
source containing a size channel back scatter detector. The SEM is fitted with
an Oxford Instruments ULTIM MAX Energy Dispersive X-ray Spectro-
scopy (EDS) detector, which enabled elemental mapping of microstructure
at sub-micron resolutions. Acceleration voltage of 5 kV with probe current
of 1 nA was used.

Electrochemical heterogeneity in the microstructures of the three dif-
ferent alloys was characterized using a Park Systems NX10 Scanning Kelvin
Probe Force Microscope (SKPEM) in the Electric Force Microscopy (EFM)
mode. An ElectriMulti75-G EFM probe was used that had a tip diameter
<25nm and a resonant frequency of 75kHz. The set point of the mea-
surement was 2 nm and the tip was biased at 5V for the measurement.

Samples for exposure to NaCl followed by SEM analysis were prepared
in the same manner as above. The analysis was carried out with a Zeiss
Gemini 300 SEM equipped with an Oxford X-Max" EDS detector. Accel-
eration voltage was 10 kV.

Microstructure and corrosion damage quantification was per-
formed with Image]. Due to the microstructure being complex, two
plugins were adopted. Firstly, Trainable Weka Segmentation plugin was
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Fig. 9 | Potentiodynamic polarisation curves
recorded after 1 day of exposure. (a) 3.5% NaCl at
room temperature and (b) natural seawater, scan
rate 1 mV/s.
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Table 2| Corrosion potential (E.or), corrosion current density (icorr), Passive current density (i,ass) and pitting potential (Epi)

extracted from polarisation curves in Fig. 9

Environment Ecorr (V) icorr (MA.cm™) ipass (MA.cm™) Epit (V)
AISi10Mg NaCl —0.73+0.01 2.95+0.54 22.04 +9.17 —0.61+£0.00
Seawater —0.60+0.03 2.07+0.29 - -
Alloy C-AP NaCl —0.71+£0.09 0.036 +0.01 1.60+0.39 —0.36+0.10
Seawater —0.98 +0.01 0.31+0.03 7.53+0.08 —0.38 £ 0.02
Alloy C-HT NaCl —0.82 +£0.05 0.035+0.02 1.39+0.14 —0.48 +0.06
Seawater —0.91+£0.01 0.34 +£0.09 4.25+2.1 —-0.32+0.15
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after 24 hours exposure.

Table 3 | EIS parameters extracted from the fitting of the Nyquist plots at high frequencies

R; (Q.cm? Yo (Q'.cm?) n Rt (Q.cm?) Chi-square
AISi10Mg NaCl 22.0+5.1 3.4x10°+1.8x10°° 0.89 +0.01 3.2x10°+£1.9 x 10 57x107°
Seawater 19.8+5.7 1.6x10°+1.6x1077 0.94 +0.01 1.1x10°+1.3x 10° 3.6x107°
Alloy C - AP NaCl 17.5+6.0 6.8x10°+6.9x10°® 0.91 +0.01 25x10°+£2.6 x 10* 1.8x10*
Seawater 20.6+1.6 1.7x10°+1.6x107° 0.92 +0.01 7.5x10*+1.3 x 10* 6.8 x10°
Alloy C-HT NaCl 10.8+0.3 7.6x10°+3.9x 1077 0.92 +0.01 1.3x10°+5.2 x 10* 4.8x10*
Seawater 20.3+9.7 1.8x10°+1.5x10°° 0.91+0.01 1.3x10°+9.2x10° 21x107°
The equivalent electronic circuit used is a Randles circuit with a CPE instead of a capacitor.
Table 4 | Alloy composition and size distribution for alloys measured using laser diffraction
Alloy Alloy composition (based on ICP-OES) D50 (um) D90 (um)
Alloy C Al5.0Mn 0.8 Cr0.6 Zr 0.17 Fe 0.24 Si 47
AISi10Mg Al'9.8 Si 0.33 Mg 0.15 Fe 79
Chemical compositions are in wt%, measured using ICP-OES technique. Fe, Si are considered impurities from the atomization process.
npj Materials Degradation | (2024)8:46 10
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Table 5 | Printing parameters for manufacturing samples and
post processing heat treatments applied on samples

Alloy Heat treatment Build plate pre- Contour
heating parameters
Alloy C AP As-printed (no heat 150 °C No contours
treatment)
Alloy CHT 350 °C 24 hours 150 °C No contours
AISi10Mg 250 °C 2 hours (stress 35 °C 320 W, 560 mm/s
relief)

used to train specific features from user input. It used a combination of
machine learning algorithms with a set selected features described by the
user to return pixel-based segmentations. The high contrast phase seg-
mented image was then run through another plugin “SEM Particle
Segmentation (beta)” developed by Ritehle et al.” for getting quantitative
phase data like size of the feature.

Electrochemical measurements

To investigate the corrosion properties of the alloys, small coupons were cut
from a larger printed parts and mounted in epoxy so that a 1.3 cm” area
parallel to the build direction (XY) was exposed. A Cu wire was attached to
the backside of the coupons to ensure electric contact. Samples were then
ground with SiC paper down to P4000 grade.

Samples were then immersed in a model electrolyte of 3.5% NaCl
(without pH adjustments) and in natural seawater. The seawater was taken
at Kristineberg Center for Marine Research and Innovation. The average pH
of the seawater was 7.86, and salinity of 31.91 psu.

After 24 hours of exposure electrochemical measurements were carried
out. A PARSTAT 3000A-DX and a Gamry ECM8 Multiplexer potentiostat
were used for the measurements. A three-electrode set-up was used where
the working electrode was the alloy, an Ag/AgCl saturated with KCl
(E=0.197 V vs SHE) was used as reference electrode, and a Pt wire or a
graphite rod as the counter electrode. The open circuit potential (OCP) was
first measured for 1 hour. Potentiodynamic polarisation (PD) was carried
out from —0.25 V vs OCP to 0 V vs Ag/AgCl with a scan rate of 1 mV/s. The
Tafel module in the software VersaStudio was used to calculate the Tafel
slopes and determine the corrosion current density I..,,. The extrapolation
was carried out 0.1 V away from E,,,. All measurements were repeated for
duplicate samples. Electrochemical Impedance Spectroscopy (EIS) was
recorded in the same set-up as the potentiodynamic polarisation. An AC
signal with an amplitude of £10 mV vs OCP was applied within a frequency
range from 100kHz to 10 mHz. The data was analysed and fitted to
equivalent electronic circuits using the software ZSimpWin 3.60. Due to the
noise in the measurements for the low frequencies, the data fitting was
carried out only in the range of 100 kHz-100 mHz. The circuits consist of
different components: resistors and constant phase elements (CPE). The
CPE is used to model a non-ideal capacitor and considers the heterogeneity
at the thin film surface. Its impedance can be written as Zcpg = 1/[Yo(jw)"],
where Zcpg is the impedance for the CPE, Y, the modulus, j the complex
number, w the angular frequency and n the correction factor (n = 1 when the
capacitor isideal and 0.5 < n < 1 when it is non-ideal). Ryand R, are resistors
which models the resistance of the solution and the charge transfer resis-
tance, respectively.

Data availability

Available from the corresponding author upon reasonable request.
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