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Abstract:

Additively manufactured (AM) structures provide significant advantages in terms of lightweight engineering potentials,
using methods like topology optimization or the integration of lattice structures. Applications in automotive, aerospace
and space therefore require high-strength aluminum alloys, for which structural 2xxx, 5xxx, 6xxx or 7xxx alloys are ap-
plied. Scalmalloy is a newer Sc- and Zr- modified hardenable high-strength Al-Mg alloy, offering very good mechanical
properties. However, from an industrial perspective not only the mechanical properties are of importance, since struc-
tural parts are also exposed to chloride environmental conditions, leading to corrosion effects. It is therefore mandatory
to characterize the corrosion behavior. In this respect the corrosion behavior of additively processed Al-alloys have so
far mostly been characterized for AlSi10Mg alloys using electrochemical potential analysis methods, while the experi-
mental testing of stress corrosion properties has not been reported. The study analyzed the stress corrosion cracking
susceptibility of a Al-Mg-Sc-Zr alloy processed by Selective Laser Melting. The results indicate that the AM-processed Al-
Mg-Sc-Zr alloy shows at least moderate stress corrosion resistance according to the ECSS-standard, even though the mi-
crostructural situation in such welded materials is different to conventionally processed materials.
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1. Introduction

Additive manufacturing (AM) technologies and specifically the Laser Powder Bed Fusion (LPBF-) process (more com-
monly known as the Selective Laser Melting, SLM) is gaining interest for structural applications in various industrial
sectors, including automotive, aerospace and space. In this process, a thin powder layer is selectively scanned by a high-
power laser beam, to locally melt and consolidate the powder material in the regions where a part is built. Various al-
loys can be processed achieving very good properties, such as almost 100% density associated with very good mechani-
cal properties. An overview on typical materials is given by Frazier [11] and Kok et al. [19]. This layer-by-layer manufac-
turing process enables the manufacture of very complex geometries, such as topology optimized structures, lightweight
parts with integrated lattice structures and/or with increased functional integration. In this respect, Mouriaux and
Berkau [27] demonstrated the manufacture of a topology optimized aluminium antenna bracket for satellite applica-
tions, achieving a significant weight reduction of 40% compared to a traditional design, together with an increased stiff-
ness by 30%.

Aluminium alloys are of special interest for lightweight applications. Currently, 4xxx alloys are the most often processed
alloys due to their near eutectic composition, and specifically the properties of the LPBF-processed hardenable variant
AlSi10Mg have been investigated in detail [3, 6, 9, 43-45]. However, there is a significant need for Al-alloys better suita-
ble for structural applications, for which 2xxx, 5xxx, 6xxx and 7xxx high-strength alloys can be potential candidates,
even though these alloys are known to be difficult to be processed due to their solidification cracking susceptibility [1].
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There is therefore an increasing trend for the development of alloy formulations specifically designed for the LPBF-
process, to achieve optimal processing conditions and material properties. A review on such alloy developments is given
by Aversa et al. [1]. One promising alternative to casting alloys is the Scalmalloy material, being a Sc- an Zr-modified Al-
Mg alloy, which offers Sc-based precipitation hardening capabilities leading to very good mechanical properties. Spier-
ings et al. [37] report yield strength > 480MPa and ultimate strength > 520MPa in the heat treated condition, while
Schmidke et al. [33] report even slightly higher values. Therefore, such an alloy is especially suitable for structural appli-
cations in space and aerospace [33]. The alloy furthermore displays an advantageous microstructure. Spierings et al.
[36] and other researchers [2] investigated microstructrual features and formation principles and found a bi-modal mi-
crostructure with an extremly very fine grained region with sub-micron sized equiaxed grains next to slightly larger
columnar grains. This supports the reduction of anisotropic mechanical properties, which is typical for most other AM-
processed materials, as shown exemplarily by Merten et al. [26], Hitzler et al. [15, 16] and Tang et al. [43].

However, from an industrial perspective, next to attractive mechanical properties the corrosion behavior of materials is
of outmost importance, since structural parts in aerospace, space and automotive are also exposed to demanding envi-
ronmental conditions. In this respect, the corrosion behavior of wrought or cast Al-alloys is widely documented. Gahli
[12] summarizes that the passivity of aluminium depends on the protective oxide film, having a thickness of only a few
nanometers at room temperature. According to the Pourbaix diagram, this amorphous passive film is only produced in a
pH range between 4 and 9. On the other hand, the corrosion behavior of AM-processed alloys is only very rarely investi-
gated, while differences to their conventionally processed counterparts can be expected due to significant microstruc-
tural differences. Sander et al. [32] summarized potential effects of AM process variables and their influence on the cor-
rosion susceptibility for a number of alloys. It becomes clear that the refined microstructure of AM-processed materials
as a result of the very high cooling rates during processing leads to a heavily increased density of grain boundaries.
Since Gahli [12] reports that stress corrosion cracking (SCC) in aluminium alloys is typically characterized by intergran-
ular corrosion, SCC could be promoted in such alloys. On the other hand, the complex processing conditions during LPBF
are characterized by rapid solidification, partial re-melting, and a cyclic heat treatment, which can lead to different pre-
cipitation behavior, and related phases. Therefore, the types of phases, their sizes and volumetric densities could also
affect the local corrosion behavior, as they act based on their electrochemical potentials with respect to the Al matrix.

The corrosion behavior of LPBF-processed Al-alloys is only rarely investigated. While Sander et al. [32] reviewed in total
8 publications mostly on AlSi10Mg, a summary for the general discussion is given here. Gharbi et al. [13] investigated
the electrochemical potentials of an as-processed LPBF-AA2024 alloy, and reported a distinct shift in the pitting poteni-
al, which was attributed to the absence of the S-phase, while only minimal changes in the cathodic polarisation response
were observed. In addition dissolution profiles measured in 0.01M NaCl revealed that the Al corrosion rate for the addi-
tively processed alloy was about 5 times lower than the T3-heat treated conventional counterpart, as a result of the for-
mation of a thicker Al-oxide film. They concluded that the AM-processed material displayed an improved corrosion re-
sistance, even though further work will be necessary to better understand AM-processed Al-alloy dissolution behavior.
Cabrini et al. [5] investigated the corrosion behavior of as-processed AlSi10Mg in an aerated diluted Harrison solution
using potentiodynamic testing and electrochemical impedance spectroscopy, and characterized the behavior for differ-
ent build orientations, and polished and blasted surface finishs. They found preferential dissolution of -Al at the melt-
pool border where grain sizes are known to be very small [25, 45, 46], and where grains are decorated by Si particles.
This higher Si concentration gives rise to higher corrosion rates in these areas. The result was confirmed by Revilla et al.
[28], who related the corrosion rates with the cellular grain size and the potential differences between -Al and Si. Fur-
thermore, a slight dependency on sample orientation was found by Cabrini et al. [5], with higher corrosion rates at sur-
faces parallel to the build direction, which was also attributed to the high density of melt-pool borders with a corre-
spondingly fine grained microstructure. Polished surfaces displayed a better corrosion resistance, however, shot peened
surfaces display some lower residual porosities, which themselves are preferential sites for local corrosion. Hence, the
local corrosion current density and pitting potential depends on the numbers and dimensions of these surface-open po-
rosities. Leon et al. [22] also investigated the effect of the surface roughness on the corrosion resistance under LCF con-
ditions in a 3.5% NaCl solution. They reported that the as-processed rough surfaces result in lower corrosion resistance
compared to polished samples, and explained this by the relatively large amount of cavities and other process-related
surface defects, which is basically in-line with the finding of Cabrini et al. [5]. The effect of a heat treatment on AlSi10Mg
was investigated by Cabrini et al. [4], where they found that a low temperature stress relieve did not reduce the suscep-
tibility to penetrating selective attack. However, a high temperature heat treatment, which leads to the precipitation of
larger Si-particles with a correspondingly higher electrochemical potential led to localized corrosion, but without any
penetrating selective attack.

Since this paper deals with the corrosion resistance of Sc- and Zr- containing Al-Mg alloys, some reference to the proper-
ties of these alloys are made. Rgyset and Ryum [31] reviewed the effects of Sc and summarize that it seems that Sc
slightly increases the corrosion potential of an Al-alloy, and makes it therefore somewhat more noble. An effect that
takes place especially at hypereutectic compositions when primary or eutectic Al3Sc-precipitates contribute to the po-
tential, and therefore also the heat treatment can affect the corrosion potential. While the corrosion potential is not de-
scriptive for the self-corrosion resistance of an alloy, it seems that when Sc is added to wrought Al-alloys, the corrosion
resistance is considerably improved. Rgyset states that Al-Mg-Sc alloys were highly resistant to SCC, even though other
references refer to the fact that mircogalvanic corrosion next to Al3Sc particles may take place. Li et al. [24] analysed the
stress corrosion susceptibility of cast, heat treated Al-Zn-Mg alloys that were modified with Sc concentrations of 0.06
wt% and 0.11 wt%.
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They found that the grain boundary Al3Sc-precipitates help to minimize recrystallization, which improves stress corro-
sion resistance, as also stated by Rgyset. However, the effect of grain boundary precipitates on corrosion resistance was
mainly active at the low Sc-concentration, while at the higher concentration the effect was superimposed by the higher
electrochemical activity of precipitates, which then led to an increase in SCC susceptibility.

There is only few literatures available on the corrosion behavior of LPBF-processed Sc- and Zr- modified Al-Mg alloys. Li
et al. [23] studied the electrochemical corrosion behavior of a LPBF-processed Sc and Zr modified Al-6.2 Mg alloy in a
3.5% NaCl solution using potentiodynamic polarization. They report higher corrosion resistance for higher laser energy
densities, potentially due to reduced residual material defects. Furthermore, the absence of anodic and cathodic active
surface reduced the susceptibility to corrosion, while also the rapid solidification, which prevents Al3Sc dissolution, re-
sulted in higher corrosion resistance. They conclude that the electrochemical corrosion properties of the LPBF alloy var-
iant are even better compared to the cast counterpart. Recently, Gu et al. [14] published their results of electrochemcial
and microstructural analysis of a similar LPBF-processed Al-4.2Mg-0.4Sc-0.2Zr alloy. They performed electrochemical
studies on its corrosion behavour in a 3.5% NaCl solution, and with a special focus on the effect of the different micro-
structures given in the xy-build plane, and the xz-plane parallel to the build direction using polished surfaces. The re-
sults indicated that the xy-plane exhibits a better corrosion resistance compared to the xz-plane, for which factors such
as precipitations, different grain size distributions, grain misorientation angles and crystallographic orientations were
considered. They found that the xy-planes possess higher electrochemical potentials, lower corrosion current densities
and higher polarization resistance values compared to the xz-planes. Hence, xy-planes display somewhat better corro-
sion resistance for pitting initiation. The passive behavior is confirmed for both plane orientations, mainly A1203 and Al
(OH)3. Polarization tests revealed wide and shallow pits formed on the xy-plane, while on the xz-plance less but deeper
pits were generated. They discussed a mechanism for this anisotropic corrosion behavior, where at an early stage a pas-
sive film is generated. Once it is broken down Al3(Sc, Zr) precipitates act as local cathodes and promote the propagation
of pits. It is therefore reasonable to expect some anisotropic corrosion behavior as the precipiation density and grain
sizes, and by that also the grain boundary densities, respectively, are different for the two plane orientations.

It can be concluded that the Sc-concentration in Al-Mg alloys, and the heat treatment procedures and microstructural
conditions severly affect the corrosion resistance, for which there are no general rules. It is therefore mandatory to ex-
perimentally assess the corrosion behavior of an alloy. So far no assessment of the stress corrosion cracking behavior of
LPBF-processed Sc-modified Al-Mg alloy has been reported, even though differences to conventionally processed mate-
rials can be expected as the LPBF -process specific material properties may affect the SCC resistance.

1.1 Stress corrosion cracking in 5xxx Al-alloys

Stress corrosion cracking (SCC) in Al-alloys depends on various factors, including the matrix alloy composition and the
corresponding volatilization of alloying elements including solute hydrogen, micro-segregation effects from processing
sequences, the precipitation of phases and their corrosion potential to the matrix, the microstructure and grain sizes
(and by this also recrystallization effects), and finally the corrosive environment where a part is used in and where espe-
cially chloride ions from salty environments are drivers for corrosion.

According to Korb and Olson [21] cast 5xxx alloys have a high corrosion resistance, especially if the Mg content is < 3
wt%, and when it remains in solid solution, or is finely distributed in form of AI8Mg5 precipitates throughout the ma-
trix. However, for higher content and if these anodic precipitates are intergranular sitting at grain boundaries, alloys
may be more susceptible to exfoliation or stress corrosion cracking, as in aluminum the SCC-paths are intergranular,
hence follow the grain boundaries [41]. As a consequence, for such age hardenable alloys, the heat treatment and pre-
cipitation of intermetallic phases typically increases SCC susceptibility.

Since in LPBF-processed materials residual material defects such as pores and small cracks are evident, these sites could
in combination with an external load act as SCC initiation sites, and further increase the SCC sensitivity. Furthermore,
the cyclic heat treatment during LPBF-processing and any post-process heat treatment could lead to unfavourable pre-
cipitation of intermetallic phases that also could affect SCC susceptibility. Finally, the tendency for non-equiaxed
(columnar) grain formation in AM-processed materials could result in an anisotropic SCC sensitivity. This grain size de-
pendency is also known for wrought aluminum as reported by Gahli [12] and is a result of the different number of
stressed grain boundaries.

This paper experimentally investigates the SCC sensitivity of a LPBF-processed Sc- and Zr- modified Al-Mg alloy, known
as Scalmalloy, and discusses the corrosion effects. It provides valuable data for the industrial use of LPBF-processed Sc-
and Zr- modified Al-Mg alloys.

2. Methods and Materials
2.1 SCC sample production

To manufacture stress corrosion cracking samples by LPBF, Scalmalloy powder material with nominal composition of
Al4.6Mg 0.66S5c 0.42Zr 0.49Mn (numbers in wt-%) was used in a ConceptLaser M2 machine equipped with a 200 W fibre
laser. A layer thickness t = 30 m and a laser power P = 200 W was used, with a hatch spacing d = 135 m and a scan speed
vs = 300 mms-1. The standard ConceptLaser chess-board like scanning strategy was used with an island size of 5 mm x 5
mm, being rotated by 90° from layer to layer, and moved in x- and y-direction by 1mm. The processing parameters re-
sult in a volumetric energy density EV = 135 Jmm-3 according to equation 1.
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The development of this processing window is discussed in more detail in Spierings et al. [34]. Cube samples, produced
together with the SSC samples, achieved a mean density of 99.4 + 0.1% displaying a typical LPBF-processed material
density.

Tensile samples according to DIN 50°125-B6x30 with a length of 60mm were used for Stress Corrosion Cracking experi-
ments. This geometry is different to the specimen suggested by the ECSS standard [10], which represents the testing
reference. However, the standard allows different sample geometries if the gauge length is at least 10mm, which is ful-
filled by the samples used. This change of sample geometry was due to the very long standard ECSS specimen (170 mm
or 180 mm), which would require a huge amount of powder material. Hence, to optimize manufacturing costs, the small-
er DIN-samples were chosen.

Cylindrical raw samples were manufactured in a horizontal and vertical build orientation, to account for the different
microstructural grain orientations in the weld line with respect to the load direction during SCC testing. These samples
were subsequently turned to the final geometry (Figure 1, left) achieving a surface quality of at least N6 (Ra=0.8 m). The
influence of the as-built surface quality was assessed by the manufacture of vertical samples having the correct sample
geometry, and where only the threads were made conventionally (Figure 1, right). The as-built surfaces were finally
blasted using an IEPCO MicroPeen blasting device using steel particles (SR0.2B) for a first blasting operation followed
by a finishing blasting with ZrO2 powder to further smoothen the surface.

-*.ih#:?&}&‘;&‘.’&?i#‘.&yzz-.. ML

AR

Figure 1: SCC tensile samples. Left: Turned. Right: As-built and blasted surface quality.

SCC samples were measured in the as-built condition, hence without a post-process heat treatment, and in a HIPed and
heat treated condition (> 1’000 bar @ 325°C / 4h). For each configuration (build orientation and condition) 3 specimens
were prepared. The final sample finishing preparation conducted before the SCC test procedure (chapter 2.2) included a
degreasing step, followed by a chemical etching procedure according to DIN-17°611 [8]. It was an etching in NaOH solu-
tion at a temperature between 50°C and 65°C for about 10min. The samples were then washed in water, followed by a
cleaning step with nitric acid. This etching procedure leads to a small material removal between 5 m to 10 m.

2.2 SCC testing

Testing for stress corrosion cracking susceptibility was performed according to the procedure and requirements of the
European Cooperation for Space Standardization ECSS, referred to the ECSS-Q-ST-70-37C standard [10]. The standard
covers constant-load stress-corrosion testing also for welded Al-materials. The test uses stressed and unstressed control
specimens, where the stressed samples were loaded to 75% proof stress referring to Spierings et al. [37, 38]. The sam-
ples were exposed to a 3.5% sodium chloride solution at a pH value between 6.4 and 7.2, and for a duration of 30 days.
The environmental conditions during the immersion were a temperature of 24°C + 1°C at 45% * 10% relative humidity.

2.3 Assessment of stress-corrosion susceptibility

According to ECSS-Q-ST-70-37C standard [10] the susceptibility to stress corrosion is assessed based on the comparison
of tensile strength between stressed and unstressed control samples. Tensile testing was performed on a Walter&Bai
hydraulic tensile testing machine LFV-25. A clip-on axial extensometer MFA 25 was used having a gauge length of 25
mm. Testing was performed in accordance with EN-10002 / [SO-6892 [18]. From the measured “engineering” stress-
strain curves (, ) gained from quasi-static tensile testing, the true (index ‘T") stress-strain curves and true ultimate
strength (Rm,T) is calculated for the plastic region according to Hosford [17], following equation 2, with the elongation
from the stress-strain curve.

Rpr =Ry - (14¢) (2)
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The susceptibility is assessed by comparing tensile strengths Rm,T of stressed and unstressed specimens, and by metal-
lographic examination of micrographs. The micrographs were taken from embedded and polished cross-sections taken
in the transversal and longitudinal direction of the tensile samples. A Zeiss Axioskop 2MAT microscope was used to cap-
ture images at 50x magnification. Following to the ECSS standard, the following classification for stress-corrosion re-
sistance is used:

Table 1: SCC resistance classification according to ECSS-Q-ST-70-37C [10]

Resistance to SCC Class 1 - high Class 2 — moderate Class 3 — low
Fractures during Any of the three stress-
None out of three samples
30 days exposure corrosion specimens fails
Rm,stressed /
Rm,unstressed 20.9 <0.9

metallographic | no evidence of evidence of stress-corrosion in any of shows evidence of stress-
examination | stress-corrosion | the three stress-corrosion specimens corrosion

2.4 SEM and EDX analysis

The Zeiss Leo 1455 VP scanning electron microscope (SEM) equipped with a Bruker Roentec Quantax Q400 EDX detec-
tor served to image the corroded surface of the tensile testing specimens. The pictures and analysis were done with an
acceleration voltage of 20kV in high vacuum mode.

3. Results and Discussion
3.1 Tensile testing of SSC samples

The true ultimate strength values Rm, T for vertically and horizontally built and turned samples in the as-processed and
HIPed condition are shown in Figure 2.

[ Reference SSC Rm, T non-stressed B SCC Rm, T 75% proof stress @ %
600 _ 120%
550
500
450
400
E‘ 350
£ 300
Lt
o 250
200
150
100

i

ry 115%
110%
105%
100%
95%

90%

Ratio SSC-samples stressed / unstressed

85%
50

80%
VERTICAL, TURNED, HORIZONTAL, VERTICAL, TURNED HORIZONTAL,
HIP TURNED, HIP TURNED

Figure 2: Ultimate strengths for stressed and unstressed control SSC-specimens for horizontal and vertical build
orientations, in the as-built and HIPed condition and turned surfaces. The 2" axis shows the ratio between stressed
and unstressed Rm, t values.

As expected, the material strengths of the HIPed samples is significantly higher (+37%) compared to the as-processed
samples. The differences between the horizontal and vertical build orientations are comparably small, as discussed in
Spierings et al. [37], and which remains also for the SCC-exposed samples. The differences in Rm, T between stressed
and unstressed control samples is also small; their ratios are 94.5% and 107% and fulfil therefore the requirements for
class 1 or class 2 resistance (Table 1). The > 100% value refers to the fact that only 3 samples were measured, and that
one horizontally built, turned and HIPed sample fractured at a 13% lower Rm, T value compare to the mean of the other
two samples (“outlier”). Removing this outlier would results in a ratio of 102%.

Figure 3 shows the results for the vertically built samples with the blasted surface quality in the as-processed and HIPed
condition. Thereby, the unstressed blasted samples displayed a 6% higher strength in the HIPed condition, while in the
as-processed condition the difference is +8%. This trend for higher mechanical strength on blasted samples could also
be observed for standard samples that were not immersed in NaCl-solution, and is explained by the surface-near pre-
compression that was achieved by the blasting operation.
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The differences in Rm, T between blasted and turned surfaces are only statistically significant for HIPed samples in the
unstressed control group (p > 0.01), with somewhat higher strength values for the blasted samples this accounts also
true for non-immersed standard samples. For non-HIPed as-well as for stressed samples the differences are statistically
significant.

Reference SSC Rm, T non-stressed W SCC Rm, T 75% proof stress %
600 o 105%
550 2 8
g . 3
S00 | e 3
.......... 100% o
450 ettt T = 2
400 ~
°
E 350 95% §
s e
=300 =
= 4
e 250 90% g
200 3
150 b
85% o
100 =
o
50
0 80%
VERTICAL, BLASTED, HIP VERTICAL, BLASTED

Figure 3: Ultimate strengths for stressed and unstressed control SSC-specimens for vertical build orientation and as-built
surfaces, in the as-built and HIPed condition.

With regard to stress corrosion the comparison of the stressed and unstressed control samples turns out that the differ-
ences are statistically not significant (blasted: p = 0.065, blasted HIP: p = 0.081), achieving corresponding ratios > 90%
(Figure 3), and a quality class 1 or 2.

3.2 Micrographic examination

Figure 4 and Table 2 to Table 4 show micrographs for the 3 material and surface conditions for the vertical and horizon-
tal build orientation. Thereby, the xy-cross-section refers to the xy-build plane. For horizontally built samples, the xy-
cross-section is therefore parallel to the long-axis of the tensile samples, while this plane is perpendicular to the axis for
vertically built samples. Figure 4 displays micrographs in the xy- and the xz-plane at a 50x magnification. It shows that
corrosion on surfaces occasionally takes place. According to the requirements of the ECSS standard [10] micrographs at
higher magnification (500x) shown in Table 2 to Table 4 were taken at such specific locations of interest, to characterize
potential corrosion attack.

500 um

Figure 4: xy-micrograph (left) and xz-mircograph (right) from as-built, turned and stressed sample.

The micrographs shown in Table 2 summarize local corrosion attack for stressed and unstressed, HIPed samples manu-
factured in the horizontal and vertical orientation, and with a turned surface quality. Small corrosion-related defects are
obvious, with a typical depth < 50 m. There was no intergranular grain boundary related corrosion detected, but a more
pitting-like corrosion of the surface. No significant differences between stressed and unstressed control samples can be

observed.

Table 2: Micrographs for HIPed and turned samples in the horizontal and vertical build orientation. Scale bar = 50 m.

HIP - Vertical build orientation HIP - Horizontal build orientation
Xz Xz Xy

turned
control

turned
stressed

R -t
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Table 3 shows the micrographs for the as-built material condition, for horizontal and vertical build orientation and
turned surfaces for both the stressed and unstressed control samples. Next so some increased internal porosity, surface
near corrosion partially took place, while there is a slight indication that corrosion seems to penetrate some deeper into
the material. This effect could be related to this increased level of residual porosity in the material that favors a faster
penetration of corrosion attack into the material. However, after the 30 days of exposure, penetration depths still were
smaller than approximately 100 m.

Table 3: Micrographs for as-built and turned samples in the horizontal and vertical build orientation. Scale bar = 50 m.

As built - Vertical build orientation As built - Horizontal build orientation
Xy

Xz Xy

turned
control

turned
stressed

The corrosion behavior for the blasted stressed and unstressed samples for both build orientations are shown Table 4.

Some regions of plastic deformation from the blasting operation can be observed, leading to an increased density of sur-
face-near cavities. These cavities can promote corrosion attack deeper into the material, and consequently corrosion
attack distances reach values up to about 150 m to 200 m into the material, while no significant differences can be ob-
served between stressed and unstressed samples.

Table 4: Micrographs for as-built and blasted samples in the vertical build orientation. Scale bar = 50 m.

HIP - Vertical build orientation As-built - Vertical build orientation
Xz

XZ

!

blasted
control

blasted
control

The figures in Table 4 show small surface-near channels, which are expected to be the result of the plastic deformation
of surface adhering powder particles by the blasting operation. Such channels can further promote crevice corrosion
effects [7], and lead to stress concentration that could potentially affect the mechanical performance. However, the re-
sults from Figure 3 show basically no significant further influence of corrosion on the mechanical performance. Even
when compared to non-SCC reference samples [37], no significant effect of the blasting operation on the mechanical per-
formance could be observed, which is expected to be the result of the surface-near compression state that is achieved by
the blasting operation. However, from the figures in Table 4 it seems that the corrosion effects are some more pro-
nounced. It can therefore be expected that the presence of such channels could lead to some higher corrosion effects at
longer exposure durations, as observed by Leon et al. [22] for AlSi10Mg.

3.3 SEM-EDX surface examination

In order to analyze the corrosion phenomena, SEM examinations of surfaces of horizontally built samples in the follow-
ing conditions are performed: HIPed/turned, as-built/turned and as-built/blasted surfaces.

Figure 5b shows the SEM-BSD magnification of a HIPed and turned sample. Most of the surface remained unaffected by
corrosion, and represents the typical base material as discussed by Spierings et al. [35]. The base material seems not
very prone to corrosion, as there is a common understanding that a Sc-addition to Al-alloys improves the self-corrosion
resistance in general, as summarized by Rgyset and Ryum [31]. Some corrosion phenomena however can be observed
on all specimens: Localized corrosion, visible on the samples as greyish areas predominately rich in O and Cl, and pitting
like local corrosion attack at embedded particles with typical sizes of 20 m to 40 m. These particles are of more complex
composition, as indicated by the EDX analysis in Figure 5, and are rich in Ni, Mn, Cr and Co. The higher electron densities
of these elements (compared to the aluminium alloy) yields a stronger back scattering of electrons and therefore these
regions appear brighter in SEM-BSD magnification in Figure 5b.
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Base material
(Al, Mg, Mn, Sc, Zr, O)

Particle 4
(Co, Mn, Cr, Ni)sich

Figure 5: a) HIPed/turned sample surfaces with selected analysed areas A and B. b) SEM (BSD) magnification and EDX
elemental mapping of area A showing the base material, plate-like O- and Cl-rich areas and a particle with complex ele-
mental composition.

Such embedded particles as the one shown in Figure 5b display a specific corrosion potential to the base material and
lead therefore to local corrosion effects in the vicinity of these particles. It is unclear where these particles come from.
One possible source could be the LPBF machine used, if the build chamber and/or recoating system were not properly
cleaned from the powders of previous build jobs. This however is considered unlikely, since the machine components
were carefully cleaned with Ethanol. It seems more likely that these particles source back to the process chain used for
the production of the experimental powder material, and where for example remaining powder particles from sieving
operations can potentially lead to such a contamination. This however could also happen during powder recycling after
LPBF build jobs.

Figure 6 shows details of the pitting-like corrosion area B from Figure 5a. The magnification in Figure 6b shows a typical
corrosion attack as it is known for Al-alloys. The metal is susceptible to the formation of pits in the vicinity of second
phase particles or impurities which are cathodic to the matrix and therefore lead to its localized accelerated dissolution
[7, 40]. The corroded area is rich in elements of the base material, next to O and Cl. The Oxygen is present in the base
material from oxidized powder material, and together with Cl also sources from the sodium chloride (NaCl-) solution.
Within area B very small, light, embedded Ni-rich particles in a size range of typically < 5 m are visible. It is expected
that such particles also promote pitting corrosion as in Figure 6, due to a higher concentration of corrosion products.
The source of such small particles is unknown, but could be the same as discussed above. However, while typical parti-
cle sizes in LPBF powders are at least about a factor of 2 to 10 larger than these particles are [39, 42], it is more likely
that such particles source back to the gas- and filter system used in LPBF machines, and might be blown into the pro-
cessing chamber during operation.

a)

Figure 6: a) Area B from Figure 5 with selected pitting-like corrosion region shown in b). EDX composition analysis for the
pitting region and for a small Ni-rich particle
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Figure 7a displays the corroded surface of an as-built and turned sample, where pitting corrosion covers a significant
amount of the surface. From the appearance the corrosion is basically identical to the one on HIPed samples, but much
more pronounced, potentially due to the higher amount of open pores from the as-built material condition (see also
Table 3). Such pores favor the progress of localized corrosion effects, leading to a visually heavily attacked surface that
is covered by corrosion products (Figure 7a) as described for LPBF specimens with a higher surface roughness [20, 29].
Similar to Figure 5b a contamination particle with complex composition promotes the corrosion, while this particle is
composed of various metals (Ni, Co, Fe, Cr), and also Ti. Since the LPBF machine was only very rarely used with Tj, it is
expected that such particles source from the powder production route.

e

ScTi  CrMn Fe Co Ni
omom

Figure 7: a) As-built/turned sample surface with selected analysed area shown in b) and c). EDX composition analysis for
the particle with complex composition with Ni, Co, Cr, Mn and Ti.

An even more pronounced corrosion attack is shown in Figure 8a on as-process/blasted surfaces, where the surface
shows plated structures (see also Table 4) that promote corrosion effects similar to open porosity (Figure 7), but in a
higher intensity. Comparable to the previous material conditions, very fine, bright particles (Figure 8b) but also larger
particles were found on these surfaces as-well.

1000um

Figure 8: a) As-built/blasted sample surface. B) SEM (BSD) magnification showing plate like surface structure from the
blasting process

4. Conclusion

Stress corrosion cracking experiments were conducted on LPBF-processed Al-Mg-Sc-Zr-Mn alloy, known as Scalmalloy.
It can be concluded that the material generally displays a good stress corrosion resistance, which is in-line with the
statements of Rgyset and Ryum [31]. The absence of Si in the alloy, together with the fine dispersed coherent Al3Sc
precipiates limit the corrosion susceptibility, even though some corrosion effects can be observed on the sample surfac-
es. These types are a pitting-like corrosion, potentially driven by the more porous microstructure of the unHIPed mate-
rial.In addition material contaminations in the form of particle inclusions of various compositions can act as local micro-
galvanic corrosion points. Also fine particles in the low m-range were found that act in a similar way.

The experiments result in the following main conclusions.

o Pitting-like surface corrosion takes place, while the HIPed material condition shows the least corrosion attack, fol-
lowed by the as-processed material condition due to some higher open porosity. The highest corrosion attack was
found on as-processed/blasted condition due to a high amount of open porosity and cavities.

e Material contamination in the form of large and fine particles of various compositions were found, potentially from
the powder manufacturing process and/or previous LPBF build jobs. Such particles promote local corrosion due to
a higher corrosion potential.
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¢ Even though corrosion effects take place, it is mainly an esthetic problem. The mechanical performance of stressed
SCC samples is = 90% of the unstressed control samples of any condition: Horizontal and vertical build orientation,
as-processed and HIPed material, and turned and blasted surface quality. According to the ECSS-Q-ST-70-37C
standard [10], the LPBF-processed Scalmalloy reaches moderate class-2 stress corrosion cracking resistance.

o Neither the mechanical properties nor the micrographic examination of the stressed samples showed susceptibility
of the material to stress corrosion cracking. Nevertheless it is generally recommended to avoid any material con-
tamination to minimize corrosion effects.

The results therefore approve the use of AM-processed Scalmalloy products for space- and aerospace applications.
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