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An additively manufactured magnesium-aluminium alloy

withstands seawater corrosion

Zhuoran Zeng
Antoine Allanore® and Nick Birbilis'*

'™ Sanjay Choudhary @7, Marco Esmaily (**, Felix Benn®5, Thomas Derra®, Yvonne Hora (%, Alexander Kopp®,

Magnesium, the lightest structural metal, has inherently poor corrosion resistance. In this study, we developed a magnesium-
aluminium Mg-10.6Al-0.6Zn-0.3Mn alloy, additively manufactured by laser powder bed fusion. We reveal that this alloy has a record
low degradation rate amongst all magnesium alloys in practically relevant corrosive solutions, and it even withstands seawater
corrosion. As tested by a number of methods, the alloy shows even more enhanced passivation with longer immersion periods. The
alloy surface following immersion maintained a nearly corrosion-free appearance and was determined to have a thin aluminium-
containing surface film, due to surface enrichment of aluminium from the supersaturated matrix. Aluminium enrichment near the
sample surface was also observed when the sample is immersed in phosphoric acid or exposed to atmosphere at room
temperature. This study demonstrates the prospects for additively manufactured ultra-lightweight magnesium structure with

outstanding corrosion resistance.
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INTRODUCTION

The density of magnesium (Mg) is 1.74g-cm™3 at 20°C,
approximately two-thirds that of aluminium (Al) and a quarter
that of steel. This makes Mg alloys important for a wide range of
applications including transportation, aerospace, and consumer
goods'2. The volumetric density of Mg components can be further
decreased through the manufacturing of products via laser
powder-bed fusion (LPBF). The method enables design capabilities
not achievable with traditional manufacturing, making this class of
lightest engineering alloys even lighter by topology optimisation
and the use of free space as a design variable. This is significant for
aircraft, aerospace, and transportation industries, and biodegrad-
able implant and electrode applications®=>. As noted by several
recent works®™'>, the LPBF method is routinely and reproducibly
utilized to safely manufacture Mg-alloys of diverse composition.
The outstanding mechanical properties have been demonstrated
as achievable from the LPBF of Mg alloys. For LPBF-prepared WE43
(Mg-4Y-3RE-0.4Zr), a yield strength of ~300 MPa and elongation of
~12.2% were demonstrated'®. These values are considerably
higher than the properties of extruded WE43 in the T6 condition
(160 MPa yield strength and 6% in elongation)'®. However, open
questions remain as to (i) can the LPBF process be exploited to
study alloy compositions unique to LPBF?; and (ii) can LPBF-
prepared Mg-alloys overcome the longstanding concern of a fast
degradation rate of Mg alloys? Apart from a few exceptions'’, the
majority of Mg-alloys used industrially have a rapid corrosion
rate’®, and the oxide/hydroxide surface layer is soluble in most
aqueous environments and thus does not offer suitable corrosion
protection; as outlined in detail elsewhere'®.

Of the efforts made to improve the corrosion resistance of Mg-
alloys, in the context of inherent corrosion resistance as opposed
to coatings or platings, the explored methods include refining

microstructure to minimize localised corrosion?°-22 and tailoring

alloy compositions'”?3, To date for Mg-alloy compositions
explored that have non-LPBF-prepared alloy counterparts—it
was determined that the LPBF-prepared alloys had faster
corrosion rates?*?°, Such a finding has also been determined for
other LPBF-prepared alloys when compared to wrought counter-
parts?%2”. However, as has been noted as an advantage of LPBF
manufacturing, the high local temperatures and rapid solidifica-
tion rates allow opportunities to produce alloy compositions that
are otherwise difficult to achieve by conventional casting. In such
a context—atypical compositions for LPBF may be explored. In
this study, an Mg-10.6Al-0.6Zn-0.3Mn wt% (AZ111) alloy was
produced by LPBF, which is a higher Al-containing alloy than the
well-known Mg-alloy AZ91. In contrast to previous reports over
the past century of rapid corrosion for Mg alloys, this work
demonstrated that the lowest corrosion rate reported for any Mg-
alloy to date was achieved for the LPBF-prepared alloy studied
herein. The LPBF-AZ111 alloy revealed limited corrosion in
appearance even with immersion in seawater and NaCl electrolyte
for 14 days. The purpose of this paper is to report the exceptional
corrosion resistance of the additively manufactured alloy class and
discuss the underlying degradation/passivation mechanism.

RESULTS
Microstructure of LPBF-AZ111 alloy

Figure 1 shows the microstructure of LPBF-fabricated AZ111 alloy.
Viewed along the build direction (BD), grains had an equiaxed
shape with an average grain size of ~10 um (Fig. 1a). Perpendi-
cular to the BD, the grain morphology reveals elongation with
averaged equivalent circle diameter of 28 um (Fig. 1b, ¢).
Irrespective of which surface was observed, the grains had a
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Fig. 1
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Electron microscopy characterisation. EBSD orientation map and corresponding (0001) pole figures of sample surfaces that are
a normal and b parallel to the build direction. ¢ Histogram showing the distribution of grain size in a and b. Scanning electron microscopy
(SEM) backscattered electron images (BSE) showing (d) melt pool at low magnification and (e) ultra-fine particles dispersed within the melt
pool and coarser particles between melt pools and grain boundaries. f Particle size distribution in Area 1 and Area 2 shown in e. g-k High-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and corresponding STEM energy-dispersive X-ray
spectroscopy (EDXS) mapping showing ultra-fine particles and elemental distribution. I Profile showing the concentration of Al and Zn along

the line in g. Scale bars in a, b, d, e, and g indicate 50 um, 50 ym, 50 ym, 5 um, and 300 nm, respectively.
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Fig. 2 Electrochemical chemical and immersion test. a potentiodynamic polarisation curves, b electrochemical impedance spectroscopy
Nyquist plots of AZ111 alloy after immersion up to 48 h in 0.1 M NaCl electrolyte, ¢ Accumulated hydrogen evolution (HE), and hydrogen
evolution rate (HER) of the sample after 14 days immersion in 0.1 M and 0.6 M NaCl electrolyte, and seawater, d Comparison of the mass-loss
rate and corrosion current density of AZ111 alloy with some typical Mg alloys in 0.1 M NaCl electrolyte'”2%3%33_Solid arrows in (c) show the
hydrogen evolution rate of several corrosion-resistant Mg alloy, Mg-0.3Ge?3, Mg-11Li-3Al"7, and ultra-fine-grained AZ80 alloys?°. Red dashed
lines in (d) show mass-loss rate and corrosion current density of pure Mg as a benchmark®'.

randomised texture, only 2.0 mrd along the BD and 3.6 mrd
perpendicular to the BD. The melt pools were in the size range of
~100 um in width and ~20-50 um in height (Fig. 1d). The melt
pool boundaries were enriched in dendritic intermetallics. Within
each grain, there was a high number density of spherical particles,
as shown in Area 1 (Fig. 1e). The diameter of these spherical
particles was 0.18 £0.09 um, which was smaller than the
equivalent circle diameter of dendritic particles (0.31+0.17 um)
near the melt pool boundary (highlighted in Area 2 in Fig. 1f).

The ultra-fine particles were further examined at higher
magnification (Fig. 1g-k). Two types of particles were observed.
One type was the larger spherical and elliptical-type particles with
enriched Al and Zn (~100-300 nm in diameter). The other type
was smaller Al-Mn nano-particles with a size up to ~20 nm in
diameter. In the alloy matrix, the concentration of Al and Zn was
semi-quantitatively identified ~7.5 wt.% and ~0.5 wt.%, respec-
tively (Fig. 11). For the Mg-Al-Zn particles, the concentration of Al
and Zn was higher. The method X-ray diffraction (XRD) revealed
the a-Mg and B-phase in the LPBF-AZ111 alloy (Supplementary
Fig. 1), and therefore such Mg-Al-Zn particles were identified to be
a Zn-containing variant of the B-phase, i.e, Mg,;(Al, Zn);,.

Corrosion behaviour

When tested in the as-ground state immediately following
immersion in 0.1 M NaCl, no passivation was observed in the
polarisation curve (Fig. 2a). The sample corrosion current density
icorr Was 2.8 uA-cm~2 with a corrosion potential, Ecor, Of —1.33
Vsce. However, with an increase in the immersion time, the
dynamic emergence of significant passivation was observed from
inspection of the anodic branch of polarisation curves. The
cathodic kinetics (representing the water reduction reaction)
measured upon AZ111 as a function of immersion time revealed a
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notable decrease with immersion time. The electrochemically
determined corrosion rate (ico) Was 0.63 pAcm~2 following
immersion in 0.1 M NaCl for 48 h. The potentiodynamic polarisa-
tion tests for each immersion time were conducted on a unique
sample, with the immersion time representing the duration of
open-circuit conditioning. In order to validate the reproducibility
of icorr Measurements, two samples from different as-built blocks
(12 mm x 10 mm X 10 mm) were also tested in 0.1 NaCl up to 96 h.
The exposure surface of both samples was perpendicular to the
build direction. Sample 1 was taken at a height of around ~3 mm
(close to the bottom of the specimen) and sample 2 was taken
from a height of around 9 mm (close to the top of the specimen),
with both samples revealing very similar results from polarisation
testing (Supplementary Fig. 2).

Consistent with results from the potentiodynamic polarisation
testing, independent testing using electrochemical impedance
spectroscopy (EIS) also revealed an increased impedance with the
increased immersion duration. From the Nyquist plots shown (Fig.
2b), the charge transfer resistance at low frequency was increased
from ~5600 Q-cm? in the as-ground state to ~>15,000 Q-cm? after
48 h immersion. Furthermore, the form of the Nyquist plots for 24
and 48 h immersion reveal a diffusional process that is notionally
concomitant with the presence of a protective surface layer (for
uncoated metals or alloys)—where the imaginary component—Z,
(w) of the Nyquist plot is always >0 (often modelled by a Warburg
element)?,

Aside from electrochemical testing, immersion testing and
hydrogen collection were carried out upon independent speci-
mens. During immersion in 0.1 M and 0.6 M NaCl (equivalent to
Cl~ concentration in seawater) and real seawater, the volume of
generated hydrogen (as an index to corrosion rate) was extremely
low (Fig. 2c). Moreover, longer immersion times revealed a lower
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Fig. 3 Electron microscopy observation of alloy surface after immersion in 0.1 M NaCl. a, b SE-SEM image of surface without localised
corrosion and ¢, d BSE-SEM image of surface area with localised corrosion, and e-h SE and corresponding EDXS mapping at the interface
between intact area and corroded area. Dashed curves in (b) and arrow in (d) show the electron-beam transparent film. Scale bars in
a, b, ¢, d, and e indicate 1 um, 400 nm, 2 ym, 500 nm, and 2 pm, respectively.

hydrogen evolution rate (concomitant with a dynamic, time-
dependent, passivation) which was ~4x 1074, ~8x 1074 and
~5x107*mlcm=2h~" in 0.1M, 06M NaCl, and seawater,
respectively, after 14 days immersion. This value is considerably
lower than the most corrosion-resistant alloys ever reported,
including Mg-0.3Ge??, BCC-Mg-Li-Al'7, nanotwin-strengthened
AZ80 alloy?°. The hydrogen evolution rate of AM-AZ111 alloy is
even lower than that of high-purity Mg, for which the hydrogen
evolution after immersion for 2 weeks in 0.6 M NaCl with saturated
Mg(OH), ranged from 0.04-0.37 mL-cm~2day~' (depending on
the sample geometry)?®. Fig. 2d reveals the mass-loss rate
(0.06 mL-cm~2day~") and corrosion current of LPBF-AZ111 in
0.1 M NaCl, compared with pure Mg (highlighted by the dash
lines) and other Mg alloys'72%39-33 Measured under the same
conditions, the corrosion current of AZ111 is ten times lower than
the extruded AZ9132,

Surface morphology after corrosion

The samples after immersion in 0.1M and 0.6M NaCl and
seawater are shown in Supplementary Fig. 3. In seeking to
observe some signs of corrosion, what appears to be a superficial
surface staining form of corrosion was detected at the specimen
edge, with the majority of bulk specimens visually pristine, which
is not observed for Mg alloys after such an extended immersion
time. The inspection by SEM of the bulk (near centre) region of the
LPBF-AZ111 sample, following immersion, revealed a filiform-like
corrosion morphology—that is commonly observed as the
corrosion morphology for Mg-alloys in NaCl electrolytes. However,
the area affected by filiform corrosion was limited over 14-days
immersion. To understand why the evidence of superficial and
filiform corrosion did not expand to the bulk of the sample, the
corroded area at the edge of the sample was observed at higher
magnification (Fig. 3). It was revealed that the intact part of the
surface was fully covered by Mg(OH), flakes (Fig. 3a). There was a
high density of ultra-fine particles that had a similar size and
morphology as the Mgq5(Al, Zn);, particles in the bulk. Further-
more, it was generally observed that part of the Mg(OH), flakes
was covered by a cloud-like film, as highlighted in Fig. 3b. At the
transition region between the corroded surface and intact surface,
the fissures seemed to propagate toward the intact area (Fig. 3c).

npj Materials Degradation (2022) 32

However, at higher magnification, a surface film that is even
electron transparent was observed to cover the lateral fissure-like
tip (red arrow in Fig. 3d). Figure 3e-h reveals a higher Mg
concentration in the intact area but higher oxygen and a lower Mg
concentration in the apparently corroded area, indicating the
accumulation of MgO/Mg(OH), there.

Surface film analysis

In order to further illustrate a rationale for the low corrosion
current density in the as-polished state and during immersion, the
LPBF-AZ111 surface before and after immersion in 0.1 M NaCl was
analytically characterised using X-ray photoelectron spectroscopy
(XPS). The concentration of metallic atoms and cations as a
function of depth from the surface is presented (Figs. 4 and 5).
Figure 4 indicates that for the LPBF-AZ111 surface exposed to air,
there is no distinguishable film or layered structure, however, Al
enrichment was observed. Starting from the outermost surface
until 180 nm beneath the surface, the mole fraction of Mg?*
decrease steadily from ~82% to ~60%, whilst the fraction of Mg°
and AI° increase from ~5 to ~23%, and ~1.2% to ~7.4%,
respectively. The fraction of AI>* decreased slightly from 11% to
9% (Fig. 4a). The Al/Mg ratio was about 0.14 at the outermost
surface, which increased to 0.2 linearly up to 180 nm depth (Fig.
4b). Apparently, the Al enrichment still occurs, even without NaCl
immersion and from atmospheric exposure. It was determined
that the AI*"/Mg?" ratio increased slightly from ~13.5% to ~15%
from the surface to 180 nm depth (Fig. 4c). The AI°/Mg° ratio is
much higher and increased from 0.22 at the surface to 0.32 at
180 nm depth (Fig. 4d). Among all the metallic (Mg, Al, Zn, Mn)
and non-metallic (O, C) elements, the O and C fractions decreased
from 57% to 49% and from 12% to 4%, respectively (Fig. 4e). From
the surface to 81 nm, the fraction of OH™ group is more than that
of the 0>~ group (Fig. 4f). Beneath 81 nm, the 0%~ group has a
higher fraction. The enrichment of Al near the air-exposed surface
may rationalise the low corrosion current density (2.6 pA/cm?) of
the polished sample.

For the surface of immersed sample, all metallic elements were
in the form of cations up to 75 nm (Fig. 5a). Beyond 75 nm, the
fraction of Mg?" and AI** decreased whilst the fraction of Mg°
and Al° increased. The ratio between Al and Mg was about 0.2 at
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Fig. 4 XPS analysis of elemental distribution of air-exposed surface. XPS measurements revealing (a) fraction of each cation and elemental
metal, (b) Al/Mg ratio, (c) AF*/Mg?" ratio, (d) AI°’Mg° ratio, (e) ratio fraction of O and C among metallic and non-metallic element, and (f)

fraction among O?~, OH~, and CO2~ ratio.

the outmost surface, which increased to 0.4 linearly up to 150 nm
depth and then stabilised until ~364 nm depth (Fig. 5b). The XPS
results of A¥"/Mg?" ratio indicate three layers (Fig. 5b). In Layer 1
(0-75nm), no Al° and Mg® were detected, and AI**/Mg?" ratio
was about 0.2. Layer 2 (75 nm-225 nm) seemed to be a transition
layer, in which the AP*/Mg*" ratio was increased from 0.2 to 0.3.
In Layer 3 (225 nm-364 nm), AI**/Mg?" ratio is highly scattered
between 0.22-0.3. It is evident that the significance of Al
enrichment near the immersed surface is much greater than for
the scenario of the air-exposed surface (Fig. 4b, c).

The non-metallic elements O and C, were analysed (Fig. 5¢, d).
Among all the metallic (Mg, Al, Zn, Mn) and non-metallic (O, C)
elements, the O and C fractions decreased from 55% to 33% and
from 20% to 1%, respectively (Fig. 5c). Analysis of anion fraction
also showed a 3-layer structure (Fig. 5d). Layer 1 (0-75 nm) was a
hydroxide layer, in which the OH~ decreased and 0%~ increased
with the depth. Layer 2 (75-225 nm) was the oxide-rich layer. In
Layers 1 and 2, the fraction of CO3~ was about 10% -15%, and
became zero in the inner layer (Layer 3). In Layer 3, the 02~
fraction is <40%; O fraction <40-50% is used as an indicator of
bulk alloy substrate®*—3, The fittings of Mg, Al, O, and C peaks of
XPS spectrum at different depths were provided in Supplementary
Figs. 4 and 5.

Based on the analysis of elemental atoms, it is evident that the
surface film was dynamically formed during immersion, with a
two-layered structure evolving in a time-dependent manner. The
thickness of the film was ~225 nm. In the out hydroxide-rich layer
(0-75 nm), the fraction of Al,O3 is about 15%-20%, whilst the
MgO, MgCO3 and Mg(OH), in total is about 80%. In this layer, with
the increasing depth, the fraction of Mg(OH), decreased, but the
fraction of MgO increased. In the inner oxide-rich transition layer
(75 nm-225 nm), Mg-based compounds decreased significantly,
but the fraction of Al,O3; was nearly a constant at ~12%. Beneath
225nm was essentially bulk substrate, where the fraction of
compounds in total decreased to ~30%, and the fraction of
elemental Mg and Al increased to 48% and 22%, respectively.

Published in partnership with CSCP and USTB

DISCUSSION

The nature of the surface film, as depicted by Fig. 5, is unique. In
previous studies?®=22, Mg alloys through severe plastic deforma-
tion have also revealed observable passivation (albeit short-lived
and not dynamically improving). In such cases, grain boundaries
and twin boundaries were proposed to play a vital role in
enhancing corrosion resistance by accelerating the formation of
magnesium oxide and hydroxide surface bilayer?°-2237, Apart
from grain refinement, the refinement of intermetallic phases,
either by deformation®®3° or laser surface melting®*', also
posited to lead to an apparently more uniform and shallow
corrosion morphology. However, refinement itself is unlikely to be
the dominant mechanism for the stark passivity observed in the
polarisation curves herein. Indeed, the longer-term corrosion rate
of extruded fine-grained Mg is only marginally lower than that of
coarse-grained pure Mg, despite passivation observed in the
polarisation curve of fine-grained pure Mg*2. Moreover, if a stable
passivation layer is formed, the EIS-determined Nyquist plot
should reveal the characteristic of a positive -Z (w) at lower
frequency?®. However, this ‘fingerprint’ of passivity has not been
observed in ultra-fine-grained Mg alloys?°-?2, whilst very clear in
this study (Fig. 2d). The outstanding corrosion resistance of AM-
AZ111 is unlikely to caused by merely increased Al concentration
in the alloy. Several papers have reported the corrosion resistance
and electrochemical behaviour of cast Mg alloy with 10-12 wt.%
AI**44_ The hydrogen evolution of Mg-10Al(-0.3Mn) alloy is about
6-8 mL-cm~2 in 72 h*3, which is substantially higher than that of
AM-AZ111 alloy in this study (0.13mLcm™2) in the same
electrolyte (0.6 M or 3.5 wt.% NaCl solution). In 3 wt% Nadcl
solution, the hydrogen evolution rate of Mg-11.6Al cast alloy is
very high, about 45 mL-cm~2.day~ "4, whilst that of AM-AZ111 is
<0.7mL:cm~2day~' in Day 1 and then decreasing with an
increase in immersion time. If the supersaturated Mg-Al is
manufactured by physical vapour deposition, rather than casting,
which also realises rapid cooling similar to LPBF, then the
corrosion current iy, of Mg-11Al alloy (2.2 uL-cm~2) is similar to
the result of our study®. These observations from published
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Fig. 5 XPS analysis of elemental distribution of NaCl-immersed surface. a fraction of each cation and elemental metal, b Al/Mg and
APP*/Mg?* ratio, c fraction of O and C among metallic and non-metallic element, and d fraction among 0?~, OH~, and CO?~ ratio, as a function

of depth.

papers support the claim that the enhanced corrosion resistance is
caused by a combination of the LBPF-induced microstructure,
phase composition along with the correct selection of alloy
composition. In fact, for the cast Mg-Al alloys, the higher Al
composition beyond 10 wt.% will substantially increase the
degradation rate“®,

Herein, we propose that rather than microstructural refinement,
the elemental distribution at the near-surface dictates the
occurrence of passivation and corrosion rate more than micro-
structural refinement. In the case herein, the development of a
critical surface Al-concentration appears to be a dynamic and
time-dependent process. A process that has not previously been
reported in the cast or conventional Mg-alloys where the
concentration of Al is notionally <9 wt. %. The mechanism is
depicted in Fig. 6. Once immersed in the NaCl electrolyte (Fig. 6a),
the corrosion mechanism of LPBF-AZ111 is similar to that of other
Mg alloys initially. An incomplete MgO layer forms, and localised
corrosion processes with local anodes and cathodes adjacent to
the developing surface layers that include MgO and Mg(OH),. At
local anode sites, Mg?" ions are released at a comparatively fast
rate, reacting with water. The resultant Mg(OH), deposits on the
surface and MgO film, forming characteristic Mg(OH), flakes.
Under such circumstances, there is no passivation, and the
temporal evolution of corrosion propagation with anodes and
cathodes spatially developing—with oxide-hydroxide corrosion
products having been shown to catalyse hydrogen evolution and
accelerate corrosion®’~*°. However, with the increased duration
for immersion, the dissolution rate of Mg (which is a necessary
precursor or step required) decreased as the passivation film
eventually formed due to critical Al surface enrichment (Fig. 6b). In
the Al-rich substrate beneath the oxide layer, the mole fraction of
AI° among the elemental metals can be as high as 30% (Fig. 6c).
Therefore, abundant Al atoms can diffuse into the oxide-rich layer
and the hydroxide-rich layer, where the Al atoms react with 0%~,
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Therefore, despite localised corrosion at the initial stage of
immersion, an Al-rich passivation film and an Al-rich substrate
beneath the film eventually formed, suppressing further Mg
dissolution and hydrogen evolution.

To further support the claim of Al enrichment and its
effectiveness on resisting corrosion, orthophosphoric acid
(H3PO,4) solution was used to form a thicker surface layer in the
immersion test. The oxide layer with the thickess <3 um was
observed after 24 h immersion (Fig. 7a-c). The Al concentration in
the oxide layer and adjacent substrate was much higher than that
in the bulk. With the longer immersion time (72 h), the increment
of oxide film thickness was marginal, <4 um, and without severe
localised corrosion (Fig. 7d—f). the Al enrichment at the surface
was more obvious, and the Al concentration at the oxide/substrate
interface was notably higher (Fig. 7e). The observation suggested
that the Al enrichment at the surface even significantly enhanced
the durability in acid, whilst corrosion resistance of Mg in such an
acidic environment was previously thought impossible. The
capability of Al enrichment at the oxide/substrate interface of
LPBF-AZ111 alloy should be primarily due to preferential
dissolution of Mg, and the local near-surface environment that
allows the development of the complex film articulated herein.
Such a complex film structure is not likely to form in cases where
the initial alloy concentration includes so much alloying as to
prevent the dynamic passivation mechanism. It was reported that
in Mg-Al binary alloys, the Mg dissolution is strongly selective at a
high rate, and the rapid leaching of Mg leads to the formation of
Al-rich surface®®.

For the air-exposed surface, although there is not dissolution/
leaching of elements, the enrichment of Al is also observed (even
though less significant than the enrichment of immersed surface).
More importantly, APT/Mg?* ratio is low, but AI°/Mg° ratio is
much higher (Fig. 4d). It suggests that the enrichment is
predominantly caused by Al atoms, rather than ions, close to

Published in partnership with CSCP and USTB



Z. Zeng et al.

npj

®)

° ®

OH )

OH
> co; 0* o* OH oot
@H
Hydroxide
Oxide LMgz:J N Mgzy‘
rich ole oo 4 ®
. Mg T e

Hydroxide
rich AR
Oxide
rich
@Al rich @@ @@ @

. Substrate | o

Immersed
for hours

C 2 - . ~ 36 - -
Hydroxide Oxide 3 Al rich
e rich rich :—E ! substrate
~ — 33t
G [ L ©
% 24 \. E
i R 7
5 21} Va o e
= o -
O -
g \. _S 27 — /
% 18+ " Nam /.7\ 8 24
[ , = o
= /.\.\l/ \- \'/-\/ o
" =
15 s . . . . . . . . . . .
0 50 100 150 200 240 260 280 300 320 340 360
Depth (nm) Depth (nm)

Fig. 6 Structure of passivation film. Schematic diagrams showing laser powder-bed fusion AZ111 alloy immersed in NaCl (a) at the initial
stage and (b) after hours of immersion when passivation is developed. ¢ XPS showing mole fraction of Al,O3; among compounds in the
hydroxide-rich and oxide-rich layers, and mole fraction of elemental Al among metallic elements in the Al-rich substrate.

the surface. Apart from diffusion, it is unlikely to have other
mechanisms that can result in the significant increase in the Al
atom concentration near the air-exposed surface. Thermodyna-
mically, the major driving force for solute segregation to the
surface is the decrease in surface free energy and lattice strain
energy which accompanies the transfer of misfitting solute atoms
from the lattice to the surface®'. This process is affected by the
solute atoms available to segregate, and the increasing solute
supersaturation (Cp — Coq, Where Gy, is the bulk solute content and
Ceq is the equilibrium solute content) will also increase the driving
force for such surface segregation, as demonstrated in Cu-Ti
system®2. In Mg-Al system, the equilibrium solute content of Al in
Mg at room temperature does not exceed 1 wt.%". In the matrix of
AZ111 alloy, Al concentration is ~7.5% (Fig. 1), much higher than
that of the cast AZ91 alloy (~2.5%, Supplementary Fig. 6). This
indicates that plenty of Al atoms are in the supersaturated state
existing in the matrix of AZ111 alloy, which can only be achieved
by rapid solidification (10° to 10%K-s~") associated with the LPBF>,
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Moreover, a high level of micro-strain due to the rapid
solidification may also provide the driving force to facilitate the
atom diffusion to the sample surface. Fundamentally, the amount
of residual stress will alter the free energy state of the material,
which, in turn, can impact the corrosion kinetics and promote the
formation of a passive layer in the passive system??. Kinetically,
however, the Al diffusion rate is very slow even along grain
boundaries at room temperature. Given grain boundary diffusion
is faster, the diffusion of Al in Mg along grain boundary was
calculated. The data was adopted from ref. >3, The activation
energy for GB diffusion equals that of lattice diffusion®®. Using the
equation Dgg = Doexp(—Qgp/RT), where R is gas constant
8314 Jmol~"K™" and T is temperature (298K), the calculated
Dgg at room temperature is about 1.7 x 1072%.cm? s~". This value
is low compared to the value required for surface layer as
observed in this study, and thus the preferential dissolution of Mg
in electrolyte may be the key reason for the Al enrichment at the
NaCl-immersed surface.
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Table 1. Composition of LPBF sample (in wt.%).

Mg Al Zn Mn  Fe Cu Ni Si

LPBF sample Bal. 106 054 0.28 0.004 0.002 0.003 0.02

In this study, we demonstrate that LPBF is capable of producing
Mg alloys that show strong passivation and the lowest degrada-
tion rate ever known. Such outstanding electrochemical durability
should be caused by the supersaturated Al solid solution and a
high density of micro-strain that in combination allows Al to
segregate to the surface and form an Al-rich layer. In addition to
the outstanding durability, the LPBF-AZ111 alloy has high
compressive yield strength of ~300 MPa (Supplementary Fig. 7)
and high Vicker's hardness of 99 + 2.0 HV parallel to the BD and
100 + 3.5 HV perpendicular to the BD. The findings of this study
constitute an important step towards manufacturing super-
lightweight alloys with outstanding corrosion resistance for
high-value-added applications.

METHODS
Materials preparation

The bulk alloy was chill cast and subsequently pulverised by atomic gas
atomisation. The powder was then sieved to obtain the following common
particle size distribution necessary for the latter laser powder-bed fusion
(LPBF): D10 34.8 um, D50 54.5 pm and D90 88.4 um (Supplementary Fig. 8).
Particle size distribution was calculated via laser diffraction (Mastersizer
3000, Malvern Panalytical, Malvern, UK). The microscopical screening of the
manufactured powder revealed a highly spherical powder shape with few
small satellite particles. Cuboid specimens were manufactured from the
powder via LPBF, utilizing a modified laboratory-scale setup (AconityMINI,
Aconity3D GmbH, Aachen, Germany) with a maximum laser power of
400 W (as previously reported)®. Specifically, a laser power of 50 W with a
scanning speed of 400 mm/s, a hatching distance of 40 um and a layer
thickness of 30 um was applied. The employed scan strategy was parallel
lines with orthogonal orientation respective to the previous layer. A
standard zig-zag laser exposure pattern with a scanning angle of 90°
between adjacent layers was used, while the building plate consisted of
pure Mg to assure optimal connection between the support structure and
building plate. Manufacturing was always performed under an inert gas
atmosphere (oxygen concentration below 200 ppm), utilizing Argon 5.0.

npj Materials Degradation (2022) 32

The composition of the LPBF sample was measured by inductively coupled
plasma optical emission spectroscopy (Table 1).

Electrochemical and immersion testing
Electrochemical measurements were performed with a three-electrodes
flat cell (K-0235, Princeton Applied Research) with a Saturated Calomel
Electrode (SCE) as the reference, and platinum mesh as the counter
electrode. Test specimens (working electrode) were mounted in epoxy
resin and ground (under ethanol) to a 2000 grit finish using SiC paper. All
the electrochemical tests were carried out using 200 ml of 0.1 M NaCl
(pH = 6.5-7). A Bio-Logic® VSP potentiostat was utilised for electrochemi-
cal testing. Potentiodynamic polarisation measurements were obtained
using a scan rate of 1 mV-s~'. The Tafel-type fitting and determination of
corrosion current density and corrosion potential were obtained by EC-
lab® Software (Version 11.27). To obtain the i value, a line was drawn on
the potential axis, that intersects the measured E,, value (this line is
parallel to the current axis). The value of E,, is readily discerned as a
singular value of potential. Next, another line was drawn, which is a linear
approximation to the cathodic polarisation curve, in the region of ~—50-
—150mV from the E.,. Where the two lines intersect, is a Tafel-type
approximation of ... Electrochemical impedance spectroscopy (EIS) was
performed over the frequency range of 100kHz to 10 mHz, with a
polarising signal of 10 mV. All tests were carried out at least in triplicate.
For immersion testing, specimens were immersed in a 200 ml of
quiescent 0.1 M and 0.6 M NaCl electrolyte (pH = 6.5) and seawater (pH =
8) for 14 days, and orthophosphoric acid solution (pH=2.5) for 72 h, at
room temperature (maintained at 23°C). Seawater was obtained from
Batemans Bay, Australia. Prior to immersion, the samples were ground to
4000 grit, then mirror polished with colloidal silica solution, sonicated in
ethanol, air-dried and weighted with a calibrated balance with an accuracy
of 0.01mg. In order to combine the mass-loss experiment with the
volumetric hydrogen collection in a single step, an inverted funnel was
placed over the immersed sample and the evolved hydrogen was
collected inside a burette. Before removing the corrosion products with
a solution of 10% chromium trioxide (CrOs)-+1% silver nitrate (AgNOs) +
1% barium nitrate (Ba(NOs),) for 60s, the corrosion morphology was
characterized using scanning electron microscopy.

Scanning electron microscopy and transmission electron
microscopy

Scanning electron microscopy (SEM) was performed using Zeiss UltraPlus
equipped with Oxford Symmetry EBSD detector. EBSD was performed at
20 kV and 12 nA with a step size of 0.4 um. The samples for SEM and EBSD
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characterisation are prepared by 4000-grit SiC sandpaper grinding, 50 nm
colloidal silica suspension polishing, and ion polished by Leica TIC 3X Triple
lon Beam Cutter. The ion polish was operated at 8 kV and 3 mA for 6 min.
The angle between the incident ion beam and sample surface was 7.5°.
STEM and STEM-EDXS characterisation were performed using JOEL2100
operating at 200 kV. The samples were 3-mm diameter discs prepared by
low-speed saw cutting, followed by mechanical grinding to a thickness of
50 um using 4000 grid SiC paper. Samples were then ion-polished using a
Gatan Precision lon Polishing System (voltage 4.8kV and angle 4°) at
—100°C, until a small hole formed in the specimen.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed using a Thermo
Scientific Nexsa Surface Analysis System calibrated to Au 4 f and equipped
with a hemispherical analyser. The incident radiation was monochromatic
Al Ka X-rays (1486.6eV) at 72W (6 mA and 12kV, 400 x 800 um? spot).
Survey (wide) and high-resolution (narrow) scans were recorded at
analyser pass energies of 150eV and 50 eV and step sizes of 1.0eV and
0.1 eV, respectively. The base pressure in the analysis chamber was <5.0 x
10~ mbar. A low-energy dual-beam (ion and electron) flood gun was used
to compensate for surface charging. Data processing was carried out using
Avantage software (Version 5.9921) and the energy calibration was
referenced to the main line of Cls at 284.8 eV.

X-ray diffraction

X-ray diffraction (XRD) was performed using a high-resolution PANalytical
X'Pert PRO MRD system using Cu-Ka radiation (A = 0.154 nm) operating at
40 kV and 40 mA, with step size 0.01° from 20° to 80° in 26 angle. The XRD
was calibrated using the National Institute of Standards and Technology
standard reference material LaBs. The sample for XRD was mechanically
ground to a 4000 grit finish using SiC paper and an area of 10 mm X
10 mm.

Compression and hardness test

Compression test was performed in an Instron 4505 mechanical test
machine. The sample was an as-built rod with a diameter of 7.5 mm and a
height of 11 mm. The cross-head speed was 0.6 mm/min. The hardness test
was performed on a Matsuzawa MHT-1 hardness tester with a load of 1 kgf.
Seven indentations were performed for each test. The sample surface was
ground using 4000 grit SiC sandpaper before indentation.
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