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ABSTRACT

Dealloying is involved in materials science responsible for fabrication of nanoscale structures beneficially but for
corrosion degradations detrimentally. Detailed understanding related to the latter is critical for designing cor-
rosion-resistance alloys and dedicated inhibition systems. Thus, direct nanoscopic observations of nano-struc-
tural and compositional evolutions during the process are essential. Here using liquid phase-transmission
electron microscopy (LP-TEM), for the first time, we show dynamic evolution of intricate site-specific local
corrosion linked to intermetallic particles (IMPs) in aerospace aluminium alloys. To thoroughly probe de-
gradation events, oxidation direction is controlled by purposefully masking thin specimens, allowing for ob-
serving top-view surface initiation to cross-sectional depth propagation of local degradations. Real-time cap-
turing validated and supported by post-mortem examinations shows a dealloying-driven process that initiates at
IMPs and penetrates into the depth of the alloy, establishing macroscopic corrosion pits. Besides, controversial
mechanisms of noble-metal redistribution are finally elucidated.

1. Introduction

High-strength-to-weight ratio in aluminium alloys (AAs) is key to
many transport industries like aerospace as it reduces dead-weight and
energy consumption and beneficially increases loading capacity [1].
The main contributors to mechanical properties are nano-to microscale
intermetallic compounds that are introduced to the aluminium-based
systems by specific alloying followed by precipitation hardening pro-
cesses [2-6] (Fig. 1 and Movie S1), but they are typically undesirably
detrimental to the corrosion resistance [7]. Contemporary aerospace
AAs benefit from a comprehensive metallurgical knowledge of tuning
the microstructure towards desirable mechanical properties [8]. How-
ever, the detailed understanding to unambiguously describe how the
engineered microstructures affect the corrosion properties is deficient
to date. In particular, complicated site-specific local degradation events
that predominantly take place at surface intermetallic particles (IMPs)
dispersed in the AAs matrix eventually lead to progressive pitting and
intergranular corrosion [9]. Furthermore, mechanical stress during
imposed operating conditions may give rise to pit-to-crack transition,
jeopardizing the integrity of the aluminium alloy structure [10]. Thus,
the comprehensive primary knowledge of microstructure-affected
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corrosion properties is absolutely essential to designing and developing
intrinsically corrosion resistant AAs.

Intermetallic compounds are electrochemically instable phases in
aqueous environments and generally undergo dealloying due to selec-
tive removal of less-noble metal components towards formation of a
nanoporous noble-metal morphology [11,12]. The dealloying process
of binary or ternary systems is very complicated in terms of mechanism
[13-16]. However, the mechanisms would be even more intricate when
IMPs are confined in alloys as they can electrochemically interact
(galvanic coupling) with the surrendering matrix [17-21]. Pro-
blematically, this circumstance leads to ambiguous local degradation
phenomena including initiation, propagation [22-27] and noble-metal
redistribution process (i.e. Cu) [28-30] over a nanoscopic length scale.
A reliable approach of finding deterministic descriptors is to directly
observe the nano-structural and compositional evolutions during local
corrosion [31]. However, the challenges coming along with such re-
search approaches have hampered experimental studies due to lack of
experimental approaches that can probe the local degradation from
early surface initiation to depth propagation in-situ and at a high spatial
and temporal resolution. Therefore, the current understanding has been
acquired through bridging and linking individual electrochemical and
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Fig. 1. Methodology for examining IMPs-induced corrosion degradation in aerospace aluminium alloys from surface initiation to in-depth propagation at the
nanoscale. Three-dimensional reconstruction of aerospace AA2024-T3 microstructure (Movie S1) which leads to complicated corrosion. IMPs acquiring different
corrosion potential and electrochemical activity in aqueous solutions are potential pit initiation sites. In-situ LP-TEM are performed in in HAADFSTEM mode on the
treated lamellae of approx. 10um"20 pm, representing ‘real-life’ corrosion. Top-view observations are provided by depositing a 25-nm-thick layer of tetraethyl
orthosilicate (TEOS) using 2-keV electron-beam deposition; the corresponding schematic depicts the location of intermetallic particle (IMP) on the lamellae. For
cross-sectional observations, the TEM specimen sandwiched between two 25-nm-thick layers of TEOS; note the location of intermetallic particle (IMP) on the
lamellae. The prepared specimens are transferred to the home-made liquid cell using a FIB-based procedure, and each specimen is placed at the entrance side of the
electron probe to mitigate the beam-broadening effect. Quasi in-situ analytical TEM experiments are conducted, in parallel, on argon ion-milled specimens (3-mm
disk) to provide in-situ top-view observations with detailed structural and compositional information. Ex-situ examinations are carried out on FIB crosssections to

support cross-sectional in-situ observations.

physicochemical studies [32-35] along with modelling and simulation
studies [36-38], hence still explained in hypothetical terms.

Liquid phase TEM (LP-TEM) provides an unprecedented but chal-
lenging opportunity [39-44] to enhance the mechanistic understanding
of interactions or dynamic in martials and particularly local corrosion
at the nanoscale for complicated corroding systems [45,46]. However,
it has contributed little to corrosion science up to now and it is mainly
due to the lack of representing thin specimens of industrial alloys
[47-50] and the subsequent challenging transfer to the delicate liquid
cells [46,51,52]. Furthermore, the thin specimens can merely represent
very early stages and this would be insufficiently informative for es-
tablishing comprehensive corrosion mechanisms. Here, we therefore
treat specimens fabricated out of an industrial aerospace AA2024-T3 for
a dedicated in-situ liquid phase transmission electron microscopy (LP-
TEM), allowing for not only representative top-view (surface initiation)
but also cross-sectional-view (depth propagation) observations of cor-
rosion in-situ and at the nanoscopic level.

A schematic illustration of the methodology is shown in Fig. 1. As
depicted, the oxidation direction is controlled by covering the speci-
mens either on one side (in case of top view) or on both sides (cross-
sectional view) by 25-nm-thick layers of tetraethyl orthosilicate (TEOS).

The specimens that encompass precipitates of either Al,CuMg (as a
compound with a very complicated corrosion [53-56]) or Al,Cu (a
phase reported with a high cathodic electrochemical activity [21,571)
are fabricated with focused ion beam (FIB). The mask layer is electro-
chemically inert and promote no galvanic corrosion with the alloy
specimen. The prepared specimens are transferred to the home-made
liquid cell via a self-developed intricate procedure and each specimen is
placed at the entrance side of the electron probe to mitigate the beam-
broadening effect [58]. Top-view experiments show very early initia-
tion events whilst the cross-sectional experiments provide insights into
moderate stages of corrosion attack when the degradation propagates
into the depth. In parallel, quasi in-situ and ex-situ TEM experiments
are performed to obtain detailed chemical and structural analysis, and
additionally to validate the in-situ results (Supplementary Materials).
With that, we evidence that dynamics of local corrosion in AAs that are
largely governed by dealloying attack to IMPs.
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28 min

Fig. 2. In-situ top-view observations of local corrosion by S-phase (Al,CuMg). (a) Time-resolved top-view HAADF-STEM images of an Al,CuMg particle, showing
morphological evolutions of the particle and its adjacent matrix (Movie S2; Probe current in vacuum 1.409 nA, Convergence angle 13.7 mrad, Camera length
185 mm, Magnification 20000X). The lamella is approximately 225 nm thick, in total. The electrolyte is 0.01 M NaCl (pH 6.5). The image taken at 0 min is in the
absence of the electrolyte. The red dashed-lines border the particle area before and after the detachment from the alloy matrix. (b) Digitally-magnified view of the
rectangular region shown in the STEM image taken at 11 min. The scale bar is 500 nm. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article).

2. Material and methods
2.1. In-situ liquid-phase scanning TEM (LP-TEM)

A Thermo-Fisher Helios G4 FIB/SEM armed with EasyLift
NanoManipulator system was used to fabricate the TEM specimens
(lamellae) out of regions of interest. To do so, high-current ion milling
of a polished AA2024-T3 sheet was conducted until the appearance of
an intermetallic particle within the milled region. To have the speci-
mens more representative of bulk state microstructures, 200- to 300-
nm-tick lamellae that were either masked on one-side or sandwiched by
applying 25-nm-thick tetraethyl orthosilicate (TEOS) layers with 2-keV
electron beam, giving either top- or cross-sectional-views to the elec-
tron beam. The deposition parameters are presented in Supplementary
Materials. A novel sample transfer procedure was established to lift out
and position the lamellae on the home-made chips without damaging
the 25-nm thin SiN, membrane (see Supplementary Materials). The
chips were plasma cleaned for 1-1.5 min before assembling to get rid of
contaminations and to make the surfaces hydrophilic, so that the
electrolyte can easily run into the liquid cell. The electrolyte was 0.01 M
NaCl open to 1 bar air pressure while the outlet was being sucked by a
vacuum pump to have a very gentle flow during the experiments and
also mitigate the bulging of the membranes [59]. The specimens were
positioned at the entrance side of the electron probe to effectively mi-
tigate the beam-broadening effect on the resolution in STEM mode. A
home-made TEM holder that are specially designed for corrosion stu-
dies was used. A Cs corrected Thermo-Fisher Titan 300 kV TEM was
employed to perform in-situ studies. High angle annular dark field
(HAADF)-STEM imaging that has the advantage of showing Z-contrast
and local thickness information was carried out at the probe current of
1.409 nA measured in vacuum. Snapshots of critical stages were taken
at a fame time of 10 s~ ! at various magnifications (either 20,000X or
28,500X) of 2048 x 2048 pixels using TEM Imaging and Analysis (TIA)
software. Simultaneously, the movies were captured over the corrosion
period with a fame time of 1 s™! at various magnifications of
2048 x 2048 pixels using a screen recorder. The challenges in relation
to the electron beam effect and sample artifacts on this part are dis-
cussed in Supplementary Materials.

2.2. Quasi in-situ analytical TEM

Quasi in-situ experiments were performed by repeatedly examining

an identical location on argon ion-milled thin samples exposed inter-
mittently to 0.01 M NaCl outside the microscope. After each cycle of
exposure, the specimen was first rinsed off with distilled water for a few
seconds and dried out carefully, followed by plasma-cleaning for 5 min
before inserting to the TEM column. A Tecnai F20ST/STEM 200 kV was
used for typical high resolution TEM imaging and scanning transmis-
sion electron microscopy/energy dispersive spectroscopy (STEM/EDS)
elemental mapping and selected area electron diffraction (SAED) ana-
lysis. For EDS measurements, an Oxford Instruments X-MaxN 100TLE
Windowless detector was used.

2.3. Ex-situ characterizations

AA2024-T3 sheets were hand-ground down to 1200 emery paper,
followed by polishing using 0.5 and 0.05 um alumina slurry in a non-
aqueous solution on a soft cloth. Then the samples were exposed to
0.01 M NacCl for different exposure times. The surface morphology of
the corroded samples was examined with secondary electron SEM. The
thin cross-sections were fabricated out of corroded particles of interest
with FIB and lift-out procedure, then examined with HRTEM, STEM-
EDS and SAED methods.

3. Results and discussion
3.1. Local corrosion by S-phase (Al,CuMg)

Time-resolved top-view morphological evolutions of S-phase as a
result of interaction with 0.01 M NacCl are shown in Fig. 2a (Movie S2).
High angle annular dark field-scanning TEM (HAADF-STEM), taken at
0 min in the absence of the electrolyte, shows a large bright particle of
Al,CuMg embedded in the alloy matrix. Note that HAADF-STEM images
are highly sensitive to changes in spatial differences in atomic com-
position (Z-contrast). The Al,CuMg particle consists of two grains and
as indicated by the white arrow, a grain boundary can be distinguished
inside the particle. After 5 min of exposure, the centre of the Al,CuMg
particle shows darker, implying less electron scattering due to material
removal (corrosion). Note that the contrast becomes a bit poorer after
introducing the electrolyte at t=5min due to scattering of electrons
while traveling through the liquid. With prolonged exposure to the
electrolyte (t=8 min), the central corroded region radially grows in the
same morphology which is ultra-finely porous. As indicated by the
white arrow, a part of the adjacent matrix has partially dissolved



A. Kosari, et al.

(trenching initiation), showing up dark in the HAADF-STEM image. At
t=11 min, the dissolution has extended more into the alloy matrix and
the granular contrast variations are now visible over the whole cor-
roding Al,CuMg particle. The digitally-magnified view of the rectan-
gular region shown in Fig. 2b reveals that the initially-corroded zone
(Region 1) is finely porous in morphology (pore size < 9 nm) whereas
Region II has coarser porosities (15nm < pore size < 20 nm). After
16 min, although no change in the particle morphology is seen (the
grain boundary is not distinguishable any longer), the dark regions
becomes evident further around the particle and into the alloy matrix,
indicating a trench-shaped local dissolution. Furthermore, a bright spot
that is circled in yellow appears at the edge of the matrix but it vanishes
later (Movie S2). Besides, comparison of the circled-in-white region at
11 and 16 min reveals that a nanosized dispersoid (AlyoMnzCuy) has
undergone corrosion and left a nano-pit behind. After 19 min, the ma-
trix dissolution has entirely trenched all around the particle, indicating
that the particle is electrically disconnected from the neighbouring
matrix. At 21 min, numerous bright particles emerge all over the edge
of the matrix and also on a dispersoid (mind the red arrow), shown later
by diffraction analysis to be elemental copper nanoclusters. In addition,
the Al,CuMg particle size has considerably reduced between 19 and
21 min due to copper dissolution at this stage. With prolonged exposure
(t=28 min), we observe that some of the copper nanoclusters which are
deposited around the trench rim disappear; we discuss this phenom-
enon later.

In-situ liquid phase HAADF-STEM clearly showed the evolution of a
nanoporous morphology within S-phase caused by corrosion. In par-
allel, we have conducted complementary quasi in-situ TEM examina-
tions on argon ion-milled disk specimens to acquire detailed composi-
tional information at critical stages of corrosion. This also allows for
assessing the potential effect of electron beam on the whole process, as
discussed in Supplementary Materials. Fig. 3a shows HAADF-STEM
imaging and energy-dispersive spectroscopy (EDS) mapping over the
corroded parts of an Al,CuMg particle after 10 min exposure to 0.01 M
NaCl (see also Fig. S6). As can be seen, a nanoporous morphology has
been established at some zones of the particle. Given the EDS results,
we conclude that the selective dissolution of magnesium and to a lesser
extent aluminium has occurred. The oxygen map is also a clear in-
dication of corrosion taken place at morphologically-evolved zones; it
also suggests the presence of aluminium hydroxide residing inside the
pitted area.

To figure out what happens to copper at this very early stage of
corrosion, further quasi in-situ investigations have been performed.
Fig. 3b shows a STEM image of the pitted regions on an Al,CuMg
particle exposed to distilled water for 20 min (Fig. S5); this solution was
chosen to slow down the corrosion process at very early stages. As is
evident, the pits and the intact region are boarded by the bright narrow
rims which are actually surface-diffused copper (see Fig. S5). Note that
the pits appear darker in the HAADF-STEM image due to local mass loss
by selective dissolution. Thus, dealloying attack is clearly responsible
for corrosion initiation on S-phase. In fact, dealloying selectively de-
pletes active elemental components of the phase (herein aluminium and
magnesium) to evolve a nanoporous Cu morphology.

Fig. 3c shows a HAADF-STEM image of an Al,CuMg particle inter-
mittently exposed to 0.01 M NaCl for a total exposure of 30 min. The
EDS analysis reveals that the particle is depleted from magnesium and
aluminium (see Fig. S6); it is almost empty of magnesium (0.2 at%) and
contains approx. 6.3 at% after 30 min. Note that the particle is still
connected to the alloy matrix and the copper redistribution process has
not occurred. As can be seen, the copper dendrites are formed at the
trench region (Fig. 3c;). Further analysis including EDS mapping and
HRTEM imaging identify them as nanoclusters of Cu,O (Fig. 3cz). This
form of copper is sourced from solid solution, which holds 0.2 —0.5 at%
copper, as a consequence of the simultaneous matrix dissolution and
surface diffusion [11]. In fact, the copper in the matrix solid solution
gradually accumulates during the trenching to form copper
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nanoclusters. However, they later become electrically isolated in the
aluminium oxide products and undergo oxidation themselves. Looking
at the oxygen map corresponding to the rectangular region, we see
some local corrosion spots on the alloy matrix. As shown in Fig. 3cs,
these are nano-pits that are formed due to the passive layer breakdown.
The corresponding EDS map reveals the surface-diffused solid-solution
copper as a rim around the pit where the alloy matrix is locally dis-
solved.

Cross-sectional-view HAADF-STEM sequences of a sandwiched S-
phase being exposed in-situ to 0.01 M NaCl solution are shown in
Fig. 4a (Movie S3). The image taken in the absence of the electrolyte
(t=0min) shows an Al,CuMg particle which is confined in the alloy
matrix. The snapshot taken after 15 min reveals some contrast varia-
tions on the upper part of the particle which is bare and interacting with
the electrolyte. As can be seen, corrosion has slightly dissolved the
surrounding alloy matrix while it has propagated more into the particle
than the matrix, resulting in a nanoporous morphology. After 20 min,
the corrosion process changes in morphology. It penetrates deeper at
the particle/matrix interface associated with the extensive matrix dis-
solution. The snapshot taken at 25 min shows the deep corrosion pro-
pagation equally into the matrix and the interfacial regions of the
particle but shallower into the middle part of the particle. The trench
grows in width and depth during the corrosion process until it is about
to undercut the particle after 28 min; the middle part of the particle is
not fully corroded at this point. Fig. 4b compares the digitally-magni-
fied view of the rectangular region at 15 and 28 min, revealing for-
mation of the nanoparticles at the top of the corroding particle which
have considerably grown in size and number since the beginning of the
exposure. The snapshot taken at 31 min shows that the particle dis-
connected from the alloy matrix. Like the top-view findings, the latest-
corroded region shows up in a course nanoporous morphology. Due to
rapid dealloying at this stage (Movie S3), a breakdown crack takes
place near the top of the particle, indicated by the yellow arrow. At
t=34 min, numerous nanoparticles are formed at the edge of the matrix
whereas the particle has decreased in size and also the bright layer atop
the corroding particle has disappeared. Fig. 4c shows the involvement
of a deep intermetallic particle in corrosion propagation at an advanced
stage. As is evident, the corrosion has penetrated quite deep induced by
the redistributed copper nanoclusters until reaching another Al,CuMg
particle underneath. This can well explain how corrosion further pro-
pagates into the depth with prolonged exposure time. In addition,
comparison of the particle size before corrosion (t=0min) and after
37 min reveals a considerable shrinkage due to selective aluminium and
magnesium dissolution and following copper liberation.

Fig. 5a and b show top-view SEM, cross-sectional STEM/EDS and
selected areas electron diffraction (SAED) patterns on the bulk-corroded
samples exposed ex-situ to 0.01 M NaCl for 15min and 6h, respec-
tively. The SEM image in Fig. 5a depicts a narrow trench around the
particle which has a smooth surface due to a fine corrosion-attack
morphology. The cross-sectional HAADF-STEM image of the corre-
sponding particle shows that it is corroded partly and corrosion has
penetrated deeper at the particle/matrix interface (in agreement with
the in-situ observations). The EDS analysis shows that the corroded
region which is uniformly nanoporous in morphology has almost been
depleted in magnesium (1.3 at%) but still contains 11 at% aluminium,
indicating the occurrence of dealloying. In addition, a narrow layer of
nanoclusters on the top of the particle (Region II) is clearly distin-
guishable from the rest (Region I). Using SAED analysis, we char-
acterized Region II as elemental copper nanoparticles whereas Cu and
Cu,0 coexist in Region I. Comparatively, the surface of the particle
exposed for 6h is quite rough, associated with numerous deposited
nanoclusters around and in the trench (Fig. 5b). The cross-sectional
STEM image shows that the particle is fully corroded and disconnected
from the matrix. Variations in pores size are observed all over the
remnant, probably referring to different stages of corrosion within the
particle. In addition, there are the signs of breakdown on the top of the
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Fig. 3. Analysis of corroded S-phase intermediately exposed to 0.01 M NaCl. (a) STEM/EDS analysis of an Al,CuMg particle exposed to 0.01 M NaCl for 10 min; the
elemental map reveals selective dissolution of aluminium and magnesium to different extents (Fig. S6). (b) HAADF-STEM image of an Al,CuMg particle exposed to
distilled water for 20 min, revealing the single pits and copper surface diffusion (Fig. S5). (c¢) HAADF-STEM image of an Al,CuMg particle taken after 30 min of
exposure to 0.01 M NacCl (Fig. S6). (c1) TEM image and corresponding EDS map are related to the dashed rectangular region shown in the STEM image. (c2) High
resolution TEM (HRTEM) image of the region indicated by the white dashed lines. (c3) STEM/EDS analysis of a single pit on the alloy matrix where the region is
circled in the TEM image, revealing redistribution of solid-solution Cu as a rim around the pit. Notice that the results are obtained via quasi in-situ TEM experiments
on thin argon ion-milled specimens (Fig. S5 and Fig. S6).
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Fig. 4. In-situ cross-sectional observations of local corrosion by S-phase (Al,CuMg). (a) HAADF-STEM time series of cross-sectional dealloying-driven evolutions in a
sandwiched Al,CuMg particle (Movie S3; Probe current in vacuum 1.409 nA, Convergence angle 13.7 mrad, Camera length 185 mm, Magnification 28500X). The
yellow arrow indicates the breakdown location. The red arrows indicate the copper dissolution from the top and the periphery of the corroded particle. (b) Digitally-
magnified view of the rectangular region shown in the STEM images taken at 15 min (No.1) and 28 min (No. 2). (c) Comparison of the particle size before and after
37 min of exposure. The white arrow indicates the involvement of a deep Al,CuMg in corrosion propagation at an advanced stage. The specimen thickness is 350 nm
including the TEOS layers. The electrolyte is 0.01 M NaCl (pH 6.5). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article).

particle (indicated by the yellow arrow) where the layer of copper elemental copper. With this compositional insight, we draw your at-
nanoparticles is missing. We identified the undercut particle as a CuyO tention back to Fig. 4a where the copper nanoclusters on the top of the
nanoporous remnant which is covered by Al(OH);. The SAED pattern particle, increasing in size and number, dissolve away after the particle
collected from the cluster (circled in red) shows spots matching undercut event (t = 29 min).
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Top-view SEM

R

Fig. 5. Post-mortem analysis of corroded Al,CuMg particles exposed to 0.01 M NaCl. (a) Top-view SEM, cross-sectional STEM/EDS and SAED analysis of an Al,CuMg
particle immersed in 0.01 M NacCl for 15 min. The SEAD patterns show characteristic rings and spots for Cu and Cu,0; the close lattice parameters are not indexed. (b)
Top-view SEM, cross-sectional STEM and SAED analysis of an Al,CuMg particle immersed in 0.01 M NaCl for 6 h. Note that the matrix and the particle are not at the
same level where the nanoclusters nestled in the trench are identified as elemental copper. This undercut particle is a nano-porous Cu,0 remnant covered by AI(OH)s.
The cross-sections are fabricated out of the corresponding corroded particles with FIB. The scale bar is 1 um.

3.2. Local corrosion by Al,Cu (6-phase) the edge and on the top of the corroding particle; there is no sign of
matrix corrosion (trenching) up to this point. We observe that the na-

Fig. 6a shows top-view sequences of an Al,Cu particle in 0.01 M noparticles are growing in size, and this is associated with a slight
NaCl. The HAADF-STEM image is taken at 0 min in the absence of the corrosion attack to the particle, itself, in particular to the edge region
electrolyte. After 37 min, a few nanoparticles (bright spots) appear at (t=57 min). A comparison of the electron intensity along the dashed
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Fig. 6. In-situ top-view and cross-sectional-view observations of local corrosion by 8-phase (Al,Cu). (a) HAADF-STEM time series of top-view dealloying-driven
evolutions within an Al,Cu particle and its adjacent alloy matrix (Movie S4; it is made of 52 snapshots taken at different stages of an exposure for 149 min at the
camera length of 75 mm). The red dashedlines indicate the particle area before and after the detachment. The lamella is approximately 200 nm thick, masked with
25-nm-thick TEOS layer on one side. (b) Electron intensity along the red and blue arrows in Fig. 6a, proving the trenching occurrence which follows the dealloying
attack to the particle. (¢) Digitally-magnified HAADF-STEM images of Region I and II in Fig. 6a, showing the transition from the globular to river-like dealloying
morphology. The circled-in-blue region shows a dispersoid particle undergoing dealloying and then disappearing. (d) Cross-sectional dealloying-driven evolutions in
a sandwiched Al,Cu particle, captured by HAADF-STEM (Movie S5; Probe current in vacuum 1.409nA, Convergence angle 13.7 mrad, Camera length 75 mm,
Magnification 20000X). The total specimen thickness including TEOS layers is 350 nm. The white arrows point to the surface-diffused accumulation of copper. The
yellow arrow points the breakdown location on the top of the particle. The red arrows indicate the copper dissolution merely from the periphery of the dealloyed
particle at the trench bottom. The electrolyte is 0.01 M NaCl, pH 6.5. The scale bar is 500 nm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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lines (the blue and red line) clearly discloses the matrix trenching and
also the corrosion attack to the particle (Fig. 6b). At this stage, addi-
tional information via quasi in-situ STEM/EDS confirms selective alu-
minium dissolution from the particle itself (6-phase dealloying), re-
sulting in the trenching of the closest matrix to the dealloyed region
(Fig. S7 and S9). As corrosion progresses until 81 min, a globular cor-
rosion morphology (~20nm scale) becomes more apparent on the
particle, however, it turns into a banding morphology (~10nm spa-
cing) after 111 min. The transition from the globular to the band-like
morphology can be seen in the digitally-magnified views in Fig. 6c.
After 111 min, the alloy matrix has significantly been dissolved which is
also associated with corrosion of nanosized dispersoids (Al,oMnsCu,),
leaving several bright spots behind (Fig. 6¢). This behaviour continues
until the whole particle is about to get disconnected (t=122min);
numerous nanoparticles are accumulated on the particle at this stage.
During the next 18 min, the corrosion proceeds further with the matrix
trenching and slight particle corrosion. Besides, we observe no con-
siderable change in the particle size where fewer nanoparticles are
formed at the edge of the trenched matrix (Movie S4), compared to S-
phase.

Fig. 6d shows cross-sectional in-situ observations of 6-phase-in-
duced local corrosion, taking place to the sandwiched specimen.
Comparing the HAADF-STEM image taken at t=0min and 60 min re-
veals the corrosion initiation at several locations in the Al,Cu particle
itself; the dark region within the particle shows a fine nanoporous
morphology. The snapshot taken after 60 min reveals how corrosion has
propagated into the depth; the white arrows point to two bright na-
noparticles accumulated on top of the particle. In spite of a higher
corrosion potential of 6-phase than the alloy matrix, it seems that its
self-corrosion precedes the dissolution of the matrix (trenching) which
is covered by an isolating passive layer. After 100 min, corrosion has
penetrated deeper, probably due to structural defect variations at the
right side of the particle while the alloy matrix is slightly dissolved on
the top. Looking at the STEM images of the particle taken after 105 min,
we see that the initially-corroded region within the particle has a finer
nanoporous morphology (Region I) than the later-corroded part (Re-
gion II) where the matrix is significantly corroded. From this point, it
takes about 1 min for the particle to be undercut and extensively cor-
roded (t=106 min). Note that similar to S-phase, the latest-corroded
part of the particle is coarsest in morphology (Region III). At 110 min,
we see the breakdown event right on top of the particle; associated with
the appearance of redeposited nanoparticles, in particular, at the
bottom of the trench (Movie S5) which is less in number as compared to
S-phase.

Post-mortem analysis of the samples related to 8-phase-induced
local corrosion are shown in Fig. 7. Cross-sectional STEM image of an
Al,Cu particle exposed for 15min (Fig. 7a) reveals formation of the
nanoporous layer all over the top of the particle; the depth penetration
of the layer is location-dependent. A closer look at this particle is shown
in the inset; additional STEM/EDS reveals the selective dissolution of
aluminium (dealloying) associated with accumulation of copper nano-
particles at the particle/matrix interface. Fig. 7b shows a high resolu-
tion TEM image taken from the nanoporous region of a dealloyed Al,Cu
particle (Fig. S9a), revealing co-existing nano-sized Cu and Cu,O na-
noparticles. Further investigations are carried out on a representative
Al,Cu particle corroded for 6 h, as shown in Fig. 7c. The top-view SEM
image reveals a trench around the particle which has a wide opening
tapered down into the depth. In addition to the layer of copper nano-
particles on the top, the cross-section shows a gradient nano-porous
morphology where pore size increases towards the depth. The compo-
sition line scan reconstructed from the rectangular region in the STEM
image clearly reveals selective dissolution of aluminium: its amount
slightly rises with the distance from the top. This phenomenon is con-
sistent with diffusion of selectively dissolved aluminium to the top
before leaving the particle. Fig. 7d shows an Al,Cu particle exposed for
19 h. The SEM image reveals that the particle surface and its adjacent
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matrix are corroded severely. The further analysis on the corresponding
lifted-out cross-section confirms formation of an undercut Cu,O rem-
nant covered with aluminium hydroxide where a few copper na-
noclusters are nestled in the trench; additional evidence can be found in
Fig. S9.

3.3. The role of copper-rich regions in local corrosion

Up to this point, both in-situ liquid phase and analytical post-
mortem TEM examinations unanimously narrate that the IMPs-induced
local corrosion initiation is a consequence of a preceding dealloying
attack occurring to both S-phase and the 8-phase compounds. This form
of corrosion results in the formation of copper-rich regions within IMPs
that are electrochemically nobler than the un-corroded regions and the
adjacent alloy matrix, leading to nano-galvanic interactions between
these nanoscale heterogeneities. Here, we prove that the nanoscopic
copper-rich region can function as strong cathodic sites, supporting
ORR reactions that leads to highly local alkaline solution chemistry.
Besides, as long as the alloy matrix is covered by the aluminium oxide
passive layer which is isolating in nature, it would be protected and
cannot support any electrochemical reactions. However, if the alloy
matrix undergoes local breakdown due to chloride attack, solid-solution
copper does also surface diffusion to around nanoscopic corrosion pits,
hence acting as nano-cathodic sites as well. This has been fulfilled by
analysis of the S-phase/6-phase composite particles [60] exposed to a
solution of 0.003 M Ce(NO3); + 0.01 M NaCl. According to E-pH dia-
gram of cerium [61], Ce(OH); can precipitate in solution pH approxi-
mately above 10 via a chemical reaction, it can therefore be a pH
marker.

Fig. 8a shows STEM/EDS analysis of an Al,CuMg/Al,Cu composite
particle exposed to 0.003M Ce(NOs3); + 0.01 M NaCl for 70 min. As
can be seen, cerium has deposited discretely around the rims of the pits
formed on the Al,CuMg particle, neither on 8-phase nor the alloy ma-
trix. In fact, an alkaline environment is required for triggering Ce de-
position, this phenomenon proposes a nano galvanic coupling estab-
lishment between Cu-rich regions on the Al,CuMg particle (cathodic
sites) and inside the pits (anodic sites). Since cathodic reactions pro-
duce OH™, we can claim that the surface-diffused copper on the cor-
roded region of S-phase support the cathodic reaction like oxygen re-
duction reaction (ORR), leading to cerium deposition. Further evidence
is shown in Fig. 8b, where the cross-sectional STEM/EDS analysis of an
Al,CuMg/Al,Cu composite particle clearly reveals the precipitation of
cerium hydroxide over the Al,CuMg particle. The results herein prove
that dissimilar intermetallic particles do not establish cooperative cor-
rosion at least at early stages of corrosion owing to their different
electrochemical behaviour. There is no nobility inversion and IMPs are
in fact simultaneous anodic and cathodic sites since the beginning of
exposure that can also form nanogalvanic coupling with the closest
corroding alloy matrix.

Furthermore, Fig. 9 shows how a copper nanocluster can drive the
matrix corrosion through a consecutive deposition/dissolution process.
As can be seen, the cluster establishes nano-galvanic coupling with the
adjacent matrix, leading to the local matrix corrosion. This phenom-
enon can gradually trench around the cluster until the electrical dis-
connection occurs. Then, the nanocluster can acquire its free corrosion
potential at which copper dissolves. Upon the release of copper into the
electrolyte, it reappears as smaller nanoparticles at the edge of the
matrix where thermodynamically copper redeposition is favoured, fol-
lowed by further corrosion of the alloy matrix (Movie S6).

4. Dealloying-driven local corrosion mechanism by Al,CuMg and
A12Cu

Here, in-situ direct nanoscopic top-/cross-sectional-view observa-
tions along with detailed supplementary information allow us to pro-
vide a comprehensive mechanism explaining local degradation
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Fig. 7. Analysis of post-corroded Al,Cu particles (6-phase). (a) Cross-sectional HAADF-STEM image of an Al,Cu particle exposed to 0.01 M NacCl for 15 min, showing
several locations attacked by dealloying. The inset is the magnified view of the rectangular region analysed by STEM/EDS; the white arrow points the accumulated
copper at the edge. (b) HRTEM image taken from the dealloyed region of an Al,Cu particle corroded for 15 min, revealing coexisting Cu and Cu,O nanoparticles
(identified from the lattice plane spacings). (c) Top-view SEM, cross-sectional STEM/EDS analysis of an Al,Cu particle immersed in 0.01 M NaCl for 6 h. The SEM
image shows the smooth surface of the particle surrounded by a trench with a wide opening. The graph is the elemental profile reconstructed from the rectangular
region in the cross-sectional STEM image, showing selective dissolution of aluminium. (d) Top-view SEM, cross-sectional STEM/EDS and SAED analysis of an Al,Cu
particle immersed in 0.01 M NaCl for 19 h. The remnant is characterized as a nano-porous Cu,O particle covered by aluminium hydroxides.

phenomena related to precipitates hardening phases of Al,CuMg and 6-phase in AAs where the probable electrochemical reactions occurring
Al,Cu and also controversial Cu redistribution. Local corrosion is here around the IMPs are shown in detail. It also shows the local solution
divided into three distinct stages including surface initiation, in-depth chemistry and compositions at different locations of S-phase and 6-
propagation, and particle undercut and Cu release. Fig. 10 schemati- phase (this form of representation of the pores is inspired by Snyder

cally depicts different stages of local corrosion induced by S-phase and et al. [12]).

Matrix
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Fig. 8. Analysis of S-phase/6-phase composite particles in 0.003M Ce(NO3)s + 0.01 M NaCl. (a) HAADF-STEM/EDS analysis of an Al,CuMg/Al,Cu composite
particle on an argon ion-milled disk at different regions. The disk is exposed to 0.01 M NaCl +0.003 Ce(NO3)3 for 70 min (blue: O and Yellow: Ce). (b) Cross sectional
STEM/EDS images of an Al,CuMg/Al,Cu particle exposed to 0.01 M NaCl+0.003 Ce(NO3); for 90 min; revealing a thin layer of cerium oxide deposited on the
Al,CuMg not on the Al,Cu. The inset is top-view SEM image of the mixed particle before milling (blue: O and Yellow: Ce).
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Fig. 9. The role of copper nanoclusters in corrosion propagation. Time-resolved HAADF-STEM images, showing how a copper nanocluster leads to local dissolution of
the matrix. (Movie S6; Probe current in vacuum 1.409 nA, Convergence angle 13.7 mrad, Camera length 185 mm, Magnification 28500X). The sample is approx.

200 nm thick and is sandwiched between two layers of TEOS.

4.1. Surface initiation

Local corrosion initiates by dealloying attack to IMPs but stabilizes
(continuous corrosion) through nanogalvanic interactions between
copper-rich regions and the IMPs. This condition gradually gives rise to
a local solution chemistry in which the passive layer covering the
nearby alloy matrix cannot survive, leading to its local dissolution. For
S-phase, the surface initiation process happens rather shortly after ex-
posure as magnesium is highly soluble in the studied solution, although
hydrolysis of aluminium ions occurs simultaneously and can passivate
some active locations. Copper does surface diffusion and appears in
rims around the pits (Fig. 3b), subsequently rearranging in a nano-
porous morphology (Fig. 3a). Although, copper cannot thermo-
dynamically dissolve at this stage, it can be released via dissolution of
physically-detached Cu clusters. In the case of 8-phase, Al(OH); for-
mation inhibits corrosion at initial dissolution sites and consequently a
sluggish initiation process provides copper with sufficient time to ac-
cumulate as nanoparticles on the surface in particular at the edges
(Fig. 6a). Afterward on both S-phase and 8-phase, nanogalvanic inter-
actions are established between anodic zones and the copper-rich
cathodic sites supporting OH ™ -producing reactions. Since AI(OH); is
merely stable at pH 4-9, the aluminium oxide passive layer of the
nearest alloy matrix destabilizes due to local chemistry provoked by
electrochemical reactions, resulting in the trench initiation (Fig. 2a and
Fig. 6a).

4.2. In-depth propagation

During the depth propagation, cathodic reactions like oxygen re-
duction reactions (ORR) take place on the upper parts of the corroding
IMPs while the intact part of the particle and the adjacent matrix un-
dergo anodic dissolution. For S-phase, owing to a rapid dealloying
propagation and trenching (anodic process), the rate of cathodic reac-
tions is also rather high (to maintain overall charge neutrality), re-
sulting in an extremely basic local chemistry atop a corroding S-phase.
On the other hand, the massive exit of the corrosion products due to fast
dealloying leads to the detachment of some copper-rich segments from
the upper part which is highly porous (Fig. S8a). Then, the detached
copper segments obtain their free-corrosion potential and endure
anodic dissolution. However, the consequent copper ions become re-
deposited either mostly onto the same corroding particle (Fig. 4a) since

the top part shows cathodic activity or on the Cu-rich regions on the
alloy matrix undergoing active local dissolution (Fig. 2a at 16 min).
Under hydrodynamic conditions, the copper ions can be carried away
by the flowing electrolyte and re-plate on distant active sites like the
local cathodes on the matrix. The depth propagation happens sig-
nificantly slower to 8-phase and consequently a moderate basic local
chemistry is built up atop a corroding particle. That explains findings of
other researches in which S-phase, in cerium-inhibited solutions, is
found with a thick layer of the cerium hydroxide [62] triggered by local
alkalinity while 6-phase is only slightly/partly covered [63]. Ad-
ditionally, due to hydrolysis of metal ions, the pore and trench en-
vironments would experience a pH gradient with lower acidity towards
the top of IMPs [12]. In the region with moderate pH, aluminium hy-
droxide gel is stable and physically covers of the sections involved in
dealloying. This mechanism is valid for both S-phase and 6-phase, but
takes longer for the latter. On the other hand, the sluggish evolutions
give produced H* ions more time to diffuse away; thus, the trench and
pore environment within the corroding Al,Cu particles are less acidic as
compared to those for the S-phase. During the progress of dealloying,
the corroding IMPs enrich in copper and acquire higher corrosion po-
tential, leading to formation of a coarser nanoporous morphology than
the earlier-dealloyed regions. Note that the corrosion potential of the
whole specimen is insufficiently high for direct copper corrosion before
the particle undercut; however, Cu,O nanoparticles can form as a result
of physical or electrical isolation of some copper segments, enduring
oxidation during the dealloying course (Figs. 4a, 5 a and 7 b).

4.3. Particle undercut and Cu release

As soon as the trenching undercuts the whole corroding particle, its
corrosion potential rapidly goes up whereby direct dissolution of
copper can occur. This event is also associated with a breakdown in the
corroding IMPs due to massive dissolution and egress of the corrosion
products. At this stage, the difference in behaviour of S-phase and 6-
phase is the amount of copper ions they can release into the solution.
Since a corroding 6-phase particle is largely covered with aluminium
hydroxide gel, it gradually transforms into a Cu,O remnant after the
undercut; mostly the bottom part of 6-phase particles contributes to
copper release. In contrast, S-phase contributes to redistribution of
copper to the largest extent as the upper part and the periphery of the
undercut particles liberate copper, followed by re-plating at aluminium
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Fig. 10. Dealloying-induced IMPs-induced local corrosion mechanism. 3D schematic view of localized corrosion initiation induced by individual S-phase (boxed in
green; upper row) and 6-phase (boxed in pink; lower row) particles embedded in the alloy matrix. The mechanism by which the corrosion initiates at the surface and
propagates into the depth is shown. The probable corrosion reactions occurring around IMPs are depicted in detail. In addition, local solution chemistry and
compositions at different locations on S-phase and 8-phase are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article).

hydroxide-free parts of the matrix surface. As other sources of redis-
tributed copper, corroded nanometric copper-containing particles like
dispersoids (Fig. 6¢) and also the alloy matrix which holds approx.
0.5 wt.% Cu in solid solution (Fig. 3a) can be enumerated. Furthermore,
the deposited copper nanoclusters can establish local nanogalvanic
coupling with the matrix and promote further local corrosion. As evi-
denced (see Fig. 9), they show an iterative process of redeposition/
dissolution through which coppers nanocluster speed up the aluminium
dissolution until they get detached from the matrix. Then, the free-
standing particles undergo anodic dissolution themselves, followed by
redepositing back on the matrix and continue to further corrode the
alloy matrix. Note that the local corrosion from the initiation to particle
undercut occur to S-phase in a shorter time-scale, thus early copper ions
liberated from the undercut S-phase can also be redeposited on the
neighbouring 6-phase and other active intermetallic compounds.

10

5. Conclusion

In-situ top- and cross-sectional-view liquid phase STEM directly
evidenced different stages of corrosion from surface initiation to in-
depth propagation where different time-scales were observed for S-
phase and 6-phase. We stress the pivotal role of dealloying attack to
IMPs as the precursor of local degradations in AAs. IMPs are in fact
simultaneous anodic and cathodic sites as from the beginning of ex-
posure. Nanogalvanic interactions between the heterogeneities within
the corroding IMPs themselves, and later with the closest neighbouring
alloy matrix stabilize the local corrosion. S-phase is more problematic
in terms of corrosion as it induces local degradation in a relatively short
exposure time and largely contributes to copper redistribution, com-
pared to that for 6-phase. The current findings can fully explain con-
troversial forms of IMPs-induced local corrosion in AAs like pitting and
intergranular corrosion, and the copper redistribution process. Besides,
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they constitute a basis for reliable predictive corrosion modelling and
simulation and can be used to develop smart corrosion inhibition
strategies for AAs. Furthermore, the experimental package can be ap-
plied to studies in relation with corrosion of other complicated systems
like stainless steels and also fabrication of advanced nanoporous ma-
terials like sensors and catalysts.
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