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A B S T R A C T

Nanoscopic characterization of heterogeneous intermetallic particles (IMPs) which microstructurally and com-
positionally evolve during local corrosion is crucial in unravelling the mechanisms and sequence of initial and
local corrosion events. Herein, we study site-specific initiation events focused on microscopic constituent in-
termetallic compounds and nanoscopic dispersoids in AA2024-T3 at the nanoscale using a combined quasi in-
situ and ex-situ analytical TEM approach. Our findings show a dealloying-driven local corrosion initiation at the
studied IMPs that have been considered as cathodic phases traditionally. Besides, local degradation which is a
result of galvanic interactions between dealloyed regions of IMPs and their adjacent alloy matrix is largely
governed by the intrinsic electrochemical instability of intermetallic compounds.

1. Introduction

Microstructurally complex aluminium alloys (AAs) constitute a
structural material class with an essential high-strength-to-weight ratio,
desirable for aerospace applications [1]. However, aerospace AAs are
undesirably prone to different types of electrochemical degradation as a
direct consequence of microstructural heterogeneities [2–10]. Given
the pivotal importance of engineering safety in aerospace structures,
detailed understanding must be acquired to describe microstructurally
detrimental corrosion descriptors in deterministic terms where the lit-
erature still lacks a comprehensive mechanism [11].

Corrosion in aerospace AAs is inherently site-specific, commonly
initiating in the form of localized attack at individual IMP locations
[9,12–15] where the surrounding alloy surface is covered by a protec-
tive aluminium (hydr)oxide passive layer [16,17]. Intermetallic com-
pounds are in fact precipitates, constituent phases and dispersoids with
diverse chemical composition in a wide range of dimensions from the
nano- to microscale. Precipitates like Al2CuMg and Al2Cu emerge in
response to age hardening processes and greatly contribute to the me-
chanical strength enhancement in aerospace AAs [18,19]. Compara-
tively, constituent phases are formed during solidification at high
temperatures and normally not affected by subsequent heat treatments,
having a minor contribution to mechanical properties [20,21]. In ad-
dition, they are relatively large (> 1 μm), irregularly-shaped and rather

diverse in chemical composition, containing different amounts of Al,
Cu, Fe, Mn and Si and characteristically crystallizing in a variety of
atomic structures [22]. Dispersoids like Al20Mn3Cu2 are formed pur-
posefully in the melt for grain refinement, commonly having a sub-
micron size and being nodular-shaped [23].

For many years, electrochemical and physicochemical studies of
intermetallic compounds have brought the researchers to the conclu-
sion that local corrosion in AAs is mainly a consequence of micro-
galvanic interactions of IMPs with one another or mainly with the alloy
matrix in their vicinity [24,25]. Given that electrochemical reactivity is
linked to chemical composition [26–29], IMPs acquire different corro-
sion potential than the alloy matrix when exposed to aqueous solutions
[30–33]. Constituent IMPs (i.e. Al7Cu2Fe, Al20Mn3Cu2 and
Al76Cu6Fe7Mn5Si6) are generally reported as potential cathodic phases
that support cathodic reactions like oxygen reduction reaction (ORR)
upon exposure, owing to a higher corrosion potential (Volta potential)
than that of the alloy matrix [5,34–36]. This process will establish a
locally basic solution chemistry in which the aluminium (hydr)oxide
passive layer is undermined gradually. Such electrolyte conditions can
give rise to local dissolution of the surrounding matrix commonly in the
form of a circumferential trench around the IMP. This form of local
dissolution, known as trenching, is reportedly governed by the intrinsic
cathodic activity of the cathodic compounds [9,37]. This is in contrast
to the process for anodic particles that endure self-corrosion and would
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be pitting locations themselves, as the surrounding matrix drives anodic
dissolution of the phases of relevance (i.e. MgZn2 [38] and Mg2Si
[39,40]).

However, recent studies with experimental techniques granting a
high spatial resolution have provided new insights into incongruent
behaviour of cathodic phases and seemingly similar to anodic phases,
they show to undergo self-corrosion at very early stages of the exposure
to aqueous environments. For instance, Zhang et al. [41] and Wang
et al. [42], who used ex-situ transmission electron microscopy (TEM) to
study corrosion of Al-Cu-Mg alloys, have reported the preferential dis-
solution of Al and Mn from Al20Cu2Mn3 particles at very early stages of
exposure, triggered by structural planar defects like twin boundaries.
Al2Cu particles have also been reported to show a tendency for selective
aluminium dissolution (dealloying) and found partially dealloyed when
embedded in the alloy matrix [43]. Recently Frankel and co-workers
[44] were able to probe the early stages of IMPs-induced local corro-
sion, using a combined scanning electron microscopy/scanning Kelvin
probe force microscopy (SEM/SKPFM) approach. In line with their
prior works [45,46], they indicated that preferential dissolution of the
active element aluminium in Al7Cu2Fe(Mn) takes place at a faster rate
than the matrix dissolution. Such observations challenge the traditional
microgalvanic coupling concept based on difference in corrosion po-
tential [32] (or Volta potential [47]) of IMPs with respect to the alloy
matrix. However, in spite of the recent findings, the literature still lacks
a thorough mechanistic description of how local corrosion initiates and
propagates around dispersoids and constituent phases at different
stages of degradation. Thus, time-resolved nanoscopic information
which is crucial for reliable and accurate corrosion modelling and si-
mulations to predict the service lifetime of AA structures are yet to be
achieved [36,48].

In this work, we continue the endeavour towards deterministic
characterization of time-resolved local corrosion focused on macro-
scopic constituent intermetallic compounds and nanoscopic dispersoids
conventionally categorized as cathodic phases in aerospace AA2024-T3.
A challenge in this regard is to provide nanoscopic observations and
analysis of microstructurally and compositionally evolutions during
different stages of local corrosion at the same location. To this aim,
quasi in-situ TEM is a potentially powerful approach and has been
widely used in recent studies of corrosion [40,49–52]. As a drawback,
quasi in-situ TEM has to be conducted on electron-transparent thin
specimens which can merely represent very initial stages of corrosion
[53]. Therefore, in this study we combine it with cross-sectional ex-situ
TEM experiments and also supplementary focused ion beam/scanning
electron microscopy (FIB/SEM) morphological investigations to explore
local degradation phenomena in AAs from surface initiation to in-depth
propagation.

2. Material and Methods

2.1. Top-view quasi in-situ TEM

This part of the experiments was carried out by intermittently ob-
serving an identical location on argon ion-milled thin specimens ex-
posed to 0.01M NaCl solution outside the electron microscope. After
each exposure event, the specimens were rinsed off with distilled water
for a few seconds. Then, water on the specimens was immediately ab-
sorbed by delicate-task wipes and dried under a lamp. The specimens
were subjected to plasma-cleaning for 5min right before re-inserting
into the TEM column. A Tecnai F20ST/STEM 200 keV was employed to
perform typical high-angle annular dark field/scanning TEM (HAADF/
STEM) imaging, energy dispersive spectroscopy (EDS) elemental map-
ping and also high resolution TEM imaging. Note that HAADF-STEM
images are highly sensitive to variations in the effective atomic num-
bers (Z-contrast and local thickness) in the studied regions [54]. For
energy dispersive spectroscopy (EDS) elemental mapping, an Oxford
Instruments X-MaxN 100TLE windowless detector was used.

2.2. Cross-sectional ex-situ TEM

AA2024-T3 sheets were hand-ground down to 1200 emery paper in
water, followed by polishing using 0.5 and 0.05 μm alumina slurry in a
non-aqueous solution on a soft cloth. The samples were immersed in
quiescent 0.01M NaCl solution for different exposure times, followed
by rinsing with distilled water. Subsequently, the surface corrosion-at-
tack morphology of the samples was examined with SEM. Afterward,
thin cross-sections of specific corroded particles were fabricated with a
Thermo Fisher Helios G4 FIB and positioned on copper half grids for
later TEM examinations using a dedicated lift-out procedure [55]. To
protect the corroded surfaces while gallium ion-milling, a 200-nm-thick
layer of carbon was deposited initially with a 2-keV electron beam,
followed by ion-beam deposition until reaching a carbon thickness of
approx. 1 μm. Although quasi in-situ top-view observations are highly
useful to probe the early stage initiation events, the cross-sectional in-
vestigations reveal the local corrosion propagation deeper into the
sample.

2.3. FIB/SEM investigations

FIB/SEM serial cross-sectioning was performed on corroded IMPs in
a polished sample exposed to 0.01M NaCl for 19 h. The top-view and
cross-sectional SEM morphological studies were carried out at 5 keV
collecting emitted secondary electrons (SE) in ultra-high-resolution
mode. FIB sectioning was conducted in a blind-mode; the ion beam was
used merely for cross-sectional milling. This allows us to skip doing Pt
or C deposition for protection of the top surface from ion-beam damage.

3. Results and Discussion

3.1. Isolated constituent Al76Cu6Fe7Mn5Si6

Fig. 1a shows a time-resolved morphological evolution of local
corrosion induced by an Al76Cu6Fe7Mn5Si6 particle; this is the ap-
proximate composition determined with STEM/EDS. After 30min,
HAADF-STEM shows no apparent corrosion attack neither to the par-
ticle nor to the surrounding matrix. However, the magnified view of the
rectangular region (Region I), shown in Fig. 1b, reveals some contrast
variations indicating that nanoscopic local breakdown has taken place.
As can be seen, numerous nano-sized pits which are darker in appear-
ance due to material removal are formed over the particle, demon-
strating corrosion initiation in the form of nano-pitting. We also observe
pitted zones over the alloy matrix merely closest to the corroded re-
gions of the particle, indicated by the white arrows. With prolonged
exposure to 0.01M NaCl (t=60min), the contrast variations simulta-
neously spread over the particle mostly (bordered by the red dashed
line) but also over the matrix. After 120min of exposure, corrosion has
clearly attacked the top right corner of the particle and its adjacent
matrix which is covered with bright cloud-like corrosion products
verified as aluminium (hydr)oxide (see Fig. S1 in Supplementary data).
Besides, the HAADF-STEM image taken at 150min reveals the ap-
pearance of some bright regions on different parts of the particle, in-
dicated by the red arrows. The EDS analysis indicates these to be copper
nanoclusters termed as copper residual. At this stage, a part of the
surrounding matrix showed up in the darkest contrast due to partial
dissolution (Region II). As shown in the magnified STEM/EDS image
(Fig. 1c), the particle and its closest matrix have undergone local cor-
rosion. Given the EDS results, selective dissolution of aluminium,
manganese and to a minor extent iron and silicon from the particle is
evident, coming along with copper aggregation in a globular mor-
phology. Closest to the dealloyed zones, the alloy matrix is fully dis-
solved. Prolonged exposure up to 270min causes further local de-
gradation of both the particle and the surrounding alloy matrix. At this
stage, the STEM image taken from Region III (Fig. 1d) shows partial
dissolution of the matrix where copper-rich zones were formed already
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over the particle. Note that the trenching emerges merely around the
dealloyed regions of the corroding particle, implying highly-local gal-
vanic interactions.

Fig. 2a and b show top-view SEM and cross-sectional STEM/EDS
analysis of two Al76Cu6Fe7Mn5Si6 particles at the surface of polished
bulk samples immersed in 0.01M NaCl for 6 h and 19 h, respectively.
The SEM image of the particle exposed for 6 h depicts a shallow trench
which is a bit darker in contrast as compared to the uncorroded matrix.
The particle surface is rather smooth but numerous bright spots are
distinguishable on the particle itself; it is consistent with the globular

morphology shown in Fig. 1c. The corresponding HAADF-STEM image
taken from the particle cross-section shows a bright layer at the top of
the particle; it is more pronounced in the magnified view of the rec-
tangular region at the particle/matrix interface. As can be seen in the
EDS line scan reconstructed from the indicated rectangular region in
the STEM image, the top layer clearly demonstrates selective dissolu-
tion of elemental components except copper. Aluminium is the element
that has dissolved severely.

Fig. 2b shows an Al76Cu6Fe7Mn5Si6 particle exposed for 19 h. From
the SEM image, the particle surface is quite rough in morphology,

Fig. 1. Quasi in-situ STEM/EDS analysis of local corrosion induced by Al76Cu6Fe7Mn5Si6 phase. (a) Time-resolved HAADF-STEM images of an Al76Cu6Fe7Mn5Si6
particle undergoing dealloying form of local corrosion. The red arrows point to the copper residual. (b) Magnified-view HAADF-STEM image of the rectangular region
(Region I) after 30min. (c) STEM/EDS analysis of Region II at the particle/matrix interface after 150min, revealing the aggregated region of copper due to
dealloying. (d) Magnified HAADF-STEM image of Region III after 270min. The specimen is an argon ion-milled 3-mm disk intermittently exposed to 0.01M NaCl.

Fig. 2. Ex-situ SEM and TEM analysis of local corrosion induced by Al76Cu6Fe7Mn5Si6 phase. (a) Top-view SEM and cross-sectional STEM analysis of an
Al76Cu6Fe7Mn5Si6 particle immersed in 0.01M NaCl for 6 h. The inset is the magnified view of the orange rectangular region. The graph shows the elemental scan
lines reconstructed from the rectangular region in the STEM image, revealing the top surface dealloyed. (b) Top-view SEM and cross-sectional STEM/EDS analysis of
an Al76Cu6Fe7Mn5Si6 particle immersed in 0.01M NaCl for 19 h. The inset is the magnified view of the red rectangular region, showing the copper-rich layer on the
top. The SEM images are taken using the reflected secondary electrons. The cross-sections are fabricated out of the analysed particles with FIB.
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Fig. 3. FIB/SEM analysis of local corrosion induced by Al76Cu6Fe7Mn5Si6 phase. (a) Top-view SEM image of an Al76Cu6Fe7Mn5Si6 particle immersed in 0.01M NaCl
for 19 h. (b) SEM image of the same IMP when the stage is tilted at 52 °. (c) SEM images of the FIB serial sections along the lines shown in Fig. 3b. The white dashed
curves separate the dealloyed region from the intact part of the particle.

Fig. 4. Quasi in-situ STEM/EDS analysis of local corrosion induced by Al7Cu2Fe(Mn) phase. HAADF-STEM images and corresponding EDS maps at different exposure
times, revealing the dissolution of Al and Mn, and to a minor extent Fe from the particle. Due to Cu and Fe aggregation, the particle shows a globular morphology
with time. The inset at 30min is a closer look at the white rectangular region, revealing the dealloyed region of the particle. The specimen is an argon ion-milled 3-
mm disk exposed repeatedly to 0.01M NaCl.
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compared to the particle in Fig. 2a. Moreover, corrosion has fully
trenched the adjacent alloy matrix, albeit the trench has a wider
opening at the left side. The cross-sectional STEM/EDS analysis shows
that this particle is partially dealloyed; the corroded part is rich in
copper and iron but depleted in aluminium and manganese and to a
lesser extent silicon. A copper-rich layer is also seen at the upper part of
the particle (see the inset corresponding to the rectangular region).
Note that the matrix corrosion has propagated deeper where the par-
ticle has been more dealloyed, suggesting enhanced galvanic interac-
tions between the copper-rich region and closely-located alloy matrix.

Fig. 3 shows the serial FIB sectioning on an Al76Cu6Fe7Mn5Si6
particle corroded for 19 h. The top-view SEM image reveals a con-
tinuous trench around the IMP with a tight opening (Fig. 3a). Fig. 3b
shows the SEM image of the same IMP when the stage is tilted at 52 °.
The serial FIB sections, shown in Fig. 3c, were performed along with the
white dashed lines. The cross-sectional SEM images reveal the deal-
loyed part of the particle brighter than the intact part, owing to huge
removal of aluminium which is a light element. As can been seen, the
top surface of the whole particle is dealloyed, although dealloying has
penetrated deeper into some regions of the IMP (mind the white dashed
curves).

3.2. Isolated constituent Al7Cu2Fe(Mn)

The top-view STEM/EDS results of local corrosion induced by a
particle of this group are shown in Fig. 4. According to the oxygen map,
we see that corrosion initially attacks the particle to a greater extent
than the matrix. Comparing the EDS elemental maps before and after
30-min exposure reveals that corrosion has partially depleted the par-
ticle from aluminium and manganese, implying a dealloying form of
attack. At this stage, a globular morphology is seen for the largely-
dealloyed region where the alloy matrix has been partially dissolved.
The inset shows the magnified view of this zone in Fig. 4. This phe-
nomenon is in line with our observations for Al76Cu6Fe7Mn5Si6. After
45min, the globular morphology becomes more evident on the particle
whilst the surrounding matrix has been fully trenched, as imaged with
HAADF-STEM. The EDS maps have revealed that at this stage of ex-
posure, the particle is almost depleted from aluminium. Manganese and
to a minor extent iron are also dissolved while copper shows no clear
change in intensity during the course of exposure. Compared to
Al76Cu6Fe7Mn5Si6, the local degradation takes place over a shorter
time-scale for Al7Cu2Fe(Mn) since it has a higher Cu content which can
drive the dealloying process and galvanic interactions more effectively.
More evidence can be found in Fig. S2.

Several Al7Cu2Fe(Mn) particles on the post-corroded samples are
cross-sectionally observed to get insights into how exactly this phase
induces local corrosion to the surrounding alloy matrix. Fig. 5a shows
the STEM image of an Al7Cu2Fe(Mn) particle exposed for 15min. Ac-
cording to the contrast variations, dealloying has penetrated deeper at
the particle/matrix interface, associated with matrix trenching. The
EDS line scan reconstructed from the indicated rectangular region in
the STEM image clearly demonstrates selective dissolution of alumi-
nium, manganese and to a minor extent iron. Besides, the upper part of
the particle which appears as a bright layer in the HAADF-STEM image
is enriched in copper and iron. Fig. 5b shows the STEM/EDS analysis of
an Al7Cu2Fe(Mn) particle at the attacked/intact interface in the sample
that is immersed in 0.01M NaCl for 6 h (Fig. S3). The estimated com-
positions of Region I and II reveals that the particle has undergone
preferential dissolution of aluminium, manganese and even slightly
iron. Dealloying has propagated into depth and left behind bright
stringers. In the high-resolution EDS map, these stringers are identified
as copper-rich regions that are formed by surface diffusion of copper
during the dealloying process [56]. Fig. 5c shows an Al7Cu2Fe(Mn)
particle fully dealloyed and undercut from its adjacent matrix. The
particle surface is quite rough in morphology (SEM image) and the
corresponding cross-section reveals a coarse globular morphology. In

addition, the induced local corrosion has trenched all around the par-
ticle, leading to an undercut remnant (Fig. 5c) which still contains 7.0
At% Al, 5.4 At% Fe, 42.9 At% O and Cu as balance.

Fig. 6a and b show the SEM image of a large Al7Cu2Fe(Mn) particle
when the stage is at 0 and 52 ° tilt, respectively. The sample is exposed
previously to 0.01M NaCl for 19 h. The SEM images show a deep
continuous trench with a wide opening around the IMP. The serial FIB
sections are presented in Fig. 6c. The FIB section along line#1 shows
the particle thoroughly dealloyed where the bottom of the particle is
obviously disconnected from the alloy matrix. The FIB sections along
line#2 and line#3 reveal that this IMP has not been undercut yet, al-
though the dealloyed front has penetrated quite deep into the particle.
The FIB cross-section along line#4 has mainly endured dealloying and a
tiny region is still intact. This indicates that the IMPs become deeper
dealloyed close to the trenched area.

3.3. Dispersoids Al20Mn3Cu2

Fig. 7a shows time-resolved HAADF-STEM images of a dispersoid
undergoing local dissolution and later inducing alloy matrix trenching.
The particle initially undergoes a local breakdown in the form of a
nano-pit (t=30min). With prolonged exposure, a bright spot (verified
as a copper-rich nanoparticle) appears around the pitted part of the
particle (t=60min). After 120min, corrosion extends over the alloy
matrix closest to the locally-dissolved part of the particle. Exposed for
30 more min, a bright remnant is observed where its adjacent alloy
matrix is fully dissolved in the form of a trench. To get detailed insight
into compositional evolution of this phase, a specimen was exposed to
distilled water for 20min. STEM/EDS analysis of a dispersoid, shown in
Fig. 7b, indicates that the particle has been dealloyed due to selective
aluminium and manganese dissolution. Fig. 7c clearly shows the pre-
sence of individual nano-pits caused by dealloying over an isolated
dispersoid. Although twin boundaries are reported as local dissolution
sites of dispersoids [41,42], the high-resolution TEM image (inset) re-
veals that local dissolution has taken place for this particle in the ab-
sence of any planar defects. This phenomenon implies that Al20Mn3Cu2
dispersoids like other studied phases herein have a lower electro-
chemical stability and readily undergo local breakdown (pitting)
themselves and preferential dealloying of active elements, as compared
to the alloy matrix.

3.4. Composite Al7Cu2Fe(Mn)/Al76Cu6Fe7Mn5Si6

The study of composite IMPs is highly insightful to study the me-
chanisms through which different compositional domains can com-
paratively induce local corrosion in AAs [3]. Fig. 8a shows STEM/EDS
results for a composite particle on an argon ion-milled sample after
320min exposure to 0.01M NaCl. The EDS analysis (i.e. Al and O map)
shows that the domain with a higher copper amount, Al7Cu2Fe(Mn),
has undergone selective dissolution of aluminium. Besides, its adjacent
alloy matrix is locally dissolved; this part of the alloy matrix, indicated
by the white arrow, appears darker in contrast. Although the Al7Cu2Fe
(Mn) acquires a higher corrosion potential (higher galvanic driving
force to trigger anodic dissolution of the alloy matrix) than the
Al76Cu6Fe7Mn5Si6, it is remarkable that aluminium has also etched
away from Al7Cu2Fe(Mn) compositional domain. This phenomenon can
be better explored through cross-sectional analysis of composite parti-
cles.

In Fig. 8b, we see the SEM image (the inset) revealing a constituent
particle with a discontinuously-trenched matrix, indicated by the white
arrow. Our cross-sectional TEM evaluation reveals that this is in fact an
Al7Cu2Fe(Mn)/Al76Cu6Fe7Mn5Si6 composite particle. As denoted by the
red dashed lines in the SEM image, the Al7Cu2Fe(Mn) domain acts like a
narrow ribbon separating the large Al76Cu6Fe7Mn5Si6 part from the
alloy matrix. The trench has propagated deeper around the larger
Al7Cu2Fe(Mn) domain (left side in the STEM image). Furthermore, the
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inset, the zoomed-in STEM image of the white rectangular region,
shows that the Al7Cu2Fe(Mn) and Al76Cu6Fe7Mn5Si6 are not at the same
surface level. Interestingly, the dealloying attack (preferential Al and
Mn dissolution) has deeply penetrated into the Al7Cu2Fe(Mn) phase but
not into the Al76Cu6Fe7Mn5Si6 domain which has just undergone sur-
face etching. It seems that the Al7Cu2Fe(Mn) phase has a low electro-
chemical stability, whereby it endures faster dealloying than the
Al76Cu6Fe7Mn5Si6 domain. This phenomenon is more pronounced in
Fig. 9, showing FIB/SEM analysis of a composite Al7Cu2Fe(Mn)/
Al76Cu6Fe7Mn5Si6 particle immersed in 0.01M NaCl for 19 h. As evi-
dent, the alloy matrix adjacent to the Al7Cu2Fe(Mn) domain has been
trenched widely and deeply whereas it has narrowly dissolved around
the Al76Cu6Fe7Mn5Si6 domain. The cross-sectional SEM image along the
dashed line shown in Fig. 9b reveals a deep penetration of dealloying
into the Al7Cu2Fe(Mn) domain. Mind the inset which is a closer look at
the orange rectangular region in Fig. 9c. More evidence of the local
corrosion induced by a composite particle is presented in Fig. S5.

The current observations suggest that IMPs undergo dealloying as a
consequence of their electrochemical instability. However, the kinetics
of local degradation in the alloy matrix is governed by the electro-
chemical reactivity of IMPs which changes during dealloying attack. On
the other hand, it seems that the galvanic interactions take place quite
locally and at the nanoscale between active zones of a corroding IMP
and the closest alloy matrix. This phenomenon is directly attributed to
the presence of the isolating corrosion products, in particular alumi-
nium (hydr)oxide, that cannot support electrochemical reactions and
physically cover electrochemically active locations [16]. Here, dedi-
cated nanoscopic morphological and compositional observations imply
that the early stages of local corrosion in AAs are more complicated
than the relatively simple microgalvanic interactions between cathodic
IMPs and their surrounding alloy matrix considered to date [31,32,34].
Dealloying attack is indeed the precursor of corrosion initiation whilst
intrinsic electrochemical instability is a parameter that greatly drive the

kinetics of local degradation. This is particularly noticeable for com-
posite Al7Cu2Fe(Mn)/Al76Cu6Fe7Mn5Si6 IMPs in which Al7Cu2Fe(Mn)
domain undergoes dealloying far down from the surface while it is just
a surface etching for Al76Cu6Fe7Mn5Si6. In addition, discontinuous
trenching merely close to the dealloyed parts of IMPs indicate the
highly localized corrosion through nanogalvanic interactions. In fact, as
long as the alloy matrix is covered with the isolating aluminium (hydr)
oxide layer, it would be well protected. However, the local solution
chemistry induced by dealloying of the corroding IMPs can weaken it,
leading to local breakdown of the passive layer near the dealloyed re-
gion. The faster the dealloying through the intrinsic electrochemical
instability of the IMPs happens, the earlier the adjacent alloy matrix
dissolution takes place.

4. Overall local corrosion mechanism by intermetallic constituent
phases and dispersoids

Our current findings in relation to early stage surface corrosion
initiation through to moderate depth propagation allow us to propose a
more detailed mechanism explaining local degradation events linked to
nano- and microscopic intermetallic compounds. In fact, the local cor-
rosion can be broken down into several stages including dealloying-
driven initiation, trench initiation, depth propagation and particle un-
dercutting as depicted schematically in Fig. 10. Besides, the type and
location of electrochemical reactions taking place at and around
cathodic intermetallic compounds are proposed in further detail.

4.1. Dealloying-driven initiation

Local corrosion initiates in the form of nano-pitting as a con-
sequence of dealloying of IMPs which are electrochemically unstable in
aqueous electrolytes and undergo preferential dissolution of their active
elemental constituents [29]. At this stage, aluminium and manganese

Fig. 5. Ex-situ analytical TEM analysis of local corrosion induced by Al7Cu2Fe(Mn) phase. (a) Top-view SEM and cross-sectional STEM image of an Al7Cu2Fe(Mn)
particle immersed in 0.01M NaCl for 15min. The graph shows the elemental scan lines reconstructed from the rectangular region in the image, revealing preferential
dissolution of aluminium and manganese and formation of a Cu-, Fe-rich layer on the top. (b) Magnified cross-sectional STEM/EDS analysis of a dealloyed Al7Cu2Fe
(Mn) particle exposed to 0.01M NaCl for 6 h. The STEM image of this particle at low magnification is shown in Fig. S3. The spectra compare the chemical
composition of the corroded (I) and intact (II) regions. (c) Top-view SEM and cross-sectional STEM/EDS analysis of an undercut Al7Cu2Fe(Mn) particle immersed in
0.01M NaCl for 6 h.
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largely, and iron slightly get corroded while the dissolution of copper is
not thermodynamically favoured and gets redistributed through surface
diffusion, leading to aggregated regions of copper and iron. The Cu- and
Fe-rich regions can establish nano-galvanic coupling to drive anodic
dissolution of the rest of the particle as they acquire a higher corrosion
potential and can accommodate ORR efficiently. The enhanced nobility
causes a greater driving force for local breakdown within the adjacent
alloy matrix which is covered by an aluminium (hydr)oxide passive
layer. Note that the aluminium (hydr)oxide is isolating in nature and
cannot support electrochemical reactions [17].

4.2. Trench initiation

With prolonged exposure time, the local dissolution rates in the
particle and alloy matrix increase. This phenomenon gradually leads to
an enhanced alkaline local chemistry in which the passive layer gets
undermined [11] and subsequently the underlying metal would un-
dergo uniform dissolution. Therefore, local corrosion occurs by dis-
continuous trenching within the alloy matrix at the matrix/particle
interface closest to the dealloyed region. The electrochemical instability
of intermetallic compounds largely governs the kinetics of degradation
at this stage. As a token of this root cause of kinetic variations across

different IMPs, the difference between Al7Cu2Fe(Mn) and
Al76Cu6Fe7Mn5Si6 is typical at this stage; dealloying penetrates rather
fast into Al7Cu2Fe(Mn) phase as a consequence of selective dissolution
of manganese and aluminium, and iron to a minor extent. To preserve
the charge balance, the top part of the corroding particle has to ac-
commodate the cathodic reactions at a high rate that produces a highly
basic local chemistry in which the nearest alloy matrix starts to locally
dissolve.

4.3. Depth propagation

Given the importance of IMP chemical composition, progressive
dealloying controls the electrochemical reactivity of IMPs as Cu- and
Fe-rich locations on a corroding IMP are highly noble that can actively
support cathodic reactions and drive anodic dissolution of the adjacent
alloy matrix. In contrast, silicon can largely hinder the electrochemical
reactivity since during its oxidation, it turns into SiO2 which is semi-
conducting but stable in a wide range of pH [57]. Manganese is highly
soluble in neutral and acidic solutions and hence etched away at the
beginning of exposure [57]. Aluminium is electrochemically active in
nature; however, its (hydr)oxide form is stable at pH 4-9 [57]. At early
stages of corrosion, the corroded region can be passivated by the

Fig. 6. FIB/SEM analysis of local corrosion induced by Al7Cu2Fe(Mn) phase. (a) Top-view SEM image of an Al7Cu2Fe(Mn) particle immersed in 0.01M NaCl for 19 h.
(b) SEM image of the same IMP when the stage is tilted at 52 °. (c) SEM images of the FIB serial sections along the lines shown in Fig. 6b. The white dashed curves
separate the dealloyed region from the intact part of the particle.
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formation of an aluminium (hydr)oxide layer (see Fig. 1a at 120min).
However, it cannot withstand the established galvanic interaction and
the consequent aggressive local solution chemistry, hence would che-
mically dissolve (Fig. 1a). In fact, the presence of aluminium (hydr)
oxide, which is isolating, can physically cover the electrochemically

active sites and leads to galvanic interactions within nanometric dis-
tances only, in particular at very early stages of corrosion. Note that Cu
may also undergo oxidation inside the corroding IMPs, turning into
Cu2O during the depth propagation step of local corrosion. This phe-
nomenon can occur as a consequence of physical or electrical isolation

Fig. 7. Local corrosion induced by nanoscopic dispersoid Al20Mn3Cu2. (a) HAADF-STEM images of an a dispersoid particle at different stages of corrosion. (b) STEM/
EDS analysis a locally-dissolved dispersoid particle after a 20-min exposure to distilled water. (c) HAADF-STEM image of a dispersoid particle exposed to distilled
water for 20min, revealing dealloying at the particle itself. The inset is high resolution TEM image taken from the rectangular region.

Fig. 8. Local corrosion induced by composite Al7Cu2Fe(Mn)/Al76Cu6Fe7Mn5Si6 particles. (a) Top-view STEM/EDS analysis of a composite particle on an argon ion-
milled specimen exposed to 0.01M NaCl for 320min. Region I is identified as Al7Cu2Fe(Mn) which is distinguished by the red dashed line from Al7Cu6Fe7Mn5Si6
domain (Region II). (b) Top-view SEM and cross-sectional STEM/EDS analysis of a composite particle on a bulk sample immersed in 0.01M NaCl for 6 h. The cross-
section is lifted out along the white dashed line. The inset shows the zoomed-in STEM image of the white rectangular region, indicating the deep penetration of
dealloying into the Al7Cu2Fe(Mn) domain.
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Fig. 9. FIB/SEM analysis of local corrosion induced by a composite Al7Cu2Fe(Mn)/Al76Cu6Fe7Mn5Si6 particle. (a) Top-view SEM image of a composite Al7Cu2Fe
(Mn)/Al76Cu6Fe7Mn5Si6 particle immersed in 0.01M NaCl for 19 h. (b) SEM image of the same composite IMP when the stage is tilted at 52 °. (c) Cross-sectional SEM
image along the dashed line shown in Fig. 9b. The inset is a closer look at the orange rectangular region, revealing a deep penetration of dealloying into the Al7Cu2Fe
(Mn) domain where the alloy matrix is trenched far down from the surface.

Fig. 10. Dealloying-driven local corrosion mechanism. 3D schematic view of localized corrosion initiation induced by cathodic dispersoids and constituent phases.
The probable corrosion reactions occurring around IMPs are depicted in detail. As schematically shown, corrosion initiates at the surface of the particle itself and then
simultaneously propagates in the depth and trenches the closest alloy matrix through nanogalvanic interactions. The inset is a top-view SEM image taken from a post-
corroded sample, showing released copper from a dealloyed Al2CuMg (S-phase) and redeposited on other IMPs and the alloy matrix around.
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of some copper segments [58]. All the constituent compounds are of
higher electrochemical stability than active phase like Al2CuMg
[29,58]. Thus, local degradation induced by the latter takes place over a
relatively shorter time-scale; associated with the release of copper ions
that can get redeposited on the top of nearby corroding constituent
IMPs [28,59–64], as the SEM inset shows in Fig. 10. Besides, in a work
using liquid-phase TEM, we have evidenced that corroded S-phase
particles largely release copper ions to the solution upon the particle
undercutting process which can be redeposited on the active sites of the
alloy surface like other corroding IMPs [58]. This phenomenon can
greatly contribute to the enhanced cathodic activity of the IMPs,
leading to nano-galvanic coupling within the corroding IMPs and with
the closest alloy matrix. Thus, the local dissolution of the matrix gra-
dually trenches all around the particle and corrosion simultaneously
propagates into the matrix and corroding IMP. The more reactive the
corroding intermetallic compound is, the deeper corrosion propagates
into it.

4.4. Particle undercutting

The local dissolution continues to dissolve the alloy matrix until
undercutting the particle. At this point, the corroding IMPs can acquire
higher corrosion potentials and end up as a fully dealloyed remnant.
Afterwards, some copper can be released from the particle as the cor-
rosion potential of the undercut IMP would be high enough for copper
dissolution [29]. The remnant might later fall out and leave behind a
corrosion pit. The whole mechanism is the same for sub-micron dis-
persoids, albeit occurring over a shorter time- and smaller length-scales
shown in Fig. 10 as well.

5. Conclusions

Time-resolved top-view nanoscopic observations along with com-
plementary cross-sectional post-mortem investigations confirm that
cathodic phases evolve microstructurally and compositionally during
local corrosion. Local corrosion basically initiates at cathodic inter-
metallic compounds in the form of dealloying attack (mainly selective
dissolution of Al and Mn) as they are electrochemically unstable
themselves. Trenching initiates closest to the dealloyed region as a
consequence of the local solution chemistry being established initially
due to nanogalvanic interactions within a corroding IMP. Besides, the
galvanic interactions between dealloyed regions of IMPs and the ad-
jacent alloy matrix stabilise local degradations. The intrinsic electro-
chemical stability of intermetallic compounds is proposed as the main
controlling factor driving the kinetics of local degradation rather than
the numerously reported corrosion potential (surface Volta potential)
difference between the cathodic particle and the surrounding matrix.
This is based on direct nanoscopic observations of composite Al7Cu2Fe
(Mn)/Al76Cu6Fe7Mn5Si6 IMPs where the noble domain (Al7Cu2Fe(Mn))
shows dealloying far down from the surface, causing deep dis-
continuous trenching of the alloy matrix in the closest vicinity at a
faster rate than that adjacent to the adjacent Al76Cu6Fe7Mn5Si6 domain.
Although the presence of noble elements like Cu and Fe greatly con-
tributes to electrochemical reactivity of intermetallic compounds, it is
largely hindered by other elements like Al and Si due to the formation
of isolating or semi-conductive corrosion products that are unable of
supporting electrochemical reactions. Besides, the redeposited copper
sourced from corroding particles, such as Al2CuMg, can accelerate the
kinetics of the IMPs dealloying and local alloy matrix degradation. The
nanoscopic dispersoids Al20Mn3Cu2 undergo similar degradation stages
but over a shorter time- and length-scale.
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