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A hyphenated optical-electrochemical technique and image analysis protocol is used to quantify global and local
(intermetallic) corrosion process and kinetics. Our findings reveal an early stage (< 60 s) composition-dependent
hierarchical local activation of all IMs that can be attributed to IM dealloying. This is followed by local trenching
initiated at matrix locations adjacent to regions of the IMs previously dealloyed, which in turn develops into
concentric trenching around the IMs. These stages have quantifiable activation times and kinetics. While deal-

loying kinetics are found to be strongly dependent on IM composition and slightly dependent on IM size in the
case of the S-phases, trenching kinetics are IM composition and size independent.

1. Introduction

The lightweight aluminium alloy AA2024-T3 is a paramount mate-
rial in the aviation industry due to the good balance between mechanical
properties and density [1]. Nevertheless, the heterogeneous distribution
of alloying elements (Cu, Mg, Mn and other elements in smaller quan-
tities) across the microstructure, decreases the alloy’s intrinsic corrosion
resistance and makes it susceptible to local corrosion [2-9]. Micro-
structural features, such as intermetallic (IM) second phase constituents
(> 0.5 pm), were shown to play a major role in the initiation of local
corrosion, which has been so far extensively explained through the
model of micro-galvanic corrosion, i.e. local composition differences
between the IM particles and the surrounding Al-rich matrix translate
into local differences in Volta potential [10-12], making IMs appear as
anodic or cathodic.

Due to the large distribution of IMs compositions, together with the
presence of both equilibrium and non-equilibrium IM stoichiometries
[2,13], microstructurally-driven corrosion of AA2024-T3 appears in a
multitude of diverse forms, morphologies and rates, which are still
nowadays difficult to systematise and understand. Historically, presence
or abundance of certain elements in the secondary IM phases has been
the primary criterion to attribute them an anodic or cathodic character
with respect to the Al-rich matrix. This has led to the generally accepted
classification for IM particles into two major groups [14]: (i) reactive
particles with active elements (e.g. Mg) and (ii) noble particles with
elements more noble than aluminium (e.g Cu and Fe). In this regard,
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many studies experimentally showed that Mg-rich particles such as the
S-phase (Al,CuMg) typically undergo anodic dealloying of active ele-
ments like Mg and Al, leaving Cu-enriched nanoclusters as remnants
[15-19] to become cathodic. On the other hand, particles like AlCuFeMn
are regarded as cathodic, thus causing the surrounding Al-rich matrix to
be anodically dissolved in a trenching and pitting process due to the
local changes in electrolyte’s chemistry [18,20-22].

Regardless of the mechanism leading to local IM corrosion, the
inevitable result is the formation of corrosion pits due to either disso-
lution of the particle (dealloying) or cathodic undermining (trenching)
with consequent particle detachment (etch out) [23-25]. Further
propagation of corrosion pits underneath the surface can in turn lead to
intergranular attack of the grain boundaries and the nucleation of
corrosion cracks [26-32]. Corrosion pits can therefore act as stress
concentrators and reduce the load bearing capacity of the structure in
question, eventually resulting in dramatic failures. Due to the serious
safety issues in the aerospace field and the high costs associated to
corrosive degradation, understanding localised corrosion phenomena in
AA2024-T3 and other age-hardened Al alloys has always covered a
crucial role in scientific research. A detailed description and under-
standing of AA2024-T3 corrosion from the very early stages of its
initiation is extremely useful for a reliable and damage-tolerant esti-
mation of the overall state-of-corrosion, as well as for a more accurate
design and selection of protective systems (e.g. conversion coatings,
primers, corrosion inhibitors, etc.).

Given the relation between microstructure and the onset of local
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electrochemical degradation, visualisation and characterisation of early-
stage corrosion in AA2024-T3 benefits from the use of techniques
yielding lateral resolutions in the range of um or nm, i.e. comparable to
the dimension of IM second phases and their crystallographic features.
For instance, significant efforts have been devoted to study the mecha-
nism of AA2024-T3 local corrosion by means of electron imaging tech-
niques (SEM-EDS [18,33,34], TEM [35-38] and electron tomography
[39]), scanning probe microscopies (AFM and SKPFM [9,11,40-43]),
X-ray-computed tomography [44] or localised electrochemical tests
(LEIS [45], microcapillary test [12,46], SVET [19] or SECM [47,48]).
Despite successful and informative, many of these techniques might
present some limitations. High-spatial resolution microscopies like SEM
and TEM, for example, allow to visualise micro-corrosion features in
detail, but their experimental set-ups require high degrees of vacuum,
thereby not being always compatible with the corrosive atmospher-
es/electrolytes to which the alloy is typically exposed. In this way, the
use of such techniques has mostly been limited to ex-situ analysis with
the consequent loss of temporal resolution and out-of-equilibrium in-
formation, as the sample needs to be purposefully removed from the
corrosive solution to perform the desired analysis. Recent works, as
those of Malladi et al. [49] and Kosari et al. [24,25], have attempted to
overcome these limitations by using environmental TEM set-ups to
investigate sub-micron corrosion under immersion in in-situ or quasi
in-situ conditions. These studies brought significant novel understanding
on the electrochemical properties of individual Cu-rich IM particles
exposed to corrosive solutions, although in exchange for a loss of in-
formation on the global corrosion behaviour of the alloy and on the
potential co-operation between multiple IMs in the formation of stable
pits [501, as it commonly happens with highly localised techniques.

In the current work, we introduce the potential use of highly-
resolved optical microscopy to study early stage local corrosion pro-
cesses in-situ (i.e. under immersion) at quasi real time of immersion. In
line with our previous studies [51,52], we used a hyphenated
optical-electrochemical set-up combining optical microscopy at high
spatial resolution (3 pixels-um ™) simultaneously with classic electro-
chemical testing (in this case, electrochemical potential noise mea-
surements). This allows to prevent the loss of information during the
early seconds of exposure to the electrolyte and to acquire complete
time-dependent information at high optical resolution. With the support
of an appropriate post-processing image analysis protocol and a dedi-
cated SEM-EDS inspection of the exposed metal surface prior to im-
mersion, we were able to study and quantify the kinetics of the local
corrosion processes related to intermetallics in AA2024-T3 as a function
of the immersion time. The optics-based protocol allowed us to visualise
the origin of corrosion initiation in relation to the composition of the IM
secondary phases. The high temporal and spatial accuracy of the optical
measurements performed during immersion unveiled that all identified
IMs (independently of their composition) locally behave as anodic in the
first seconds to minutes of immersion, yet with composition-dependent
kinetic differences.

2. Experimental
2.1. Materials

Commercial grade bare AA2024-T3 was supplied by Kaiser
Aluminium in 2 mm thick rolled sheets. The metals were prepared as
described in Section 2.2.1.1 and used as working electrode (WE) in the
optical-electrochemical set-up. A 0.05 M NaCl aqueous solution (> 98%
purity NaCl in “Millipore Elix 3 UV” treated water) was used as corrosive
medium.

2.2. Experimental protocols

The experimental protocols followed in this research are schemati-
cally shown in the flow chart reported in the Supporting Information 1
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(Fig. S1), where a distinction between the methods used before, during
and after the immersion of AA2024-T3 in 0.05 M NacCl is made. The
following sections will elucidate better on each of these stages.

2.2.1. Analyses before immersion

2.2.1.1. Preparation of AA2024-T3 micro-electrodes. In order to be able
to follow local degradation processes (e.g. IM attack) with high space-
temporal optical resolution, and to relate this information to the elec-
trochemical signals obtained simultaneously, it was necessary to prepare
micro-electrodes fitting in the microscope’s field-of-view at the
maximum spatial resolution possible. Fig. 1a and b show a scheme and a
photograph of the prepared AA2024-T3 micro-electrodes used in this
study. The steps followed to prepare the microelectrodes are thoroughly
described in the Supporting Information 2. During the preparation, a
maximal size of 500 x 500 ym? was aimed for, but the produced micro-
electrodes often resulted in smaller surface areas, which could be,
nonetheless, accurately calculated thanks to the SEM analysis described
in Section 2.2.1.2.

2.2.1.2. SEM-EDS analysis. Prior to immersion in the corrosive elec-
trolyte, the AA2024-T3 micro-electrodes were analysed with SEM-EDS.
Such pre-immersion analysis allowed to identify the composition and
spatial location of the IMs present in the surface to be exposed to the
electrolyte. For this purpose, an SEM (JEOL JSM-7500F field emission
scanning electron microscope coupled with energy dispersive X-ray
spectroscopy) was set on back-scattered electrons (BSE) mode. Images
were collected with 15 kV of accelerating voltage and 10 pA of emission
current. To obtain a higher resolution on the final image, a high
magnification (500X) was used and the surface was mapped in six steps
(i.e. six quadrants). Details of the acquisition procedure are described in
the Supporting Information 3.

EDS spectra of the IM particles were obtained via point analysis
under the same conditions. The IMs were then grouped in four types
depending on their detected composition. For an easier identification, a
colour code was also established: (i) S-phase (Al,CuMg, blue), (ii)
AlCuFeMn (red), (iii) (AL,Cu)x(Fe,Mn)Si (green) and (iv) not analysed
(yellow). The EDS spectra are reported in the Supporting Information 4.

2.2.1.3. Cleaning before immersion. After the SEM-EDS analysis, the
micro-electrodes were supposed to be immersed in the corrosive solu-
tion. In order to remove possible traces of organic contaminations
coming from the SEM-EDS analysis, the micro-electrodes surfaces were
quickly re-polished (=~ 10 s) with 1 ym diamond paste, rinsed and son-
icated in ethanol for one minute and thoroughly dried in Nj.

2.2.2. Analyses during immersion

Corrosion behaviour of AA2024-T3 immersed in 0.05 M NaCl was
evaluated with a hyphenated optical-electrochemical set-up, which al-
lows simultaneous acquisition of electrochemical signals and optical
micrographs of the active surface under immersion. In essence, the
hardware and software of the set-up used in this work are comparable to
the ones in our previous works, where the technique was introduced
[52], although the image analysis procedure is different as shown in
Section 2.2.3. A detailed description of the set-up including the elec-
trochemical cell and optics is provided in the Supporting Information 5
and its schematic depiction is reported in Fig. 1c. In short, the set-up
allows to obtain optical images during immersion at a 1 s resolution
together with electrochemical signals information as function of the
immersion time (electrochemical potential noise measurements in this
work).

Influence of non process-related vibrational and electrical noise were
reduced by placing our set-up on an optical table (Nexus, Thorlabs)
covered with a large Faraday cage. This allowed for a higher resolution
and stability than in previous works. The electrochemical and optical
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Fig. 1. (a) Schematic top-view and (b) actual image of the prepared AA2024-T3 microelectrodes. The red arrow in b) indicates the location of the micro-electrode
(500 x 500 pm2). The red arrow in (b) indicates the location of the micro-electrode in the epoxy holder. (c) Schematic representation of the opto-electrochemical
experimental set-up used in this study. The working distance between the WE surface and the microscope’s focal point is ~ 11.3 mm.

analyses were run in parallel and right after the electrolyte was pushed
with a syringe in the electrochemical cell, thereby allowing quasi-
immediate monitoring of the corrosion process and a quasi-linear rela-
tion between electrochemical signals and optical information. The total
immersion time was equal to 1 h (i.e. 3600 s) and the final optical res-
olution was close to 0.3 um (i.e. 3 pixel-um ). Tests were repeated in
duplicate to validate the method and analysis.

2.2.3. Analyses after immersion

2.2.3.1. Retrieval of IMs spatial coordinates from SEM images. During the
immersion experiments, optical images do not allow to fully identify
intermetallics, despite the high resolution obtained. To be able to relate
local degradation to IM composition and electrochemical signals, it was
necessary to design an image analysis protocol capable to locate the IMs
identified in the SEM-BSE analysis on the optical images. Adobe Pho-
toshop and ImageJ were the main programmes used for this scope. The
details of such protocol are clarified in the Supporting Information 6. In
short, this procedure enables to “extract” information about the IMs,
acquired through SEM-EDS analysis (such as their shape and spatial
position on the micro-electrode surface, as well as their composition),
and transpose them with good approximation on both the optical images
collected and the resulting activity maps (described in Section 2.2.3.2).
This process ultimately allows the relation between the local corrosion
processes monitored during immersion, the local IM composition vari-
ations and the electrochemical signals collected in parallel to the optical
images.

2.2.3.2. Image analysis protocol to quantify surface activity as a function of
the immersion time. The image analysis protocol reported previously
[52] and based on ImageJ was used to process the optical images ob-
tained during immersion and quantify the evolution of the local surface
activity with time. The protocol leads to activity maps where a colour
code represents the local degrees of activity. This protocol identifies as
“activity” related to corrosion the differences in intensity between pixels
at two defined times (time O and time t) in a preselected Region of In-
terest (ROI). In this work, activity maps were created to (i) calculate the
global activity map using all the exposed metal surface as the ROI, and
(ii) calculate local activity maps for a range of IMs (i.e. activity maps at
and near IMs) where local ROIs around IMs were selected. The degree of
activity is translated into a colour scale whose definition is reported in
the Supporting Information 7.

In brief, the protocol consists of the following steps: (i) recursive
repositioning of the images to remove misalignments; (ii) evaluation of
the pixel-by-pixel time-dependent intensity differences; (iii) increase of
the static lower threshold to remove shot noise effects and (iv) calcu-
lation of the optically-changed pixels according to the following equa-

tion:

x—(t)xloo

ToTr

Schangea % (1) = (%) €8]

where N(t) is the number of changed pixels at generic time t, while Ntor
is the total number of pixels in each image or, in other words, the ROI. In
this regard, Nror in the calculation of the global activity maps is ~ 10°
pixels? (i.e. pixels belonging to the entire exposed metal surface) while
the Nyot used on the local activity maps around each specific IM particle
is ~ 10%10° pixelsz, depending on the specific IM particle size. The
selection of Ntor for local activity maps was performed so that the whole
IM constituent and no other major constituents (> 0.5 um) were
included in the ROIL In this way, we were able to isolate the activity/
kinetics of the individual IM particle without including the (optical)
effects of the neighbouring IMs. This selection of Nrtor should be
considered when attending at the Schanged (%) differences between
global and local analysis here reported.

The Schanged (%) denotes the percentage of the ROI that changes with
the immersion time, which, for the solutions and immersion times used
in this study, is related to local corrosion processes summed up to give an
idea of the corrosion kinetics and extent.

In the present study, we also made the following improvements to
this protocol to obtain higher accuracy:

1. Due to the higher resolution achieved with the current experimental
set-up, we were able to reduce the static threshold to a lower bin
limit of 20 instead of 30. This allowed to accept more optical events
in the analysis, thereby avoiding loss of important information. The
consequent increase in nuisance (shot noise) in the resulting images
is typically characterised by individual or coupled pixels (outliers)
uncorrelated with the main optically active regions and was suc-
cessfully removed by applying a median filtering procedure (neigh-
bours within a radius of 0.5 and threshold = 20).

2. For a better visualisation of optically active areas, we systematically
removed background effects by masking the unchanged pixels and
transposed the changed (i.e. active) ones into a colour scale (reported
in the Supporting Information 7) representing the degree of activity.

3. Results and discussion
3.1. Relation between OCP time evolution and optical changes

Fig. 2 shows the time evolution of the electrochemical potential
(OCP, black curve) and the global electrode activity quantified from the
optical images (Schanged %, red curve) during the first hour of immersion
in 0.05M NaCl. The calculated IM surface coverage (1.47%, green
dashed line) is included for reference. In the OCP evolution with time,
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Fig. 2. Time evolution of the electrochemical potential (OCP, black line) and the active surface area measured by in-situ optics (Schangea %, red curve) for AA2024-T3
immersed in 0.05 M NacCl for 3600 s. For reference the surface area originally covered by intermetallics is included as a green dashed line.
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four different regimes (labelled as I, II, II and IV) can be clearly e Stage III: From 700-1600 s the OCP curve is still characterised by
recognised: frequent transients (unstable oscillations), though with remarkably
reduced amplitude (min 10 mV, max 60 mV);
e Stage I: From 0-200 s there is a steep, but “noise”-free OCP increase e Stage IV: From 1600-3600 s long duration OCP variations are
(approx. 150 mV) towards more noble OCP values; observed together with some transients of low amplitude.
e Stage II: From 200-700 s the OCP becomes unstable with presence of
frequent high amplitude (150 mV) fluctuations normally referred to Despite the electrodes used in this study are significantly smaller
as transients; than those used in previous works [52-54], the four identified regions

and overall OCP trend are similar to those previously reported, thereby
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Fig. 3. (a) Reconstructed SEM-BSE image of the micro-electrode surface with IM particles of diverse composition highlighted in different colours (Al,CuMg - blue;
AlCuFeMn - red; (Al,Cu)4(Fe,Mn),Si — green; not identified — yellow). The blue scale bar represents 50 um. (b) Time evolution (at 0, 60, 200, 700, 1600 and 3600 s) of
the optical activity at three representative selected areas, marked in (a) as 1, 2 and 3, containing IMs of both known (blue, red and green) and unknown (yellow)
compositions. These images are cropped from the activity maps generated in the global activity analysis. The scale bars in the local activity maps represent 10 um.
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confirming the validity of small micro-electrodes for such studies. The
optical results (Schanged) show three stages of slightly different degra-
dation kinetics (represented by the blue slopes in Fig. 2), which are in
overall good agreement with those reported in our previous work using
larger electrodes [52]. The first kinetic stage (0.006%s 1) coincides with
the Stage I in the OCP trend and the first ~ 300 s of immersion. The
second kinetic stage is a bit slower (0.004%s 1) and extends across the
Stages II and III of the OCP trend. In the final stage, the surface degra-
dation process accelerates again (0.005%s 1) and roughly coincides
with the Stage IV of the OCP trend. As observed in our previous work
[52], at around 200 s of immersion, the total affected surface area co-
incides with the total area covered by intermetallics (= 1.5%). In a first
order approximation, this could indicate that all the corrosion activity is
localised at the IMs during the first 200 s and extends beyond the IM
area after 200 s immersion. It should be noted that this result suggests
that local activity (e.g dealloying) at IMs happens significantly faster

Corrosion Science 192 (2021) 109836

than previously reported based on ex-situ optical analysis [18] or lower
resolution optics during immersion [51] (> 5 min) using comparable
salt solutions and alloy. Nevertheless, to gain a better understanding on
the relation between IM composition and local activity a more detailed
analysis is necessary, as discussed in Section 3.2.

3.2. Local degradation as function of IM composition

To identify differences in local degradation kinetics as function of the
IM constituent composition, an EDS analysis of the IMs was performed
prior to immersion. Fig. 3a shows a SEM-BSE image of the micro-
electrode surface, where the brighter IM particles, richer in elements
with high atomic number (e.g. Cu), can be easily discerned from the
darker Al-rich matrix. The elemental composition analysis allowed
grouping the IMs according to their major alloying elements, which was
visualised by assigning a different colour to each IM composition
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Fig. 4. (b), (d) and (f) Individual IM activity maps and (a), (c) and (e) their calculated degradation kinetics (Schanged (%) during the first 600 s of immersion. (a) and
(b), () and (d), (e) and (f) correspond to representative IM particles S-phase, AlCuFeMn, and (Al,Cu),(Fe,Mn),Si, respectively. kq, k, t* and tonse; are the repre-
sentative kinetic parameters of the intermetallic degradation process. The blue scale bars at the top left corner in each local activity map represent 5 pm.
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(Fig. 3a). It is important to note that, for the scope of this study, we were
not interested in determining the exact stoichiometry of each constitu-
ent in detail, but rather have a qualitative idea of the phases’ distribu-
tion across the surface. For this reason, we classified the IMs based on
the relative abundance of certain elements following the indications in
[18]: particles rich in Cu and Mg were coloured blue and classified as
S-phases (Al;CuMg), particles containing Cu, Fe and Mn were denoted as
generic “AlCuFeMn” phases and coloured red, while particles containing
Cu, Fe, Mn and Si were denoted as (Al,Cu)x(Fe,Mn),Si and coloured
green. Furthermore, we only determined the composition of a few IMs
among the biggest constituents (> 1 um), since local macroscopic events
taking place on these are more likely to be resolved by our optical
camera during the test. Despite visible in the SEM-BSE map, the smaller
particles (e.g. dipersoids, 50-500 nm), whose size is comparable or
smaller than the EDS spatial resolution limit (i.e. spot size of a few pm),
could not be accurately analysed in their composition. For this reason,
all the non-analysed constituents and dispersoids were highlighted as
yellow, in order to acknowledge their presence (and thus monitor
possible localized phenomena) during the analysis.

As a result of the procedure described in Section 2.2.3.1, the co-
ordinates, shapes and colours (i.e. compositions) of the IMs could be
easily traced back in the optical images collected during immersion,
thereby being able to relate local activity to IM composition. For clarity
we show only three representative areas (labelled as 1, 2 and 3 in
Fig. 4a), containing IM phases of all compositions. Fig. 3b shows three
areas representative of the overall sample degradation cropped from the
images obtained during the global activity map analysis (Fig. 3a) as a
function of the immersion time. The selected immersion times (0, 60,
200, 700, 1600 and 3600 s) are chosen in agreement with the identified
OCP regions reported in Fig. 2. The colour bar represents the degree of
optical activity and, consequently, degradation. The global activity map
(for the entire working electrode surface) overlapped with the IM con-
tours can be found in the Supporting Information 10.

From the activity maps in Fig. 3b the following observations can be
derived in relation to the four regions identified in the OCP signal
analysis:

e Stage I (0-200 s): In the first 60 s of immersion clear localized attack
happens at S-phase IMs (indicated in the selected areas with arrows
at 60 s). Between 60 and 200 s of immersion, activity extends to all
other IM compositions as can be seen with the appearance of purple
colour at the green- and red-marked IMs at 200 s in Fig. 3b, as well as
in some yellow IMs. This activity, localised exactly at the IMs surface,
coincides in time with the Stage I observed in Fig. 2 showing a steep
potential increase towards more positive potentials and may, there-
fore, be attributed to a hierarchical activation of localised corrosion
at IMs, as suggested elsewhere [18].

The early-stage attack of S-phases has been widely reported in
other studies, yet at significantly longer immersion times, and is
believed to be ascribed to the (anodic) dealloying of less noble ele-
ments, such as Mg and Al [55]. The other IM phases (red and green),
on the other hand, are commonly believed to behave as cathodic
particles based on reported OCPs [2,11,12], thus supporting oxygen
reduction reactions (ORR), changing the local chemistry of the
electrolyte, favouring the alkaline dissolution of the aluminium
oxide layer on the surrounding Al-rich matrix and, eventually, pro-
moting the nucleation of corrosion pits (“trenches”) around the
particle [56]. However, the behaviour observed for these particles
with our opto-electrochemical set-up seems to deviate remarkably
from this model, at least during the first minutes of immersion: First,
the potential and optics give evidence of discrete local corrosion
events (transients, “trenching”) only after 200s. Secondly, the
corrosion attack nucleates inside the particles themselves rather than
being limited to the peripheral interphase region as can be seen at
200 s for a couple of red and green particles, where the purple colour
indicating activity is localized within the IM. In other words, the
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optical and electrochemical data indicates that all IMs are locally
active during the very first minutes of immersion in the absence of
galvanic couple induced trenching. Two phenomena can potentially
explain the observed local activity at IMs: (i) dissolution of the native
oxide layer on top of the IM particles under the action of Cl ions [43,
57] or/and (ii) local IMs dealloying. As for the first option, it seems
that the optical microscope is not sensitive enough to detect thick-
ness variations at such low scale (nm). The second option (local IM
dealloying) seems more plausible at this stage. Previous studies, for
instance, reported that IM particles can sometimes manifest with
complex microstructures entailing multiple phase domains [36,
58-61]. Such local compositional differences could lead to (nano)
galvanic couplings between a less and a more noble domain within
the same IM, thus determining the preferential dissolution of one
domain (more anodic) at the expenses of the other (more cathodic).
In this regard, Zhang et al. stated in their work [37] that IM-specific
galvanic interactions may not be necessarily related to the presence
of compositional domains, but they can also stem from inherent
crystallographic inhomogeneities of the IM microstructure. In
particular, they were able to demonstrate with the use of
HAADEF-STEM that initial dealloying of Al and Mn from AlyyCuzMn3
particles (T-phase) is the result of an atomic-scale galvanic interac-
tion between T-phase and twin boundaries where preferential Cu
segregation takes place. Similarly, Kosari et al. also used quasi in-situ
STEM/EDS to report the early formation of nano-pits and dealloyed
regions over isolated constituents like AlysCugFeyMnsSig and
Al;CugFe(Mn) [25]. The same authors also reported a
dealloying-driven self-corrosion mechanism for the presumably
cathodic 0-phases (AloCu) observed with in-situ HAADF-STEM [24],
as previously observed by Zhang et al. [62].

Although our optical instrumentation is inherently not capable of
achieving the same spatial resolutions of TEM microscopes used in
other studies, we cannot exclude that the obvious activity detected
with our optical analysis at the IMs during the first 200 s of im-
mersion could be a direct consequence of the previously hypothe-
sized  dealloying-driven  events, resulting from  the
microstructurally-intrinsic and numerous nano- or atomic-scale
galvanic cells spread across the secondary particles’ surfaces. On
balance, we can assume that the first 200 s of immersion could be
dominated by initial dealloying and (selective) self-dissolution
events of all the IM constituents. This suggests that, besides the
well-reported case of the S-phase, all IMs studied behave locally
anodic during the very first seconds-to-minutes of immersion. This is
in contradiction to the reported cathodic OCPs of some of them (e.g.
AlCuFeMn and (Al,Cu)x(Fe,Mn),Si), which might be attributed to
their individual potentials being traditionally measured already after
dealloying, due to the almost unavoidable waiting time between
exposure to electrolyte and measurement. This hypothesis of overall
anodic activity at IMs during early stage of immersion is supported
by the ennoblement observed in the electrochemical potential trend
in this period, presumably due to the dissolution of less noble ele-
ments from the IMs and subsequent enrichment in more cathodic
elements.

Stage II (200-700 s): The appearance of fast high-amplitude fluc-
tuations in the OCP signal, corresponds to the consolidation of the
activity inside the IM constituents, which also show higher intensity,
but also to the propagation of the activity beyond the IM boundaries
into the surrounding interfacial Al-rich matrix. Previous studies on
ferrous alloys already suggested the existence of a relation between
noise transients and the nucleation of corrosion pits [63,64], which,
in the case of AA2024-T3, could be associated to metastable and
stable “trenching” around IMs [52,65]. The results also agree with
the previously reported observation of trenching around presumably
cathodic phases like AlCuFeMn and (Al,Cu)x(Fe,Mn)Si, but also
around dealloyed S-phase residuals [17,21]. It was previously re-
ported that dealloying of the most active elements in S-phases (Mg
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and Al) generates porous Cu-enriched remnants [24], as well as de-
tached CuO; globular nanoclusters after complete dealloying
(though at longer immersion times) [19,24,38,66], thereby locally
increasing the nobility and cathodic activity of S-phases and,
consequently, accelerating the dissolution of the adjacent Al-matrix.
The results suggest that a similar dealloying model, albeit at lower
time scale, could be an indication that trenching phenomena around
the IMs, as well as the consequent formation of corrosion products
(such as AI(OH)s gel) directly around the pits, become active and
dominant at this stage. Although some minor area fractions of the
interfacial Al-rich matrix become optically affected in this stage, the
global activity is still highly localised on the IM phases and their
vicinity.

Stage III (700-1600 s): In this exposure period, the OCP trend
shows a reduction of the transients’ amplitude and a stabilisation of
the signal, which suggests a stable propagation of corrosion pro-
ceeding at an almost constant OCP value (~ —0.5 V vs Ag/AgCl in
Fig. 2), most likely the corrosion potential (Eco) of the alloy at
thermodynamic equilibrium. Isolated transients of greater amplitude
(~ 50 mV), perhaps indicating the nucleation of new pitting events,
are still visible in the signal, despite becoming more and more
limited in number. The results observed in the local activity maps, on
the other hand, indicate further radial growth of corrosion from the
previously activated IMs: the optically active areas are now
exceeding the boundaries of IM particles more remarkably, although
the IMs substantially remain the primary centres of activity. This
leads us to the assumption that stable growth of the pits, nucleated
around the IMs during previous stages of immersion, becomes fav-
oured towards the bulk of the electrode (“subsurface”). Since sub-
surface corrosion is less accessible to the microscope, the optical
analysis does not provide direct evidence of such events. Neverthe-
less, the substantial lack of new significant initiation events (e.g. the
majority of the Al-rich matrix beyond the IMs remains unaffected)
together with the high degree of activity being localised on and
around the IM phases, indirectly points at electrochemical activity
mainly occurring underneath the surface within a pitting
morphology. Some studies also pointed out that subsurface growth of
trenches may lead to IM undercutting and, eventually, particle
detachment [24,25], but this seems undetected optically or electro-
chemically (OCP) as individual events in this work.

Stage IV (1600-3600 s): The OCP signal in this stage shows a sig-
nificant reduction in transients and frequency with an overall an
unstable character. The global activity maps in Fig. 3b show
continuous propagation of local activity beyond the IMs and propa-
gating over the Al-rich matrix. The shape of the newly activated
areas is quite irregular in this stage, i.e. non-concentric growth as
happened in previous stages yet still associated to the active IM
centres. For long immersion times, other studies described the
corrosion process to be taking place mainly underneath the surface
with pit propagation to the grain boundaries and consequent inter-
granular attack [26,50]. As such subsurface processes are not
directly observable, the optical activity detected in this stage is more
likely to be associated to further deposition and thickening of (hydr-)
oxides as corrosion products, stemming from localized trenching and
pitting processes.

3.3. Intermetallic degradation kinetics as function of composition

The results shown in Fig. 3b seem to suggest that degradation initi-
ates inside the IM particles at first, regardless of their composition,
probably due to self-dealloying events (i.e. locally anodic). After this, it
propagates beyond the IM boundaries in the form of trenches. Despite
we suggest all IMs follow a similar self-degradation phenomenology,
important differences in relation to their kinetics of degradation as
function of the IM composition are likely to exist and are largely under-
reported. The protocol here introduced allows us to study the local
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degradation kinetics of individual IM constituents more in depth by
restricting the activity quantification analysis to a number of individual
particles of different composition. To this purpose, we selected 5 blue
particles (S-phases), 5 red particles (AlCuFeMn) and 3 green particles
((Al,Cu)x(Fe,Mn)ySi), as these last ones were less abundant than the rest,
and repeated the image analysis for each one of them to obtain indi-
vidual particle activity maps and kinetic information. Fig. 4 shows, for
three representative particles, the local activity maps (Figs. 4b, d and f)
and their calculated degradation kinetics Schanged % (Fig. 4a, c and e)
during the first 600 s of immersion, which correspond to the dealloying
and trenching initiation stages reported in 3.2.
From Fig. 4a, ¢ and e, a number of observations can be made:

e Activity at IMs is only visible after a time of quiescence, which in all
cases was named as topger. As already seen in Fig. 3b, tonset is lowest
for the S-phase IMs.

e After initiation time, the activity observed at and around of indi-
vidual particles is characterised by two stages, proceeding with
different linear kinetics. The first regime is typically faster (greater
slope, k) than the second (smaller slope, k»).

e The transition from a faster (k;) to a slower (ky) degradation kinetics
process is represented by a transition time (t*), identified by the
interception point between the two fitting slopes.

The similar shape of the Schanged %curves shown in Fig. 4a, c and e
was found to be reproducible for the 13 analysed particles (not shown).
This could indicate a similar phenomenology of degradation taking
place at all the constituent particles, regardless of their composition.
Better understanding of the nature of these processes can be gained
through the analysis of the corresponding individual IM activity maps
reported in Figs. 4b, d and f. In these, we show the surface activity taking
place before and after t*. Before t*, surface activity is always observed
mainly inside the boundaries of individual IMs (see 30 s in Fig. 4b, 100 s
in Fig. 4d and 80 s in Fig. 4f). At t*, the majority of the activity is still
localised inside each IM particle, but small portions of the surrounding
Al-rich matrix (i.e. outside the particle) start to be affected, even though
the particle itself has not yet completely undergone degradation (i.e.
activity). It should be noted that activity outside the particle always
initiates in the direct vicinity of previously-degraded areas inside the
particles. After t*, activity keeps propagating both inside and outside the
particles of different chemistries in a similar manner: when the particle
is fully active the activity outside the particle becomes more significant.

These observations further suggest that activity at IMs is most likely
related to local self-dissolution events (e.g dealloying) during the
earliest stages of immersion, because activity is always observed in the
area limited by the particles’ boundaries. Such dealloying is compara-
tively a fast process taking place at a rate equal to k; whose magnitude
depends on the IM composition. A similarly linear dealloying propaga-
tion front has also been reported for Ag-Au single phase alloys [67].
Dealloying in IMs, however, is not uniformly spread across the particle’s
surface, but might rather take place in a localised way as a consequence
of local nanogalvanic cells, as suggested elsewhere [37]. Site-specific
dealloying induces a local increase of the cathodic character of the
particle, which promotes trenching of the Al-rich matrix in close contact
with the dealloyed area. This situation is clearly observed at t*, where
degradation outside the particle (most likely associated to nucleation of
“trenches”) appears only in the vicinity of previously-dealloyed regions
within the IM. In other words, t* is a representative transition time of a
region (i.e. when the curve deviates from the slopes k; and ko) where
there is coexistence of events taking place inside (dealloying) and
outside (trenching) individual constituents. At longer immersion times
(> t*), a larger portion of the IM particles’ surface has undergone sub-
stantial dealloying and the propagation of trenching on the Al-rich
matrix combined with (hydr-)oxides deposition becomes dominant
and characterised by a rate equal to ky, remarkably slower than k;. The
linear increase of the corroded area around IMs due to trenching
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phenomena confirms previous reports using different electrolytes and
environmental pH conditions [21].

Fig. 5 (as well as Table S1 reported in the Supporting Information 11)
shows the characteristic kinetic parameters obtained from the individual
IM degradation study as shown in Fig. 4. First, it can be observed that the
activity at the S-phases starts significantly earlier (10 s < topset < 30 s)
than for other phases (tonset = 60 s). This confirms (quantitatively) the
hierarchical activation of S-phases observed in Fig. 3b and suggested
elsewhere [18]. After tonset, the selective dissolution or dealloying ki-
netics described by k; is almost two times faster for the S-phases than for
the other IMs (i.e. ~ 0.5 + 0.25%s ™! vs ~ 0.2 + 0.15%s ), respectively),
indicating a higher dealloying driving force. Such a difference may be
attributed to the electrochemical activity of the single elements being
dissolved from the IM and the strength of the local galvanic couples
depending on IM composition. According to literature, S-phases will
preferentially dissolve Mg, which is the most active element of the
galvanic series, and partly Al. Other phases, on the other hand, are more
likely to dissolve Al, Fe or Mn, which typically cover more noble posi-
tions in the galvanic series. As a result, S-phases will show earlier and
faster selective dealloying due to a stronger internal driving force.

It is suggested that anodic dealloying remains the dominant process
on the IMs until the Cu-enriched dealloyed areas start to induce local
changes in the electrolyte chemistry due to cathodic OH" production and
consequent pH increase. Other studies have also reported that, in such
pH conditions, the Al;O3 passive film covering the near Al-rich matrix is
destabilised (local breakdown) and trench initiation becomes favoured
[21,25]. It is important to note that trench initiation (detected here as
activity outside the IMs) was observed near dealloyed regions of the IMs
and not elsewhere. This might imply a mutual influence between the two
processes of dealloying and matrix dissolution (trenching), as proposed
in other works [25]. A transition between a dealloying-dominated stage
and a trenching-dominated one is represented by a characteristic t*,
which is again composition-dependent. S-phases typically reach t* after
only 68 s under immersion, while the other IMs take 3 times more to
reach the transition stage. This highlights the intensity of the dealloying
process in the S-phases compared to the other IMs. After t*, all IM lo-
cations show a radially-growing activity beyond the IM boundaries
attributed to trench nucleation and growth. This process, characterized
by ks is, in all IM cases, significantly slower than the dealloying stage (ko
is one order of magnitude lower than k;). Moreover, this second stage
proceeds at a comparable rate in all cases which shows to be less
dependent on the IM compositional class considered. This result is
compatible with the mechanism of trenching being sheer dissolution of
the Al-rich matrix around dealloyed IM constituents, which, therefore,
leads to relatively similar galvanic couples (i.e., despite compositional
differences, the galvanic couples may be similar once dealloyed).

Besides IM composition, the possible effect of IM size and aspect ratio
on the temporal (tynser and t*) and kinetic (k; and kp) parameters was

Il S-phase
Il AICuFeMn
mm (Al,Cu)x(Fe,Mn),Si

*

tonset t
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further analysed since these could affect the magnitude of the galvanic
couple and, thereby, its degradation rate. The results are reported in the
Supporting Information 12 (Fig. S11). No clear dependency of tynset and
t* with IM size or IM aspect ratio was found for any of the particle
compositions, even when S-phases are normally smaller than AlICuFeMn
and (Al,Cu)x(Fe,Mn)ySi,. The hierarchical effect of composition on tonset
and t* is therefore more dominant than the geometrical one (i.e. topset
and t* are always lower for S-phases compared to AlCuFeMn and (Al,
Cuw)x(Fe,Mn)ySi).

As for the early-stage S-phase dealloying, it seems like the degrada-
tion rate (k;) has an apparent relation with both IM size and aspect ratio,
which makes it hard to say which of the two dominates. The same
relation between k; and IM size/aspect ratio is not visible for AlCuFeMn
and (Al,Cu)x(Fe,Mn)y,Si. Finally, the trenching-dominated degradation
kinetics (kp) was found to be independent of IM size, aspect ratio or
compositional class.

These results suggest that the geometry of IMs might only play a
minor role in the IM degradation process compared to the compositional
differences. The result is in good agreement with the findings of this
work that suggest that IM degradation kinetics (local dealloying) might
be triggered by (nano)galvanic couples within the IM constituents
(anodic and cathodic regions inside the IM particle) in a similar way
dealloying happens in single phase alloys. In this degradation model,
lower dependence on IM size than on IM composition is expected as
opposite to a local degradation model based on macroscopic electro-
chemical potential differences between IMs and Al-rich matrix where
the anode-cathode ratio should have a greater effect on the degradation
kinetics.

4. Conclusions

A hyphenated optical and electrochemical set-up and dedicated
image analysis software allowed to study local intermetallic degradation
under immersion with high space-temporal resolution. It was found that
IM particles of all compositions show anodic local activity during early-
stage immersion (under 200 s immersion). Although the activation time
of the IM degradation and the degradation kinetics is composition
dependent, all IMs showed a similar degradation phenomenology, con-
sisting of: (i) activation time, (ii) rapid early-stage self-dissolution
(dealloying) denoted by activity predominantly inside the particle, and
(iii) one order of magnitude slower process dominated by “trenching”
combined with oxide deposition and denoted by activity both inside and
outside each particle. Although the overall behaviour of dealloying and
trenching had been proposed for S-phase, this study suggests that a
similar process may occur also at IMs commonly believed to behave
“cathodic”, thus suggesting a possible initial (local) anodic character in
most IMs due to local compositional variations.

The intermetallic local activity analysis based on optics developed in

°

Il S-phase
I AICuFeMn
mm (Al,Cu)x(Fe,Mn),Si

Degradation rate [% s71]

Fig. 5. Quantification of (a) temporal (t,nsec and t*) and (b) kinetic (k; and ko) parameters, calculated on individual IM particles belonging to different compositional
classes (S-phase, AlICuFeMn and (Al,Cu)4(Mn,Fe),Si) and expressed as average (coloured bars) with the relative standard deviation (black bars).



M. Olgiati et al.

this study also suggests that, for the studied conditions, dealloying of S-
phases occurs twice as fast as dealloying of AlCuFeMn/(AlCu)x(Fe,
Mn)ySi, whereas the second degradation stage, associated to “trenching”
and oxides deposition, takes place at similar rates independently of the
IM composition and perhaps related to a concentration-driven process
like O4 diffusion. The onset of the IM activity was also found to vary
hierarchically between = 25 s for S-phases and ~ 70 s for AlCuFeMn/
(Al,Cu)x(Fe,Mn)ySi probably due to composition-dependent driving
forces. On the other hand, geometrical factors, such as IMs size and
aspect ratio, were found to have a limited impact on the degradation
kinetics. IM composition is the main driving force for the local IM
dealloying process.

The results here presented provide new insights in the corrosion
mechanism of AA2024-T3 with a possible impact on the development of
efficient protection strategies (i.e. inhibitors).
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