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Surface films of AA2024-T3 after immersion in 0.1 M NaCl for 14 days, 6 months, and 1 year have been
investigated using scanning electron microscopy. The corrosion product generated on the surface over the im-
mersion period was comprised of porous outer and compact inner layers. The Cu enrichment at the corrosion
product/metal interface and Cu clusters within the surface films have been observed. Exfoliation corrosion was
observed, which allows the electrolyte to migrate through exfoliated path and cause rapid corrosion at sub-

surface level. Mechanistic aspects of surface film, Cu cluster formation, and corrosion under the surface film

have been discussed.

1. Introduction

AA2024-T3 is a legacy Al alloy that has been extensively used in
aircraft manufacturing for decades [1-3]. The T3 temper condition (i.e.,
solution heat treated — cold worked — naturally aged) causes fine
precipitates that are desirable for strength but renders alloy prone to
localized corrosion [4,5]. Al-Cu-Mg type (S phase) and Al,Cu (6 phase)
are the main strengthening precipitates. Additionally, undesirable
coarse intermetallic particles (IPs) known as constituent particles are
also present. Al;CusFe, AlgMnFes, (Al,Cu)eMn, and AlygCus(MnFe)s are
the most common and abundant constituent particles [6-8]. The IPs
induce localized corrosion in the form of pitting and intergranular
attack, generating a potential site for cracking [9]. While most common
IPs in AA2024-T3 are classified as cathodic, the S-phase exhibit dual
behavior, which is anodic in the beginning and changes to cathodic after
the preferential dissolution of Al and Mg [10]. The cathodic IPs promote
oxygen reduction reaction, which causes an alkaline environment
around its immediate vicinity [11,12]. As the pH increases in that re-
gion, the protective oxide of Al becomes unstable and alkaline dissolu-
tion of the alloy begins [13]. Understanding and quantifying the pitting
corrosion in Al alloys become complex due to the large variation in
composition, size, morphology, and spatial distribution of IPs.

Surface characterization after corrosion tests has been reported to
understand the localized corrosion mechanisms and role of various
microstructural features. Literature has widely reported the remnants of
Cu clusters within the corroded region in AA2024-T3 alloy [14-18]. The
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Cu clusters originate from two sources - IPs and solid solution. Cu
clusters occurring from IPs involve the preferential dissolution of IPs,
where more active elements such as Al, Mn and Fe are selectively dis-
solved, and the sponge-like local Cu clusters are left behind [5]. These
Cu clusters are either captured by the hydrous corrosion product and
move away due to mechanical transport as the film grows or get redis-
tributed over the surface to promote further secondary pitting corrosion
[16]. Also, the Cu clusters can dissolve themselves with time if they are
electrochemically isolated from the matrix [16]. Meanwhile, Cu from
solid solution and nano-sized precipitates emerge from the selective
dissolution of Al followed by surface diffusion that results in uniform
enrichment of nano-sized Cu layer at corrosion product/metal interface
[13,19,20]. The local clusters and enrichment phenomena of Cu have
been investigated using electrochemical techniques (such as rotating
disk electrode, rotating ring-disk electrode, three-electrode cell) and
characterization tools (e.g., electron microscopy, atomic force micro-
scopy, scanning kelvin probe force microscopy). However, the long-term
immersion generates huge corrosion product on the surface that be-
comes difficult to investigate the pit initiation and morphology buried
beneath it. Removing the corrosion product could lose the surface de-
tails, for instance, the position of Cu clusters within the pit and surface,
progressive dissolution of IPs, and morphology of the corrosion product
at the interface. Therefore, one of the objectives of this study is to reveal
the Cu clusters with the corrosion product intact up to 1-year immersion.

The top surface analysis approach often provided a partial picture
and lacked detail from the sub-surface of the materials buried beneath.
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To overcome this obstacle, the focused ion beam (FIB) technique has
been used to obtain the cross-section of the material surface, which helps
to get a visual interpretation of the fundamental mechanism of gradual
pitting, intergranular attack, and exfoliation corrosion. For instance,
studying the clustering of the IPs forming a network at the sub-surface
during the corrosion process [21,22], examining the surface at an
angle to reveal the dealloying of S-phase (Al,CuMg) particles, matrix/-
particle interfacial attack, and grain boundary attack. However, char-
acterization through FIB becomes challenging when the region of
interest is hundreds of microns deep and wide, which requires a large
area of investigation. For instance, immersion for up to 6 months in 0.1
M NaCl generates pits of hundreds of microns and a thick hydroxide
layer through uniform corrosion and pitting [23,24]. Cross-sectional
analysis of such surface is not evidently reported due to the difficulty
in characterizing the huge portion of corrosion product. It is of scientific
interest to explore the surface phenomena after long-term immersion,
and new ways of investigation often provide additional insight into the
corrosion mechanisms. Moreover, the literature reports the corrosion
properties and fundamental mechanisms investigated in 0.1 M NacCl for
many advanced engineering aluminum alloys as it facilitates observing
the slow thermodynamics and corrosion kinetics occurring at the surface
[25-31]. Such studies require a reference of corrosion behavior occur-
ring in commercial Al alloys, where the corrosion kinetics are compa-
rable and easier to study compared to the high concentration of chloride
solution counterpart. Thus, signifying the importance of the electrolyte
used in this study.

The present study demonstrates an approach to visually reveal the
wide range of cross-sectional morphology after exposure to different
immersion periods (14 days, 6 months, and 1 year) in 0.1 M NaCl
environment. This method can collect information in the order of mil-
limeters, particularly when the region of interest is much larger. Because
of the large analyzing region, it offers various evidence at single-time
specimen preparation without much effort. The work addresses the
morphology and growth of corrosion products formed after various
immersion periods, the role of IPs in influencing surface exfoliation, and
the dissolution of Al-Cu-Fe-Mn particles. The findings reveal the sub-
stantial influence of sub-surface activity in promoting the acceleration
or sustainability of corrosion events on the surface.

2. Experimental procedure
2.1. Material and immersion process

The chemical composition of AA2024-T3 alloy plate used in the
present study is provided in Table 1. The 3 mm thick AA2024-T3 plate
was cut into 20 x 10 mm coupons. They were ground to 800 and 1200
grit SiC paper under tap water and subsequently polished to 3 and 0.05
um surface finish using polycrystalline diamond suspension. After that,
specimens were ultrasonicated for 5 min in ethanol to remove
contamination.

The immersion was performed in 0.1 M NaCl as widely used in
literature [23,32]. The polished specimens were immersed in the beaker
with 250 mL of 0.1 M NaCl solution. The beaker was covered with
parafilm with some holes, and the specimens were left undisturbed for
14 days, 6 months, and 1 year at room temperature (~22 °C). During the
immersion period, deionized water was added at a regular interval of
two weeks to compensate for the water evaporating from the electrolyte.
After the specified immersion period, the specimens were removed, and
plenty of deionized water was poured on the specimens to remove the
NacCl residue.
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2.2. Characterization

Scanning electron microscopy (SEM) was performed on the top
surface of a 1-year immersed specimen to obtain the elemental distri-
bution within the corrosion product. The electron was incident at 15 kV
with 0.8 nA current. X-ray photoelectron spectroscopy (XPS) was per-
formed on the top surface to understand the chemical composition with
respect to the binding energy. The analyzing chamber pressure of XPS
was maintained below 10~° mbar, and Mg anode was used as the X-Ray
source of 300 W. The experiment was performed with the take-off angle
of 60 over the 2 x 2 mm area. Initially, the surface was sputtered for a
few nanometers to remove the residue coming from carbon contami-
nation. The survey scan was taken from O to 1100 eV to observe the
elements present in the corrosion product. Thereafter, the high-
resolution core-level spectra of detected O 1s, Al 2p and Fe 2p3,» were
recorded. The analysis of XPS was conducted using CASA software that
provides the relative sensitivity factor given by Scofield [33] and the
background was subtracted using the Shirley function.

Grazing incidence X-ray diffraction (GIXRD) was performed on the
top surface of 14-day and 1-year immersed specimens to obtain the
chemical composition of the corrosion product. Cu Ko radiation with the
incidence angle of 0.5° was used to acquire the information from the 26
range of 15°-85°, having a scan rate of 1°/min and 0.01° step size.

To investigate the cross-sectional region of specimens after the im-
mersion for different periods, all six sides of the specimen surface were
electroplated with copper. The electroplating is to protect it from being
damaged during epoxy mounting and polishing. Cu electroplating was
performed at ~2 V, having the current density around 9 mA/cm? for 10
min, simultaneously confirming that the Cu was visibly deposited. Later,
the specimens were mounted in epoxy with the transverse side exposed
from the top, as shown in Fig. 1, followed by 0.05-micron polishing to
carefully expose the fresh surface for analyzing the cross-sectional
morphology. These cross-sectional surfaces were studied using a scan-
ning electron microscope (SEM) at 20 kV with 0.8 nA current. Energy-
dispersive X-ray spectroscopy (EDS) was performed to confirm the
elemental distribution and intermetallic particles (IPs).

3. Results

The backscattered electron (BSE) image presented in Fig. 2 shows the
microstructure of AA2024-T3 with various intermetallic particles (IPs)
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Fig. 1. Schematic representation of the AA2024-T3 specimen prepared for
cross-sectional analysis.

Table 1

Chemical composition of AA2024-T3 in wt%.
Alloy Cu Mg Mn Fe Zn Si Ti \4 Cr Al
2024-T3 4.4 1.4 0.53 0.20 0.10 0.08 0.02 0.01 0.01 Bal.
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Fig. 2. Backscattered electron image showing the microstructure of AA2024-T3
with intermetallic particles.

identified by EDS analysis. The elemental composition of IPs were Al-Cu,
Al-Cu-Fe-Mn, Al-Cu-Fe-Mn-Si, Al-Cu-Mg, and Al-Cu-Mn, which is
consistent with the literature [1,6,8]. The sizes of Al-Cu, Al-Cu-Fe-Mn,
and Al-Cu-Fe-Mn-Si were larger than 5pm while Al-Cu-Mg and
Al-Cu-Mn were smaller in size of < 5 pym.

3.1. AA2024-T3 after 14-days immersion

The surface morphology of the AA2024-T3 specimen from a cross-
sectional view after 14 days of immersion is shown in Fig. 3. The dark
contrast over the surface shows a thick layer of corrosion product. The
corrosion product layer formed after 14 days seems to be intact and
adherent to the surface, exhibiting a thickness range of 8-10 pm with an
average of 9.3 um (Fig. 3), and therefore, it is termed an intact corrosion
product layer hereafter. Several IPs were observed within the intact
corrosion product, as shown by white arrows in Fig. 3a. Additionally,
loose corrosion product with 10-11 pm thickness over the intact layer
was observed in several places, for instance, above the Al-Cu-Fe-Mn
particle, as shown in Fig. 3b. The cracks observed within the corrosion
product are generally termed mud-cracking that is visible across the
layer and form due to dehydration once removed from the electrolyte
and exposed to the vacuum environment of SEM. Additionally, fine Cu
particles can be observed enriching at the corrosion product/metal
interface, which could be either in metallic or oxide form. The layer of
Cu enrichment can possibly come from two sources: 1) the Cu present in

pEE
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solid solution and 2) the presence of nano-sized precipitates such as
AlyCu (0 phase) and Al,CuMg (S phase) [20]. AA2024-T3 alloy has
4.4 wt% Cu in which some are consumed in secondary phases such as
constituent particles and precipitates, while the remaining are present in
solid solution. During the corrosion, the electrochemically active metal
will preferentially dissolve compared to noble metal. Al, being highly
reactive, will have higher dissolution kinetics compared to Cu. Thus,
Cu-enriched layer is formed at the corrosion product/metal interface.
Moreover, the Cu enrichment phenomenon can also be explained from
the Gibbs free energy, where the Gibbs free energy for forming Al oxide
is lower than that for Cu oxide [34].

3.2. AA2024-T3 after 6-months immersion

After 6 months of immersion, the surface showed the generation of a
large amount of porous loose corrosion product formed above the intact
layer compared to 14 days of immersed surface, as shown in Fig. 4a. The
thickness range of porous loose corrosion product was 40-62 um, while
the intact layer showed a slight increment in thickness range of
9-11 um. Several pits are seen beneath the thick corrosion product layer
over the matrix, as shown in Fig. 4a. These pits appear to be shallower,
with more prolonged immersion leveling with the corrosion product/
metal interface. Clusters of IPs are observed within the pit, indicating the
source of the pit origin (Fig. 4a). Interestingly, apart from the Cu
enrichment at the interface, an additional thin layer of Cu enrichment
along the center of the intact corrosion layer indicates the fluctuation of
dissolution kinetics as the corrosion progresses. Fig. 4b shows several
fascinating events in a magnified view. Mildly etched grain boundaries
can be observed beneath the pit vicinity, implying the progression of
corrosion through the intergranular path promoting intergranular
corrosion (IGC). The IGC could also be a combined result of exfoliation
corrosion, a form of corrosion that tears apart the elongated grains near
the surface in high-strength Al alloys [35]. A fissure initiating the
exfoliation corrosion is observed to penetrate through the pit and
propagate through grain boundaries, while some of their secondary
paths appear to be diverging towards IPs. Fig. 5a presents a
high-magnification BSE image demonstrating the exfoliation corrosion
forming a network to reach adjacent IPs. As the exfoliation corrosion
initiates and approach IPs, they were seen mostly traveling along the
particle/matrix interface. These exfoliated regions can potentially
channel the aggressive electrolyte and initiate the sub-surface corrosion
of the matrix. The dark contrast regions enveloped along the exfoliated
path shown by white arrows indicate the dissolution of the matrix as the
electrolyte has penetrated and initiated the hydrolysis. The formation of
corrosion product within this region could weaken the grain boundaries
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Fig. 3. (a) Low magnification cross-sectional view of AA2024-T3 after 14 days immersion in 0.1 M NaCl. The white arrows show the intermetallic embedded within
the layer while some are still attached with the matrix. (b) High magnification image showing intact corrosion product layer thickness of ~9.3 ym and a repre-

sentative example of intermetallic embedded within the layer.
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Fig. 4. (a) Low magnification cross-sectional view of AA2024-T3 after 6 months immersion in 0.1 M NaCl, and (b) High magnification BSE image showing inter-
granular corrosion beneath the pit and exfoliated path moving through grain boundaries and diverging towards IPs.

Layer of Cu
enrichment

Fig. 5. (a) High magnification image shows the exfoliated path along intermetallic particles. The white arrows indicate the penetration of electrolyte and dissolution
of matrix along the rupture. (b) Thin layer of Cu enrichment observed within the intact corrosion product layer, and the EDS line-scan reveals the progressive
dissolution of Al-Cu-Fe-Mn intermetallic. The inset image shows the fragments of Cu clusters collapsing from the particle.

resulting in detachment of surface grains along with the progressive example of the partial dealloying of the Al-Cu-Fe-Mn particle is shown in
intergranular attack weakening the intergranular bond. Fig. 5b. The EDS line-scan analysis was performed on that particle to
A clear view of Cu enrichment within the intact layer and a good reveal elemental distribution. The partially dissolved upper half of the
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Al-Cu-Fe-Mn particle exhibited no sign of Al, a negligible amount of Mn,
a low amount of Fe, and the same amount of Cu compared to the bottom
half. The zoomed-inset image reveals the progressive breaking of the Al-
Cu-Fe-Mn particle, where the top periphery showed fragments of Cu
detaching from the particle. Among these detached Cu clusters, some
exhibit solid-like pieces while others seem to be expanding and depict-
ing sponge-like characteristics. The sponge-like structure of Cu was also
reported for S-phase by Buchheit et al. [5] and Vukmirovic et al. [13].

3.3. AA2024-T3 after 1-year immersion

The surface of the long-term immersion specimen for up to 1 year
formed a massive corrosion product, as shown in Fig. 6a. The thickness
range of the loose corrosion product layer showed 71-90 um, while the
intact corrosion product layer exhibited a thickness range of 12-15 pm.
The loose corrosion product layer internally displayed gradual structural
differences where the outermost part exhibited a spongy (porous) re-
gion, and the inner part near the alloy surface showed a dense structure,
comparatively (Fig. 6b). A possible explanation could be the transition
of oxide to hydroxide species. The region near the alloy surface could be
rich in oxide form, which is initially formed due to lower formation
energy than hydroxide [36,37]. In comparison, the outermost region
could be rich in hydroxide species. As the transition of oxide to hy-
droxide takes place, the structure expands to reduce the surface energy.
Additionally, the outermost part of the corrosion product continuously
interacts with the electrolyte; therefore, the region experiences expe-
dited dissolution compared to the inner region. The interface between
intact and loose corrosion products began to display a flawed and
debonding feature, unlike in 6 months specimen where a clean adher-
ence was visible. Several large pits were captured, as seen in Fig. 6¢ and
6d. A high density of local sponge-like Cu clusters could be seen within
these pits. Within the sponge-like Cu clusters, some Cu fragments still
show a solid-like structure, which could be either in metallic or oxide
form. The local accumulation of Cu clusters seems to be generated by
IPs, while the Cu enrichment layer across the corrosion product/metal
interface could be easily differentiated to be coming from solid solution
decomposition. The pit vicinity showed etched grain boundaries indi-
cating the IGC activity, while this behavior was not observed beneath
the uniform corrosion surface. The top view of the corrosion product

Loose corrosion

product layer

Corrosion Science 215 (2023) 111056

formed after 1-year immersion, along with the EDS mapping, is shown in
Fig. 7. The surface was observed to be charging due to the obstruction of
electron flow by corrosion product that generally promotes poor con-
ductivity. A substantial presence of Cl was detected over the corrosion
product. The elemental distribution from the alloy composition showed
the strong presence of Al and O with lower content of Mg, Cu, Si, Mn,
and Fe.

X-ray photoelectron spectroscopy (XPS) was performed over the
corrosion product to obtain the chemical composition through binding
energies, as shown in Fig. 8. Table 2 provides the binding energy (BE),
full widths at half maximum (FWHM), and intensities of the deconvo-
luted peaks from high-resolution core-level spectra. The survey scan
detected the signals from O, Al, and Fe (Fig. 8a). The high-resolution O
1s peak was fitted with two components — O 1s and O 1sg (Fig. 8b). The
O 1sp peak at lower binding energy (530.9 eV) corresponds to the oxide
contribution from Al and Fe, while the O 1sg peak (531.7 eV) is attrib-
uted to the hydroxyl group (likely AI(OH)3 and FeO(OH) species). The Al
2p core-level peak in Fig. 8c was fitted with three deconvoluted peaks.
The higher BE (75.4 eV) is assigned to Al(IIl) ions showing the contri-
bution from AI(OH)s, the lower BE (74.2 eV) is assigned to Al(III) ions
exhibiting Al;O3, and the lowest BE (72.8 eV) is assigned to metallic Al.
The small contribution from Fe 2p3,» core-level peak is deconvoluted
using multiplet splitting mentioned by Grosvenor et al. and Biesinger
et al. [38,39]. The multiplet splitting peaks of FeO represent the Fe?*
species having oxide contribution and appeared at 708.4 eV, 709.6 eV,
and 710.9 eV. The multiplet splitting peaks of FeO(OH) representing the
Fe>' species having hydroxide contribution appeared at 710.2 eV,
711.2 eV, 712.1 eV, and 713.2 eV. Note that the attenuation length of
the photoelectron is around 10 nm [40] therefore, partial information is
obtained from the surface containing an enormous amount of corrosion
product. However, it provides essential evidence in determining the
oxidized species of elements buried in the corrosion product.

Grazing incidence X-ray diffraction (GIXRD) was performed on 14-
days and 1-year immersed specimens, as shown in Fig. 9a, to extract
the information from a large volume of corrosion product due to its
substantial penetration depth in microns. The diffraction pattern
exhibited that the corrosion product was build-up mostly of Al(OH)3
with the presence of Al;O3, a slight amount of Fe;O3, and hydroxides
such as FeO(OH) and Cu(OH),. The Al peaks were observed in both
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Fig. 6. (a) Low magnification cross-sectional view of AA2024-T3 after 1 year immersion in 0.1 M NaCl, and (b) magnified image showing the morphological dis-
tribution within corrosion product and Cu-enrichment at the interface, (c, d) show large pit formation exhibiting Cu clusters from IPs and Cu enrichment at hy-
droxide/metal interface coming from solid solution. The pit vicinity is also showing intergranular corrosion.
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Fig. 7. SEM images of AA2024-T3 top view showing the corrosion product after 1 year immersion in 0.1 M NaCl along with the EDS mapping exhibiting the

elemental distribution.

specimens, and interestingly, the intensities of metallic Al peaks were
higher in the 1-year immersed specimen than in the 14-days immersed
specimen, although the corrosion product was considerably thick after 1
year, which indicates the presence of unoxidized Al within the corrosion
product. The presence of unoxidized Al could happen due to exfoliation
corrosion, where the exfoliated grains would be separated from the
underlying metal by the corrosion product. Meanwhile, indexing several
peaks were challenging as they were overlapping due to many elemental
compositions forming oxides in this alloy.

The corrosion product is mainly comprised of a high amount of hy-
droxide and thereafter oxide, as confirmed by XPS and GIXRD. The plot
of corrosion product thickness as a function of the immersion period is
shown in Fig. 9b. The loose corrosion product tends to grow rapidly in
the initial stage, followed by a gradual drop in the growth rate with the
immersion period. Meanwhile, the intact layer does not seem to increase
significantly compared to the loose corrosion product, and its growth
rate appears to increase slightly with the immersion period.

4. Discussions

The decrease in the growth of loose corrosion product with time
indicates that the adequate electrolyte is not able to access the metallic

alloy surface easily and is obstructed by the intact corrosion product.
The corrosion product is reported to act as a hindrance and block the
penetration of the aggressive ions up to a certain extent [21,41]. The
loose corrosion product having a porous structure could potentially
allow the penetration of electrolyte while the intact corrosion product
could control the diffusion of metal cations and aggressive anions such
as 0% and CI" ions through ionic transportation. Also, with long-term
exposure to an aggressive environment, the kinetics and dynamics of
anion-cation transportation will tend to depend upon the chemical
composition, morphology, and growth of the corrosion product. Besides,
IPs acting as cathodic sites would preferentially increase the oxygen
reduction and the amount of OH" ions, as confirmed from Fig. 3b, thus
locally increasing the rate of dissolution and pH. The IPs tend to become
more cathodic with the increase in the pH of the environment [42] and
corrosion would accelerate around the cathodic sites.

4.1. Behavior of Al-Cu-Fe-Mn particle

The cathodic IPs such as Al-Cu-Fe-Mn does not seem to fall off easily
after the formation of corrosion product in large amount around them.
Consequently, the extended exposure of cathodic IPs to chloride solution
can cause severe damage to the local region as it can accelerate the
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Fig. 8. XPS spectra of AA2024-T3 after 1 year immersion in 0.1 M NaCl showing (a) Survey, (b) O 1s, (c) Al 2p, and (d) Fe 2p3/».

Table 2

Binding energies (BE), full-widths at half maximum (FWHM), and intensities (in
atomic percent) of the core-level spectra for AA2024-T3 specimen after 1 year
immersion in 0.1 M NacCl.

Peak BE (eV) FWHM Intensity (at%)
O 1sa 530.87 1.7 9.75
O 1sp 531.73 2.6 56.05
Al 72.75 1.3 0.76
Al,03 74.18 2.0 4.13
Al(OH)3 75.42 2.0 27.36
FeO 1 708.40 1.5 0.38
FeO 2 709.60 1.6 0.53
FeO 3 710.90 1.6 0.23
FeO(OH) 1 710.20 1.5 0.24
FeO(OH) 2 711.20 1.34 0.23
FeO(OH) 3 712.10 1.4 0.19
FeO(OH) 4 713.20 1.45 0.12

generated aggressive acidic solution within the pit [43]. As a result, the
pit grows. During the growth, it would encounter other nearby IPs,
which would further accelerate the pitting phenomena, and gradually,
these IPs become part of a large pit (Fig. 6¢ and 6d).

Moreover, the IPs also undergo dissolution, and Fig. 10 illustrates the
schematic diagram of the dealloying of Al-Cu-Fe-Mn particle based on
observations and analysis conducted in Fig. 5b. The presence of Cu
clusters can be understood by the electrochemical series of metals [44],
where the reactivity of elements decreases in the order of Al (active)
> Mn > Fe > Cu (noble). Similarly, the order of oxide formation energy
decreases in the order of CuO > Fe;O3 > MnO > Al;O3 having the
values of -0.943, -1.707, -1.974, -3.41 eV/atom, respectively [36,
45-47]. The lower the formation energy, the faster the reaction. The low

formation energy to form oxides of Al, Mn, and Fe compared to Cu would
allow these elements to preferentially react and diffuse early within
hydroxide-rich corrosion product, leaving behind Cu remnants in their
metallic or oxide form. These Cu remnants could redistribute themselves
within its proximity to cause secondary pitting corrosion [5,19]. Liter-
ature has also reported that Cu nano-fragments as cuprous (Cu™) ions or
cupric (Cu?") ions are re-deposited back to the alloy surface preferen-
tially on local cathodes [48]. Consequently, with time, the Cu structure
coarsens to reduce its surface energy by dispersing into porous frag-
ments. The electrochemical reactions can be complicated further since
the cathodes have a finite lifetime [16]. These Cu fragments would now
stop functioning as cathode since it is disconnected from the Al matrix
and undergo further oxidation to form complex species with Cu™ and
Cu®*, which was not electrochemically possible when attached to the
surface [16]. Such phenomenon evidences the behavior of Cu to stay in
clusters for a longer period before it coarsens by forming a sponge-like
structure. From Fig. 6a and 6b, the Cu clusters were mainly observed
within the intact layer, while there was no trace of the sponge-like or Cu
clusters within loose corrosion product, which would be the result of
self-dissolution of these Cu clusters at its corrosion potential by ready
availability of oxygen and Cl  ions at top part compared to the sub-level
of corrosion product. Thus, the Cu remnants would have eventually
dispersed away into the loose corrosion product with time.

4.2. Intergranular corrosion (IGC) and exfoliation corrosion

The intergranular attack near the periphery of pits formed after 6
months and 1 year immersion in 0.1 M NaCl exhibited evidence of IGC,
while the surface beneath the uniform corrosion did not show any
indication of IGC. Meanwhile, the evidence of exfoliation corrosion was
confirmed in some regions shown in SEM images and through XRD
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Fig. 9. (a) GIXRD performed on top surface of 14-days and 1-year immersed
AA2024-T3 specimens, and (b) plot showing the corrosion product thickness in
AA2024-T3 with increase in immersion period in 0.1 M NaCl. The data was
plotted based on SEM analysis.

analysis showing the increasing presence of unoxidized Al within the
corrosion product. Literature has widely reported the IGC and exfolia-
tion corrosion in AA2024-T3 [35,49,50]. These types of corrosions were
severely seen at higher concentrations of NaCl (~1 M). The intensity of
exfoliation corrosion was comparably lower in this study, while the
events of pitting and uniform corrosion were governing, which could be
attributed to a lower concentration of chloride solution.

The main events occurring over the surface and sub-surface are
illustrated through the schematic diagram shown in Fig. 11. The initi-
ation of exfoliated grains guides the electrolyte from the surface and
provide aggressive anions such as 0% and Cl ions to promote the
oxidation-reduction reaction. As these aggressive anions approach the
sub-surface through exfoliated path, hydrolysis of Al** would occur by
forming Al(OH)3 and H ions, decreasing the pH at that region. The
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generation of acidic conditions will destabilize the neighboring matrix,
and dissolution begins simultaneously from the sub-surface, thereby
resulting in severely rapid corrosion activity [21]. The observation
showed that the intergranular attack formed a linking path to connect
the IPs and was reported by other literature [21,22]. The IPs are in close
proximity to each other in the microstructure, which make the network
of IPs act as a linking path for exfoliation. The reason for such behavior is
not apparent. One of the hypotheses could be the difference in the re-
sidual stress between the matrix and IPs, which could channel the
exfoliated path towards the IPs.

Most of the time, the surface study does not consider the damage
done by sub-surface activity and underestimates the influence of exfo-
liated regions caused at the sub-surface level. Importantly, a huge
amount of corrosion product formed on the surface can control the anion
availability and anion-cation transportation. The cross-sectional anal-
ysis reported in this work exposes the surface phenomena from a
different perspective and rationalizes the entire corrosion phenomena
that are sometimes hidden beneath the surface.

5. Conclusions

This study demonstrated the surface and sub-surface corrosion ac-
tivity of AA2024-T3 by observing the cross-sections of AA2024-T3 after
exposure to 0.1 M NaCl for 14 days, 6 months, and 1 year. The cross-
sectional analysis shown here allows investigation of the large area
and reveals the tens of microns thick corrosion product, size and shape
of pits, progressive dissolution of IPs, and exfoliated regions. Following
are the conclusions drawn from this work.

1) The corrosion product generated on the surface consisted of mainly
two layers — an intact corrosion product layer that is compact and
tightly embedded with the surface, and a loose corrosion product
layer that has an irregularly porous structure. The porous layer
would potentially allow the electrolyte to penetrate, while the
compact layer would control the penetration through ionic trans-
portation. Both the layers showed growth over the immersion period,
where the loose corrosion product layer exhibited significant growth
comparatively.

2) The region within the corrosion product and large pits displayed
local sponge-like and solid Cu clusters generated from IPs, while the
uniform layer of Cu enrichment was observed across the corrosion
product/metal interface potentially generated from the decomposi-
tion of solid solution and nano-sized precipitates.

3) The progressive dissolution of the Al-Cu-Fe-Mn particle demon-
strated the numerous Cu fragments detaching from the particle while
the elements: Al, Mn, and Fe were preferentially oxidized and
diffused within the corrosion product. These Cu fragments could
redistribute to the alloy surface and promote secondary pitting
corrosion. Eventually, with time, once these fragments of Cu clusters
are no longer attached to the matrix, they would cease to act as
cathodes and would further oxidize to form a sponge-like structure
and gradually disperse away within the corrosion product.
The AA2024-T3 alloy showed different types of corrosion, such as
uniform, pitting, intergranular, and exfoliation. The exfoliation
corrosion was observed to propagate through two paths: grain
boundaries (IGC) and IPs. The network of exfoliated path can guide
the electrolyte by providing aggressive anions to initiate the
oxidation-reduction reaction, which can promote dissolution at the
sub-surface region, causing severely rapid deterioration.
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