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Cerium-based compounds have been studied for decades as non-toxic candidates for the protection of aerospace aluminium alloys
(AAs) like AA2024-T3. However, the complex heterogeneous microstructure of these alloys has hindered a thorough
understanding of the subsequent stages of corrosion protection provided by this class of inhibitors. Thus, this work is devoted
to unravelling the interaction mechanisms of different intermetallic particles (IMPs) in AA2024-T3 with cerium nitrate at the
nanoscopic scale. This has been fulfilled through detailed top-view and cross-sectional analytical TEM investigations along with
electrochemical evaluations. In line with our recent findings, we here report dealloying of IMPs as the main factor governing the
rate of local cerium precipitation in contrast to micro-galvanic corrosion between IMPs and the surrounding matrix. Furthermore,
we discuss a connection between the electrochemical response of the AA2024-T3 system and the morphological and compositional
evolutions of individual IMPs including Al,CuMg, Al,Cu, Al;,Cu,Fe(Mn) and Al;sCucFe;MnsSig at different stages of a 96-h
exposure.
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Aerospace aluminium alloys (AAs) are a class of structural
materials that contain intermetallic compounds including precipi-
tates, constituent particles and dispersoids ranging from nano- to
micrometre scales. In AA2024-T3, AlL,CuMg and Al,Cu are
precipitates that appear in response to age hardening processes
while constituent phases like Al;Cu,Fe(Mn) and Al;¢CugFe;MnsSig
are formed during solidification, contributing, to different extents, to
the mechanical strength of the alloy.! In terms of corrosion,
intermetallic particles (IMPs) are electrochemically active locations
in the alloy matrix at which local corrosion attack evidently takes
place.””” Therefore, the use of inhibitors that can effectively impede
the local electrochemical activity of IMPs is necessary to prevent
local stress concentrations and eventually the loss of structural
integrity of AA applications. For decades, this purpose has reliably
been fulfilled via hexavalent-chromium based chemistries, in spite of
their undesirable impact on health and the environment.®'°
However, due to strict international health and safety legislation,
they have to be entirely replaced with non-toxic and efficient
inhibitive systems in the near future.''

Following that, cerium-based compounds have been introduced as
promising non-toxic inhibitors and examined extensively to inhibit
localized corrosion of AAs.'>* The main protective properties of this
group of inhibitors are attributed to the formation of insoluble cerium
(hydr)oxide precipitate via a chemical route and as a response to the
local alkalinity established by the electrochemical activity of individual
IMPs (microgalvanic corrosion).>>?® However, the literature still lacks
an agreement when it comes to explaining the detailed mechanisms in
relation to the morphology and sequence of cerium (hydr)oxide
precipitation on individual intermetallic compounds. For instance,
according to Paussa et al.,”” local alkalisation at magnesium-rich
regions of a corroding S-phase (Al,CuMg) can trigger cerium
precipitation. However, Li et al.”” proposed initial cerium precipitate
as a consequence of electrochemical transition of S-phase from an

*Electrochemical Society Member.
“E-mail: J.M.C.Mol@tudelft.nl

anodic to a cathodic particle (nobility inversion), after which the
precipitate continues to thicken. Aldykewicz et al.>> merely detected
cerium on Cu-rich IMPs and not on Fe/Mn-containing IMPs. In
contrast, Yasakau et al.?® found a cerium deposit on a Fe-containing
particle, appearing in a nodular morphology. In addition, Campestrini
et al. proposed the Cu redeposition as a critical condition to form a thick
cerium oxide layer otherwise the IMPs do not function as preferential
nucleation sites during the conversion process.’® Besides, morpholo-
gical and compositional evolutions of O-phase (Al,Cu) during the
interaction with cerium-based inhibitors has not been addressed in the
literature yet.

Therefore, the current work is devoted to exploring detailed
interaction mechanisms of cerium nitrate, as an effective and
efficient inhibitor,*'** with different types of intermetallic com-
pounds in AA2024-T3. In fact, we put efforts into correlating the
conventional electrochemical response and the nanoscopic morpho-
logical and compositional evolutions related to different IMPs over
an exposure up to 96 h. A challenge in this regard is the complicated
electrochemical behaviour of IMPs themselves, including their
nanoscopic morphological and compositional evolution with time.
Recently, we reported a dealloying-driven local corrosion initiation
mechanism for both conventional anodic and cathodic intermetallic
phases.**** Besides, we brought up the intrinsic electrochemical
instability of intermetallic compounds as a dominant factor control-
ling the kinetics of local degradation.”*** Here, we further address
how the dealloying process and electrochemical stability can
establish a local solution chemistry driving cerium precipitation
over IMPs. To this aim, we initially record open circuit potential
(OCP) and linear polarization resistance (LPR) of AA2024-T3
samples exposed to a cerium-containing solution along with general
top-view morphological observations of the surface. Furthermore,
detailed top-view and cross-sectional analytical transmission elec-
tron microscopy (TEM) on individual AlL,CuMg, Al Cu,
Al,Cu,Fe(Mn) and Al,,CugFe;MnsSig particles are carried out to
provide nanoscopic insights into the inhibition mechanism at
different stages of exposure and particularly related to the different
intermetallic chemistries.
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Figure 1. General electrochemical and morphological analysis with time. (a) OCP (Black line with circle markers) and LPR (Blue line with rectangle markers)
values recorded for the AA2024-T3 sample continuously exposed to 0.01 M NaCl + 0.003 M Ce(NO3); solution for 96 h. (b) Top-view SEM images of the
exposed samples after different exposure times. The images are acquired by collecting the secondary electrons (SE) at an acceleration voltage of 10 kV.

Experimental

Electrochemical evaluations.—Prior to electrochemical mea-
surements, AA2024-T3 sheets were ground down to #1200 and
then polished on a soft cloth in alumina slurries of 0.5 and 0.05 pm,
respectively, in a non-aqueous solution. The freshly-polished sam-
ples of 3.14 cm” were exposed to 0.01 M NaCl + 0.003 M Ce(NO3);
solution (pH = 5.2) for a period of 96 h while the OCP values were
monitored continuously vs an Ag/AgCl saturated reference elec-
trode. Besides, the superimposed LPR measurements were carried
out every 15 min during the first 2 h and every 1 h for the rest of the

exposure with an amplitude of 10 mV vs the OCP at a scan rate of
1 mV/s and in a conventional three-electrode set-up. The LPR values
were estimated by considering the linear part (i.e., slope) of potential
vs current curves around the OCP.

Analytical TEM studies.—Top-view quasi in situ TEM analysis
was conducted on argon ion-milled 3-mm disks intermittently
exposed to 0.01 M NaCl + 0.003 M Ce(NO3)3 solution. In this
part, the experiments were performed by repeatedly observing an
identical location on the specimens exposed to the studied solution
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Figure 2. Quasi in situ studies of S-phase inhibition. (a) Time-resolved TEM images and the corresponding EDS maps of an Al,CuMg particle intermittently
exposed to 0.01 M NaCl + 0.003 M Ce(NOs);. (b) High angle annular dark field (HAADF)-STEM/EDS analysis of Al,CuMg particles exposed to the same
solution for 40 min, revealing the discretely-deposited cerium at the Cu-rich rims. (c) EEL-spectrum collected from the S-phase particle in Fig. 2a after 90 min;

the red curve represents the MLLS fitting to the experimental dots.

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 absorbed by
delicate-task wipes and the specimens were dried under a lamp,
followed by plasma-cleaning right before re-inserting into the TEM
column. Cross-sectional TEM investigations were carried out on the
polished AA2024-T3 sheets exposed to the same solution for
different exposure times of 1.5, 6, 24 and 96 h. After completion
of the exposure, the samples were rinsed off with distilled water for a
few seconds to avoid direct salt precipitation upon drying. The
surface morphology of IMPs was examined initially with secondary
electron scanning electron microscopy/energy dispersive spectro-
scopy (SEM/EDS) and then the thin cross-sections were fabricated
out of the IMPs of interest with a Thermo-Fisher Helios G4 focused
ion beam/scanning electron microscope (FIB/SEM). A Tecnai
F20ST/STEM 200kV equipped with an Oxford Instruments X-
MaxN 100TLE windowless detector and a high-resolution Gatan
imaging filter (GIF) were employed to perform typical (scanning)
TEM imaging, EDS, electron energy loss (EEL) spectroscopy and
energy-filtered TEM. To do elemental mapping on the samples, EDS
and EF-TEM analysis were conducted. The latter was obtained by
filtering Ce-M34 and Cu-L;3-edge using 30-eV and 20-eV slits,
respectively. The EEL-spectra of cerium were collected at an energ
resolution of 0.9eV and energy dispersion of 0.1eV pixel .
Multiple linear least-squares (MLLS) fitting was used to fit the
reference spectra of Ce(Ill) and Ce(IV) to the collected spectra,
distinguishing the oxidation state of the cerium deposit at different
exposure times.>® Prior to the fitting process, the background signal
was subtracted from the spectra using the power-law model.
Subsequently, to remove the possible impact of plural scattering
on the fitting results, the log-ratio method using the zero-loss peak of
the corresponding spectra was applied.*®

Results and Discussion

Electrochemical and morphological of the alloy surface during
exposure.—Figure 1a shows the OCP and LPR values recorded for
AA2024-T3 continuously exposed to the studied solution. During
the first 1.5h of exposure, we see the corrosion potential of the
sample going up from —510 to —460 mV. In the same course of the
exposure, the LPR plot shows an increase from 45 to 85 k{2 in value,
although an initial drop of 15 k€2 is distinguishable from 15 min to
30 min. Up to this point, the top-view SEM/EDS examinations
(Fig. 1b; the corresponding EDS spectra are partly shown in
Supplementary Materials) show no clear indication of cerium
precipitation, although the evolving electrochemical response (i.e.,
OCP and LPR values) implies the occurrence of nanoscopic events
that cannot be revealed here due to the limited resolution of SEM.
Prolonged exposure up 6 h causes a gradual increase and decrease in
the OCP and LPR values, respectively. The OCP value reaches
approximately —440 mV while the LPR steeply goes down to 30 k2
and then starts to slowly increase to 45 k2. At this stage, the S-phase
particles reveal an obvious change in contrast associated with cerium
(hydr)oxide precipitation confirmed by EDS analysis (see
Supplementary Materials) while we observe no clear alteration to
the other types of IMPs.

From 6 to 24 h, the OCP and LPR values steeply increase to
—330mV and 160 k2. Up until 24 h, we observe more S-phase
particles significantly covered with the cerium-based precipitate.
Besides, #-phase indicates a sign of interaction with the environment
as the contrast has slightly changed on some of the particles. At this
stage, we still cannot distinguish any change to the constituent phase
particles. From this stage on, the inhibited system stabilises as both
the OCP and LPR values show plateaus at around —350 mV and 300
k{2, respectively. The SEM image shows several pits on the surface
that are probably left behind by the fallen-out S-phase particles since
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Figure 3. Post-mortem analysis of exposed S-phase particles after 1.5 h. Top-view SEM and cross-sectional STEM/EDS analysis of an Al,CuMg particle on an
AA2024-T3 sheet exposed to 0.01 M NaCl + 0.003 M Ce(NOs3);. The cross-section has been prepared with FIB. Mind that there is a Pt layer deposited over the

particle to protect it from Ga damage while milling.

we comparatively found a lower number of surface S-phase particles
at this stage. Furthermore, the 6-phase particles look completely
darker in contrast, appearing in a nodular morphology, while most of
the constituent phase particles seem bare until 96 h of exposure
(mind the representative corresponding SEM images).

Nanoscopic examinations of exposed isolated IMPs.—
Nanoscopic investigations are needed for a detailed understanding
of the link between the morphological and compositional evolution
to the corresponding electrochemical response of the alloy during
exposure. Therefore, in this part, we perform analytical TEM
measurements over individual IMPs in AA2024-T3 exposed to
0.01 M NaCl + 0.003 M Ce(NO3); solution for different exposure
times.

S-phase (Al,CuMg).—Figure 2 shows quasi in situ STEM/EDS
analysis of an Al,CuMg particle. A 5-min exposure slightly evolves
the particle as compared to the fresh condition (not shown here). A
few Cu nanoparticles appeared at the edge likely due to the
dealloying of the upper thin part (mind the corresponding Cu
map). At this stage, we detected no clear cerium precipitate on
any region and the particle still contains considerable amounts of
aluminium and magnesium. At the total exposure of 30 min, we
observe nano-aggerates grown at the edge of the particle where the
copper nanoparticles were formed initially. The EDS maps reveal
that these are Cu-rich regions that can partly be sourced from the
corroded nanometric Cu-containing IMPs that undergo dealloying
and release copper in a shorter time scale. Given the aluminium and
magnesium map, we see that dealloying has occurred to this region
whilst the rest of the particle is still intact. At this stage, we merely
detect cerium on the Cu-rich region and not on the intact part of the

particle. This phenomenon suggests the Cu-rich regions as the main
sites for cathodic activities, leading to the required alkalinity for the
cerium precipitation. This has further been investigated by studying
another S-phase particle shown in Fig. 2b. As can be seen, the
dealloying has led to the formation of Cu-rich regions over an S-
phase particle; however, cerium has just been detected around these
regions as discrete islands. With prolonged exposure (i.e., towards
60 min exposure time in total), we see that the nano-aggregates have
further grown, associated with dealloying of the entire particle and
trenching of the adjacent alloy matrix. The EDS maps show that the
particle is depleted in aluminium and magnesium, although the latter
is still found in some regions where the highest alkalinity is expected
(note the white arrow in the Mg map). During the next 30 min
exposure (i.e., towards 90 min exposure time in total), the particle
changes slightly in terms of cerium precipitation; however, some
Cu-aggregates apparently attached to the matrix appear in the trench.
They can actually be the redeposited copper, resulting from a
process occurring right after the particle detachment from the alloy
matrix.>* Besides, the EEL-spectrum collected from the particle and
fitted to the reference spectra reveals that the deposited cerium, at
this stage, has the valency of three (Ce(Ill)). This implies that the
initial cerium precipitates as a direct consequence of alkalisation by
the cathodic activities, herein, Cu-rich regions.

Figure 3 shows an Al,CuMg particle on an AA2024-T3 sheet
exposed for 1.5 h. As can be seen in the top-view SEM image, there
is no clear indication of cerium precipitation at this stage while
bright nanoscopic spots are observed on this particle. The cross-
sectional STEM image reveals that the top part of the particle has
slightly been dealloyed and this has been associated with precipita-
tion of a narrow layer of cerium (hydr)oxide as shown in the oxygen
map. Top-view SEM in Fig. 4 reveals an S-phase particle that is
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Figure 4. Post-mortem analysis of exposed S-phase particles after 6 h. Top-view SEM and cross-sectional STEM/EDS analysis of an Al,CuMg particle on an
AA2024-T3 sheet exposed to 0.01 M NaCl + 0.003 M Ce(NO3);. The inset is the magnified view of the rectangular region on the particle. The cross-section has
been fabricated with FIB. Mind that there is a thin layer of carbon followed by Pt deposition on the particle to protect it from Ga damage while milling.

fully covered with a cerium-based layer after 6 h. The STEM image
taken from the corresponding cross-section reveals the formation of
a thick precipitate on the particle which is slightly extended to the
adjacent matrix, although the cerium cap is highly porous. As can be
seen, the cerium layer is also present over the adjacent alloy matrix.
Interestingly, the dealloying has shallowly penetrated into the
particle while there is no indication of the alloy matrix dissolution.
It seems that the cerium layer is unable of inhibiting not only the
initial dealloying of S-phase but also corrosion propagation into the
depth of the corroding particle. This phenomenon has further been
evidenced in Fig. 5, showing an S-phase particle on the sample
exposed for 6 h. The top-view SEM image shows a fully covered S-
phase particle with the cerium-based precipitate. However, the SEM
image when the stage is tilted at 52° reveals a gap between the
cerium cap and the alloy substrate (Fig. 5b). This implies that at this
stage, the underlying environment is not fully insulated from the
bulk solution. Looking at the cross-sectional SEM image of this
particle (Fig. 5¢), we find the cerium layer quite porous and probably
unable of particle protection as dealloying has penetrated relatively
deep at some locations. Figure 5d shows a closer look at the deep
dealloyed region in this particle, indicated by the dashed rectangle.
The STEM image reveals the formation of a nanoporous mor-
phology as a consequence of dealloying. Given the corresponding
elemental map, we observe the preferential dissolution of aluminium
and to a larger extent magnesium from the particle, associated with
the rearrangement of copper in a nanoporous morphology. In
addition, we have detected chlorine as an indication of the chloride
attack responsible for corrosion, here dealloying. Interestingly, the

cerium has just been detected at the top of the particle and not within
the dealloyed regions. Cathodic reactions taking place at the upper
Cu-rich part of the particle where oxygen is readily available to
provide the required alkalinity for the cerium precipitation.
However, the propagation of corrosion into the depth (here deal-
loying) causes an acidic environment, due to metal ion hydrolysis, in
which cerium is stable in its soluble ionic state.

Prolonged exposure of the AA2024-T3 to 0.01M NaCl +
0.003M Ce(NO3); comes along with a change in the corrosion-
attack morphology of S-phase particles. Figure 6 shows top-view
SEM and cross-sectional STEM/EDS analysis of an S-phase
particle. The top-view image reveals the particle and its adjacent
alloy matrix covered by the cerium (hydr)oxide layer (bright region)
where a circumferential trench is distinguishable as a dark ring at
particle/matrix interface. The cross-sectional STEM shows a rather
dense cerium layer that has undergone rupture at the trench location.
The remnant is fully dealloyed but not undercut, revealing a nano-
porous morphology. The elemental map of the rectangular region
found the particle enriched in copper but depleted in magnesium and
aluminium. Besides, the Ce map clearly demonstrates the presence
of a rupture where interestingly a thin layer of aluminium (hydr)
oxide has emerged over the cerium cap. This phenomenon is well
clear in the corresponding elemental Al and O maps.

Further investigations have been performed on another S-phase
particle exposed for 24 h. The cross-sectional TEM image (Fig. 7a)
shows a fully dealloyed particle where its surrounding matrix has
been trenched too. As can be seen, it seems that a part of the cerium
precipitate has been dissolved where a string of corrosion products is
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Figure 5. Post-mortem analysis of exposed S-phase particles after 6 h. (a) Top-view SEM of an Al,CuMg particle on an AA2024-T3 sheet exposed to 0.01 M
NaCl + 0.003 M Ce(NO3);. (b) SEM image of the particle when the stage is tilted at 52°; the orange arrow indicates the gap between the alloy surface and cerium
layer. (c) Cross-sectional SEM image of the same particle; the white arrow denotes the porous cerium layer. (d) STEM/EDS analysis of the rectangular region
shown in Fig. Sc. The cross-section has been fabricated with FIB. Mind that there is a thin layer of carbon followed by Pt deposition on the particle to protect it

from Ga damage while milling.

observed. The STEM/EDS analysis of this region is shown in
Fig. 7b. The STEM image reveals the nano-porous morphology of
the S-phase remnant where we see a cerium cap covering both the
particle and its adjacent alloy matrix. The white arrow indicates the
corrosion products, identified as aluminium (hydr)oxide, that are
about to rupture the cerium layer. The EDS analysis reveals a thin
Mg-rich layer on the top of the particle, although the particle
contains almost no magnesium. It should be noted that this is just a
thin FIB section of the whole particle and the rupture has happened
at some regions of the cerium precipitate. That is why the cerium
layer has been covered by aluminium (hydr)oxide. Figure 7c shows
the EEL-spectrum collected from the particle and fitted to the
reference spectra. The fitting result indicates that the precipitated
cerium on this particle has a Ce(IV)/Ce(Ill) ratio of 14%. This
implies that the transformation of Ce(Ill) to Ce(IV) is time-
dependent as reported by other researchers.>>*"® Hydrogen per-
oxide (H,0O,) as an oxidising agent can be responsible for the Ce
(II)-to-Ce(IV) transformation as its presence has recently been
shown as a consequence of oxygen reduction.®® Besides, the
oxidation of Ce(IIl) can take place directly over the Cu-rich particle
where the solution pH and potential can be high enough; mind the E-
pH diagram for cerium.

Figure 8 shows the FIB/SEM 3D reconstruction of an S-phase
particle on an AA2024-T3 exposed for 24 h. Figure 8a reveals a
buried S-phase remnant and its adjacent alloy matrix covered by a

thick layer of cerium (hydr)oxide layer. The location at which the
breakdown has occurred is indicated from side- and bottom-view by
the white and black arrows in Figs. 8b and 8c, respectively. Top-
view 3D reconstruction when the cerium-based cap is removed
reveals the circumferential corrosion of the alloy matrix surrounding
a dealloyed S-phase remnant (Fig. 8d). As evident in Fig. 8e, the
corrosion pit is left behind as a consequence of the alloy matrix
trenching. This implies although the S-phase particles are mostly
buried under a thick layer of cerium (hydr)oxide, dealloying and
trenching corrosion take place underneath and eventually result in
pitting corrosion.

0-phase (Al,Cu)—Ex situ analytical TEM analysis was per-
formed on individual 6-phase particles in AA2024-T3 sheets
exposed for different exposure times. Figure 9 shows an Al,Cu
particle exposed to 0.01 M NaCl + 0.003 M Ce(NOs); for 6 h. The
top-view SEM reveals several bright spots discretely on the particle;
however, there is no indication of significant cerium precipitation at
this stage. The STEM/EDS analysis of the corresponding cross-
section along the red dashed line reveals local precipitation of
cerium on this particle. In fact, we observe cerium precipitation
merely and discretely at Cu-rich locations on the particle. Here, the
EDS analysis identifies the hills on the particle as AI(OH); where the
copper aggregates are formed in close vicinity (mind the elemental
maps). As we have recently reported, corrosion initiates at f-phase
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Figure 6. Post-mortem analysis of exposed S-phase particles after 24 h. Top-view SEM and cross-sectional STEM/EDS analysis of an Al,CuMg particle on an
AA2024-T3 sheet exposed to 0.01 M NaCl + 0.003 M Ce(NOs3);. The inset is the magnified STEM image revealing the nanoporous morphology of the dealloyed
remnant. The elemental maps correspond to the rectangular region shown in the STEM image. The cross-section has been fabricated with FIB; mind that there is

a Pt layer deposited to protect the particle from Ga damage while milling.
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Figure 7. Post-mortem analysis of exposed S-phase particles after 24 h. (a) Cross-sectional TEM image of an Al,CuMg particle on an AA2024-T3 sheet
exposed to 0.01 M NaCl + 0.003 M Ce(NOs);. (b) STEM/EDS analysis of the rectangular region shown in Fig. 7a. The white arrow shows the corrosion
products while leaving the trenched area. (c) EEL-spectrum collected from the particle; the red curve represents the MLLS fitting to the experimental dots. A Ce
(IV)/Ce(III) ratio of 14% was estimated by the MLLS fitting of experimental dots.

particles as a direct consequence of dealloying, leading to the
selective dissolution of aluminium and accumulation of copper.™
In fact, the Cu-rich regions are potential cathodic sites around which
alkaline local solution chemistry is expected, triggering the cerium
precipitation.

Prolonged exposure for 24 h comes along with a clear change in the
top-view morphology of -phase particles. The top-view SEM image

shown in Fig. 10 reveals a nodular layer on an Al,Cu particle. The
cross-sectional STEM/EDS analysis shows that the hills are in fact
Al(OH);. A closer look at those regions reveals that they are formed
merely in close vicinity of the dealloyed segments of the particle. The
STEM image shows the occurrence of dealloying gradually penetrating
in-depth. This is well clear in the elemental maps, proving selective
dissolution of aluminium and local precipitation of cerium.
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Dealloyed
remnant

Figure 8. 3D FIB/SEM reconstruction of an S-phase particle after 24 h. (a) 3D reconstruction of the full system including the dealloyed particle, cerium (hydr)
oxide precipitate and adjacent alloy matrix. (b) 3D reconstruction from the side-view when the alloy matrix is removed. The white arrow shows the ruptured part
of the cerium-based cap. (c) 3D reconstruction from bottom-view when the alloy matrix is removed. The black arrow shows the ruptured part of the cerium-based
cap. (d) Top-view 3D reconstruction when the cerium-based cap is removed. (e) Top-view 3D reconstruction when both the cerium (hydr)oxide layer and
dealloyed particle are removed, revealing the corrosion pit formed as a consequence of the alloy matrix trenching.

1 & . Top-view SEM

Al(OH);

Pt layer

Cross-sectional STEM

Figure 9. Post-mortem analysis of exposed #-phase particles after 6 h. Top-view SEM and cross-sectional STEM/EDS analysis of an Al,Cu particle on an
AA2024-T3 sheet exposed to 0.01 M NaCl + 0.003 M Ce(NOs);. The elemental maps correspond to the rectangular region shown in the STEM image. The
cross-section has been fabricated with FIB; mind that there is a Pt layer deposited to protect the particle from Ga damage while milling.

A coarse nodular morphology is observed once #-phase particles
are exposed for a longer exposure time (i.e., 96 h). In Fig. 11, the
top-view SEM image shows a covered Al,Cu particle surrounded by
a trench with a tight opening. The cross-sectional STEM image
reveals a nano-porous morphology caused by dealloying where the
adjacent alloy matrix has been fully trenched. The EDS analysis
shows that the particle is depleted in aluminium while a thin mixed
layer of cerium (hydr)oxide and aluminium (hydr)oxide is observed
on the top. The Ce(IV)/Ce(Ill) ratio of 8% within the deposit is
estimated by MLLS fitting of the collected spectrum. Compared to
S-phase, the cerium deposit is rather thin on the #-phase particle.

Like for S-phase, it seems that cerium cannot inhibit dealloying of
Al,Cu particles and dealloying eventually occurs in both phases. As
we recently reported, dealloying of §-phase takes place over a longer
time of exposure as it is electrochemically more stable than
S-phase.®® Here, the faster dealloying probably leads to a higher
rate of cerium precipitation. In fact, the dealloying rate seems to be
accountable for establishing the required local chemistry required for
cerium precipitation; this phenomenon will be discussed later.

Constituent phases (Al,CuyFe(Mn), Al;sCusFe;MnsSis).—We
studied a variety of particles at exposure times of 1.5, 6 and 24 h
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Figure 10. Post-mortem analysis of exposed §-phase particles after 24 h. Top-view SEM and cross-sectional STEM/EDS analysis of an Al,Cu particle on an
AA2024-T3 sheet exposed to 0.01 M NaCl + 0.003 M Ce(NOs)3. The elemental maps correspond to the rectangular region shown in the STEM image. The
cross-section has been fabricated with FIB; mind that there is a C layer deposited to protect the particle from Ga damage while milling.

and mostly no indication of cerium interaction with the constituent
phases was found (see Supplementary Materials (available online at
stacks.iop.org/JES/168/041505/mmedia)). However, our quasi
in situ investigations showed that the constituent phases might
respond differently to the cerium-containing solution during the
exposure. In fact, we detected cerium merely on constituent phase
particles that have accommodated redeposited Cu nanoparticles.
Otherwise, they show no interaction with the cerium-inhibited
solutions in short periods of exposure. For instance, Fig. 12a shows
quasi in situ TEM/EFTEM-EELS analysis of an Al;Cu,Fe(Mn)
particle in an argon ion-milled thin specimen. After 30 min of
exposure, we see the appearance of the nanoparticles, identified as
elemental copper, on this particle, leading to slight cerium precipita-
tion. Besides, the EELS analysis shows a Ce(IV)/Ce(IlI) ratio of 0 at
this stage. A closer look at these Cu nanoparticles is shown in
Fig. 12b. With prolonged exposure until 90 min, we see the
nanoparticles slightly growing in size and number and this is
associated with slightly more Ce(Ill) deposited on the particle.
After total exposure of 150 min, the particle has been analysed using
STEM/EDS, clearly showing the presence of the Cu nanoparticles
(Fig. 12¢). As expected, the elemental map shows some cerium
deposited on the particle around Cu-rich regions. In addition, there
are regions on the particle depleted in aluminium, implying the
occurrence of dealloying. In a prior work,** we have shown that the
redeposited Cu nanoparticles commonly originate from the undercut
S-phase particles, speeding up the dealloying of constituent phases.
It should be noted the Cu redeposition takes place on some of the
constituent phases even in the uninhibited solutions (see
Supplementary Materials).

Further investigations were carried out ex situ on a variety of
particles at exposure times of 1.5, 6, 24 and 96 h. Typically, cerium
does not interact with the constituent phases in short periods of
exposure in the absence of the redeposited Cu nanoparticles (see

Supplementary Materials). For instance, Fig. 13 shows an
Al;Cu,Fe(Mn) particle exposed to 0.01M NaCl + 0.003M
Ce(NO3); for 96 h. The top-view SEM image shows regions having
a brighter contrast on the particle whilst no circumferential trenching
is observed. The cross-sectional STEM image reveals a few hills
identified as AI(OH); on the particle. Given the STEM/EDS
analysis, we see that the particle has slightly been dealloyed on
the top, causing the formation of a thin Cu-rich layer (see the Cu
map). The interesting point is that cerium has been discretely
deposited at the dealloyed locations.

We have also found Al;Cu,Fe(Mn) particles that are covered
uniformly with a thin layer of cerium (hydr)oxide. Figure 14 shows
the top-view morphology of an Al;Cu,Fe(Mn) particle with bright
spots all over the particle. Our analysis identified them as copper
nano-particles or -clusters deposited mostly on the particle and
slightly over the alloy matrix. The cerium map superimposed on the
cross-sectional STEM image shows a thin uniform layer of cerium
(hydr)oxide on this particle. Interestingly, cerium precipitation is
observed at the Cu-rich locations on the alloy matrix as well. The
magnified STEM/EDS analysis of the rectangular region clearly
reveals that the top surface of the particle has slightly been dealloyed
and this is associated with uniform cerium precipitation. This is
consistent with quasi in situ TEM results, implying the role of Cu
nanoparticles in enhancing cerium precipitation.

Figure 15 shows an Al;CucFe;MnsSig particle exposed for 96 h.
The SEM image reveals a bright spot on the particle, although no
sign of corrosion attack to its adjacent matrix. Our cross-sectional
TEM evaluation reveals that this particle has not interacted with
cerium-inhibited solution (Fig. 15b). A closer look at the particle
shown in Fig. 15c shows that although the particle has been slightly
dealloyed, no cerium peak shows up in the collected EDS spectrum.
In fact, Al;4CucFe;MnsSig particles are stable phases that sluggishly
undergo dealloying during exposure. Thus, the rate of dealloying
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Figure 11. Post-mortem analysis of exposed 6-phase particles after 96 h. Top-view SEM and cross-sectional STEM/EDS analysis of an Al,Cu particle on an
AA2024-T3 sheet exposed to 0.01 M NaCl + 0.003 M Ce(NO3);. The graph is the EEL-spectrum collected from the particle; the red curve represents the MLLS
fitting to the experimental dots. A Ce(IV)/Ce(IlI) ratio of 8% was estimated by the MLLS fitting of experimental dots.

surely seems to have an impact on local solution chemistry which
drives the cerium precipitation. This phenomenon will be discussed
in the next section.

Local Corrosion Inhibition Mechanism by Cerium-Based
Inhibitors

Conventionally, microgalvanic coupling established between
isolated IMPs and their surrounding matrix has been proposed as
the main cause of local corrosion in aluminium alloys.4 1 We have
recently reported that IMPs are in fact active phases that undergo
initial dealloying regardless of their cathodic and anodic types while
the microgalvanic coupling takes place between the dealloyed parts
of an IMP and its surrounding alloy matrix at moderate stages.>>>*
This phenomenon, in turn, drives local corrosion and further
promotes the local solution chemistry around the IMPs. Here, we
observed that dealloying is the root cause of cerium precipitation and
not microgalvanic coupling. Actually, nanogalvanic coupling within
the corroding IMPs induces local solution chemistry that leads to
local cerium precipitation. However, the approach used in this study

is unable of determining how alkaline the solution chemistry is
around different IMPs. Nevertheless, we know that cerium pre-
cipitation can only occur on IMPs when the local pH is sufficiently
alkaline. For Al,CuMg particles, the local solution chemistry is
probably strongly alkaline as we observe a high rate of precipitation.
Besides, if the dealloying stops at some points owing to the cerium-
based layer, the local pH decreases and no further precipitation
would take place which is the case for constituent phases. In
addition, relatively slow but ongoing dealloying happens to Al,Cu
particles where the particles of relevance are found to be fully
dealloyed but covered with a thin layer of cerium (hydr)oxide. Thus,
individual intermetallic particles can experience different local
solution chemistry and local corrosion potential that will surely
affect the Ce(IV)/Ce(Ill) ratio as well. For S-phase, stronger local
alkalinity and higher corrosion potential due to dealloying can lead
to a higher Ce(IV)/Ce(Ill) ratio, compared to other intermetallic
phases. Furthermore, the oxidation of Ce(IIl) to Ce(IV) by H,0, is
time-dependent; therefore for Al,Cu and constituent phase inter-
metallic particles which get involved in the cerium deposition
process later, a lower Ce(IV)/Ce(Ill) ratio can be considered
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Figure 12. Quasi in situ studies of Al;Cu,Fe(Mn) inhibition. (a) Quasi in sitt TEM/EFTEM-EELS study of an Al;Cu,Fe(Mn) particle exposed to 0.01 NaCl +
0.003 Ce(NO3); at different exposure times. EELS spectra were collected from the particle at each exposure time. Cerium and copper were mapped using energy-
filtering the corresponding edges in the EELS spectra. The graphs at 0 min exposure are reference spectra of Ce(Ill) and Ce(IV). The collected spectra were
MLLS fitted to the reference spectra. (b) A closer look at the particle after 30 min exposure shows the redeposited Cu nanoparticles. These particles can
accelerate dealloying of the particle so that the environment reach enough alkalinity for Ce precipitation. (¢) STEM/EDS image of the particle after 150 min
clearly proves the presence of cerium oxide islands around the Cu nanoparticles.

reasonable. We further discuss the impact of cerium precipitation on
morphological and compositional evolutions of different individual
intermetallic phases.

Inhibition mechanism of S-phase.—Al,CuMg particles are
highly active and undergo dealloying at a relatively fast rate.*?
The initial selective dissolution of aluminium and magnesium results
in the formation of copper-rich regions on the S-phase particles that
can support cathodic reactions through a nanogalvanic coupling.

This phenomenon gradually established a very local alkalinity that is
required for cerium precipitation. We have already proved that all
the anodic and cathodic reaction will take place on one single
particle at early stages.®® At this stage, the cerium precipitation
cannot inhibit dealloying and it progressively propagates into the
depth. At moderate stages, the S-phase particle still endures deal-
loying while oxygen evolution as the cathodic reaction takes place
on the Cu-rich top of the particle.** This leads to precipitation of a
thick but porous cerium cap over the particle and its adjacent alloy
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Figure 13. Post-mortem analysis of exposed Al;Cu,Fe(Mn) particles after 96 h. Top-view SEM and cross-sectional STEM/EDS analysis of an Al;Cu,Fe(Mn)
particle on an AA2024-T3 sheet exposed to 0.01 M NaCl + 0.003 M Ce(NOs3);. The elemental maps correspond to the rectangular region shown in the STEM
image. The cross-section has been fabricated with FIB; mind that there is a Pt layer deposited to protect the particle from Ga damage while milling.

500 nm

Figure 14. Post-mortem analysis of exposed Al;Cu,Fe(Mn) particles after 96 h. Top-view SEM and cross-sectional STEM/EDS analysis of an Al,Cu,Fe(Mn)
particle on an AA2024-T3 sheet exposed to 0.01 M NaCl + 0.003 M Ce(NOs)s. The cerium map is superimposed on the STEM image. The elemental maps
correspond to the rectangular region shown in the STEM image. The white arrow indicates the Cu nanoparticles deposited on the Al;,Cu,Fe(Mn) particle and its
adjacent matrix. These Cu nanoparticles cause an enhanced cerium deposition. The cross-section has been fabricated with FIB; mind that there is a C layer

deposited to protect the particle from Ga damage while milling.

matrix. It should be noted the cerium (hydr)oxides may have
relatively low electrical conductivity and the cathodic reaction has
to happen beneath the cerium layer.

As the dealloying further penetrates into the particle, the adjacent
alloy matrix also gets involved in the process and starts to dissolve
circumferentially. Unlike the top part of the particle, there is an
acidic environment established in-depth due to metal hydrolysis. In
such an environment, aluminium and magnesium are soluble species
in water, releasing from the particle and its surrounding matrix. This

increasingly leads to the accumulation of corrosion products under-
neath the cerium precipitate, causing internal pressure. Thus, this
gives rise to rupture or partial dissolution of the cerium deposit since
cerium (hydr)oxides are thermodynamically unstable in acidic pH
values.?> As soon as the rupture occurs, the soluble species would be
released from the trench. Mg ions would diffuse away as they are
still soluble in the bulk solution pH. However, Al ions would
precipitate as AI(OH);, covering the cerium precipitate. However,
the corrosion still continues to dissolve the surrounding alloy matrix
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Figure 15. Post-mortem analysis of exposed Al;sCugFe;MnsSig particles after 96 h. (a) Top-view SEM and (b) cross-sectional STEM analysis of an
Alz6CugFe;MnsSie particle on an AA2024-T3 sheet exposed to 0.01 M NaCl + 0.003 M Ce(NOs);. (¢c) The STEM image shows a closer look at the top part of
the particle which has slightly been dealloyed. The EDS map collected from the rectangular region shows that no cerium has been precipitated on this particle.

until undercutting the corroding particle. That the S-phase, if
covered with the cerium layer, can still liberate some Cu ions into
the environment through the ruptured regions of the precipitate.
Besides, the undercut might fall out and leave behind surface
corrosion pits. During the first 24 h, the electrochemical response
of the system is mainly linked to S-phase evolutions. In fact, both the
copper enrichment and cerium precipitation cause an increase in
OCP and LPR values up to 24h (see Fig. la). Figure 16
schematically shows different stages of cerium interaction with S-
phase particles.

Inhibition mechanism of 0-phase.—Al,Cu is also an unstable
phase that undergoes dealloying but at a slower rate compared to S-
phase. Since dealloying is the main reason for the local solution
chemistry establishment, the cerium precipitation rate is rather low
on #-phase particles. In fact, the corrosion initiates by a dealloying
attack at several locations on an Al,Cu particle, resulting in the
formation Al(OH); islands. Furthermore, the Cu-rich islands support
cathodic reactions which leads to local alkalinity required for cerium
precipitation. However, since the process progress sluggishly, the
precipitation rate is rather low compared to S-phase. As time elapses,
the AI(OH); islands are covered with cerium (hydr)oxide, causing
the particle to appear in a coarse nodular morphology. At moderate
stages of inhibition, the dealloying continues to penetrate into the
particle and this is associated with the corrosion of the adjacent alloy
matrix. At this stage, the underlying corrosion speeds up a bit and
the top part of the particle is responsible for accommodating
cathodic reactions. This gives rise to enhanced local alkalinity on
the particle which increases the cerium precipitation rate. The
process proceeds further until ending up with an undercut particle
which is covered with a thin layer of cerium (hydr)oxide and
aluminium hydroxide. It should be mentioned that the whole process
from initiation to undercutting takes longer as compared to that for
S-phase particles.

Inhibition mechanism of constituent phases.—Al,Cu,Fe(Mn)
and Al;CugFe;MnsSig are highly stable phases in the studied
cerium-inhibited solution. The latter does not interact with the
cerium during a 96-h exposure as it gets slightly dealloyed over a
long-term exposure and this cannot induce the required alkalinity for
cerium precipitation. However, Al,Cu,Fe(Mn) is less stable and it
endures the dealloying attack and selective dissolution of alumi-
nium, leading to the formation of AI(OH); piles on the particles. At
moderate stages of exposure, this comes along with the discrete

precipitation of cerium at the dealloyed locations. However, some
Al;Cu,Fe(Mn) particles can endure a transition due to the copper
reprecipitation process. In fact, those particles that are located in the
vicinity of S-phase particles may accommodate the released Cu ions.
The phenomenon can lead to an accelerated dealloying which
establishes uniform local chemistry over the corroding particle.
The covered particle is well protected as it is firstly stable and
secondly buried under a thin layer of cerium (hydr)oxide, enhancing
the electrochemical stability of the constituent phase. This process is
schematically shown in Fig. 16. It should be mentioned that the
interaction of cerium with f-phase and constituent phases happens
rather slow with time; that is why the system evolves slowly and
reveals a nearly stable electrochemical response after 24h of
exposure.

Conclusions

We studied the interaction of cerium nitrate with different
intermetallic phases in AA2024-T3 using electrochemical evalua-
tions and also quasi in situ and ex situ analytical TEM at different
exposure times up to 96 h. We directly evidenced microstructural
evolutions of the isolated IMPs during interaction with the inhibited
solution. We observed the pivotal role of dealloying in establishing
the basic local solution chemistry which triggers cerium precipita-
tion. We here confirm that IMPs, regardless of their conventional
categorisation, are in fact simultaneous anodes and cathodes as from
the beginning of the exposure. The dealloying is the main factor
steering the precipitation rate of cerium: the faster it happens the
more cerium precipitates. The Cu-rich regions resulting from the
selective dissolution of active elements like magnesium and alumi-
nium support cathodic reactions leading to a local alkalinity.

Al,CuMg as the most unstable phase is found to be covered with
a rather thick cerium-based deposit layer. It is established during
several stages of interaction with the cerium-inhibited solution. The
cerium in fact cannot inhibit dealloying of the S-phase but can delay
the process and mitigate the Cu reprecipitation. The precipitation of
cerium takes place on S-phase from the beginning of exposure and
no nobility inversion happens. As long as the dealloying propagates
into depth, the top Cu-rich part of the corroding particles supports
cathodic reaction, generating the required alkalinity for cerium
precipitation. The rupture of the cerium cap is a phenomenon that
occurs at moderate stages of exposure due to the underlying
corrosion.

Al,Cu particles also undergo dealloying in the cerium-containing
solution; however, a sluggish rate of dealloying results in less cerium
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Figure 16. Dealloying-driven cerium deposition on IMPs in AAs. 3D schematic view of the mechanism of cerium precipitation mechanisms on individual S-
phase (boxed in green; upper row), 6-phase (boxed in pink; middle row) and Al;Cu,Fe(Mn) constituent phase (boxed in yellow; lower row) embedded in the
alloy matrix. The mechanisms by which the cerium precipitates on IMPs along with the probable corrosion reactions occurring at IMPs are depicted in detail.

precipitation compared to that for S-phase particles. Besides, the over long-term exposure. Al;Cu,Fe(Mn) particles are found either
corrosion of Al,Cu particles in cerium-containing solution ends up discretely or fully covered with a thin cerium-based layer at
with an undercut dealloyed remnant which is covered with a thin prolonged exposure times. The latter is caused by the redeposited
mixed layer of cerium and aluminium (hydr)oxides. Constituent copper nanoparticles that accelerate the dealloying rate, effectively

phases are very stable in the solution and slightly endure dealloying enhancing the cerium precipitation. Al,sCugFe;MnsSig particles, if
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slightly dealloyed, do not interact with cerium. The cerium deposit
can be a mixture of Ce(IV) and Ce(Ill) oxides as the valence
transformation happens with prolonged exposure time. This phe-
nomenon was linked to an oxidising reaction either due to the
presence of H,O, or happing on Cu-rich regions of the corroding
IMPs. The early electrochemical response (i.e., the first 24 h) of the
systems is attributed merely to the morphological and compositional
evolutions of S-phase particles, leading to the elevated OCP and
LPR values. After 24 h, AA2024-T3 system experiences a stabilised
condition due to sluggish evolutions of Al,Cu and constituent phase
particles after 24 h of exposure.
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