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Understanding how late an inhibitor can be released once corrosion initiated without compromising corrosion
protection may help in developing more efficient anticorrosion coatings. We explored this idea through time-
controlled Ce(NO3)3 availability to AA2024-T3 immersed in 0.05 M NaCl. Ce(NO3)3 was supplied at 0, 30, 60,
and 180 s from the start of immersion to get a concentration of 0.001 M. Detailed visualization of surface changes
at the intermetallic particle level was obtained using in-situ reflected microscopy. SEM-EDX and confocal laser

microscopy confirmed the extent of intermetallic degradation and local inhibitor deposition corresponding to
operando changes. When the inhibitor is supplied within 60 s of immersion, the surface changes slowdown
earlier and are visually less extensive than in uninhibited systems. Furthermore, our results highlight the po-
tential of reflected microscopy for local corrosion inhibition studies and underscore the importance of under-
standing the interaction between inhibitor release timing and corrosion protection.

1. Introduction

AA2024-T3 is widely used in the aerospace industry due to its
excellent strength-to-weight ratio. However, intermetallic particles
(IMPs) formed during thermomechanical processing make it susceptible
to local corrosion [1-3]. Coatings are typically used to reduce this
corrosion susceptibility by providing barrier protection against corro-
sive environments. However, the protection provided by coatings is
passive and is typically lost when there is mechanical damage that ex-
poses the underlying metal. More reliable protection can be achieved by
incorporation of active corrosion inhibition strategies [4-6]. This is
typically accomplished by adding corrosion inhibitors [7-10] in the
coatings. When the coating is damaged, the inhibitors are released to
interact with the exposed metal surface, thereby constraining the extent
of local corrosion.

Local corrosion at AA2024-T3 IMPs begins with the dealloying of
IMPs [11-13]. This is characterized by the removal of less noble ele-
ments (e.g., Mg, Al) and subsequent enrichment of more noble compo-
nents (e.g., Cu). In a recent study by Olgiati et al. [14], in situ reflected
optical microscopy with kinetic analysis of image changes revealed that
the surface activity at the IMP surface consistent with dealloying initi-
ated within the first two minutes of exposure to 0.05 M NaCl (i.e., 23 +

11 s for S-phase, 86 + 12 s for AlCuFeMn, 79 + 18 s for (Al,Cu)x(Fe,
Mn)ySi). After a transition time (i.e., 68 & 23 s for S-phase, 195 + 48 s
for AlCuFeMn, 224 + 142 s for (Al,Cu)X(Fe,Mn)ySi), surface activity
eventually develops at the adjacent matrix of the IMPs. This activity is
attributed to Al dissolution (i.e., trenching) driven by galvanic coupling
with the ennobled IMP. Given the rapid initiation of these local corro-
sion processes, it is crucial to have corrosion inhibitors readily available
to minimize the extent of local corrosion. This has led to the develop-
ment of active corrosion protection strategies that emphasize fast release
[15-18] ideally followed by sustained supply of the inhibitor [19,20].
However, fast release and sustained supply are two competing aspects of
inhibitor release since prioritising the former may affect the latter,
which can then compromise the long-term reliability of the corrosion
protection system [21].

Numerous strategies have been explored to prevent early inhibitor
depletion in active corrosion protection systems. One effective approach
involves using carriers with higher local inhibitor storage capacity [15,
22,23] to enhance long-term availability of inhibitors. The higher in-
hibitor reserves, in principle, compensate for the initial fast release
rates. Sacrificing some of these initial fast release capabilities is also a
potential strategy to retain the inhibitors within the system for an
extended period. This is a minimally studied approach given that slower
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release rates would entail a certain degree of local corrosion. Nonethe-
less, this might be viable for precipitation-type inhibitors like cerium
salts, which rely on local corrosion (i.e., dealloying) to deposit on the
surface of IMPs [24-26].

Cerium deposition is influenced by the local alkalinity from the ox-
ygen reduction reaction (ORR) occurring at the dealloying IMPs. The
mechanistic interplay of dealloying-generated cathodic activity and
cerium precipitation has been the subject of several studies. Li et al. [27]
reported that depletion of Mg and Al due to dealloying in S-phase (i.e.,
Al,CuMg) particles is needed for thick cerium deposits to form. On the
other hand, Paussa et al. [28] found that fast magnesium dissolution
during S-phase dealloying enables cathodic activity on nearby sites and
accounts for the thick cerium deposits observed in S-phases. More
recently, Kosari et al. [25] reported that the anodic and cathodic pro-
cesses can occur simultaneously on IMPs from the onset of exposure,
regardless of their composition. They identified dealloying as the pri-
mary factor in generating Cu-rich sites which facilitate cathodic re-
actions through nanogalvanic coupling with less noble regions of the
IMP [11,12,25]. They emphasized the pivotal role of dealloying in
determining the extent of cerium precipitation.

Based on the dealloying-driven mechanism of cerium precipitation
coupled and the reported dealloying initiation times of AA2024-T3
IMPs, it can be argued that the cerium concentration does not neces-
sarily need to be at a critical level at the very start of exposure to a
corrosive solution for it to be protective. Thus, the initial inhibitor
release from inhibition systems can be slowed down to a certain degree.
This can lead to longer retention of Ce(III) within the system which al-
lows for a more sustained release. A slower initial release effectively
translates to delaying the availability of critical inhibitor concentrations
to the surface of the IMPs. The delay in inhibitor availability, however,
cannot be indefinite as this will result to significant local corrosion
progression. Therefore, it seems necessary to determine a tolerable delay
limit which can be used to extend inhibitor availability without
compromising corrosion protection. We explored this idea in this work.

Here, an in situ reflected microscopy technique was used to analyse
local surface changes when the availability of the inhibitor was inten-
tionally delayed for a model system (i.e., electrolyte volume, electrolyte
concentration, and inhibitor concentration are fixed). The microscopy
technique previously enabled unprecedented visualization of interme-
tallic particle corrosion [14] and is thus promising for observing local
inhibitor deposition and inhibitor layer growth. The technique allows
surface observations at 1-second intervals of all IMPs within a field of
view of approximately 800 x600 microns (resolution: ~10 pixel pm~2).
This allows for the analysis of the concurrent behaviour of more IMPs, a
limitation encountered in higher resolution in-situ methods like SKPFM
[29,30] or EC-AFM [31,32]. Ce(NO3)s, further denoted as Ce(III), was
used as the inhibitor for the system. Pre-immersion scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) was
used to identify IMP composition which was then related to the surface
changes observed. We quantified the extent and kinetics of these
changes through a pixel subtraction-based image analysis protocol. The
extent and kinetics were used to identify a tolerable delay limit specific
to the model system conditions. Furthermore, we proposed mechanisms
to elucidate why the inhibition behaviour varies at different Ce(III)
supply times.

2. Experimental
2.1. Materials

Commercial grade bare AA2024-T3 (Kaiser Aluminium, rolled
thickness = 2 mm) was used for the corrosion tests. Epoxy-embedded
metal samples (EMS) with an exposed metal surface area of approxi-
mately 500 x500 pm? were prepared from the metal sheets using a
procedure described in earlier works [14,33]. Additional details on the
preparation of the EMS are also provided in Supporting Information 1. A
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0.05 M NaCl aqueous solution (>98% purity NaCl in “Millipore Elix 3
UV” treated water) was used as the corrosive solution while a 0.045 M
Ce(NO3)s + 0.05 M NaCl aqueous solution was used for adjusting the
inhibitor concentration.

2.2. Experimental protocols

The experimental protocols used were adopted from earlier works
[14,33]. The EMS surface was ground with SiC sandpaper from 320 to
4000 grit. They were then polished with 3 and 1 pm diamond paste. The
location and spot composition of IMPs (i.e., around 100 - 200 particles
per EMS) on the polished sample surface were determined using
SEM-EDX (JEOL JSM-7500 F field emission scanning electron micro-
scope coupled with energy dispersive X-ray spectroscopy).
Back-scattered electron images were collected at a 15 kV accelerating
voltage and a 10 pA emission current. The mapped EMS were quickly
repolished (~10 s) with 1 pm diamond paste and washed in an ultra-
sonic bath containing ethanol before the immersion tests to remove
contaminants from the SEM-EDX analysis. The EMS were placed in re-
flected microscopy setup (Fig. 1a) which involves a digital microscope
(Dinolite AM7515MT4A, ~10 pixel pm™2) operating in brightfield mode
for in-situ acquisition of images of the surface during immersion [14].
The setup can also be used for electrochemical potential noise mea-
surements during immersion, but this aspect of the experiment will be
covered elsewhere. For the systems with non-delayed Ce(III) supply
(tsupply = O ), a syringe was used to add 4.5 mL of 0.05 M NaCl +
0.001 M Ce(NOg3)3 solution to the electrochemical cell. The electrolyte
volume was dictated by the volume of our corrosion cell while the
electrolyte solution was based on our previous work [14]. The time at
which the EMS surface was fully exposed to the NaCl solution is t = 0.
For the systems with delayed Ce(III) supply, a syringe was used to add
4.4 mL of the 0.05 M NaCl solution into the electrochemical cell. Cor-
responding volume of a 0.045 M Ce(NO3)3 solution was added using
another syringe (27 gauge needle) at the delayed inhibitor supply times
(tsupply = 30, 60, 180 s with respect to t = 0) to obtain a Ce3* concen-
tration of 0.001 M. Additional details about our electrolyte injection
protocol are provided in Supporting Information 2. The tgpply values
used were based on the tonget and transition times reported by Olgiati
et al. for IMPs in AA2024-T3 exposed to 0.05 M NaCl [14]. At the tgypply
values selected, the IMP types identified are at different stages of deal-
loying and trenching: (i) at tsypply = 0 s (TSO), all the IMP types are
inactive; (ii) at tsypply = 30 s (TS30), the S-phase IMPs are starting to
dealloy; (iii) at tsypply = 60 s (TS60), S-phases have dealloyed consid-
erably while the secondary particles (i.e., AlCuFeMn, (Al,Cu)x(Fe,
Mn)ySi)) are just starting; (iv) at tsupply = 180 s (TS180), all IMP types are
generally exhibiting advanced state of dealloying with signs of trench-
ing. Immersion test in 0.05 M NaCl was also conducted to serve as
control and to establish uninhibited behaviour of 6-phase. Duplicates of
the delayed supply immersion tests were also implemented to confirm
reproducibility (Supporting Information 3). After three hours of im-
mersion, the EMS were removed from the corrosive environment,
washed with deionized water, and dried in ambient conditions.
Post-immersion analysis of the EMS was performed with a scanning laser
confocal microscopy (SLCM) and SEM-EDX.

2.3. Image analysis

Surface changes were identified through a pixel-based analysis of the
optical images based on our previously reported protocol [14]. Addi-
tional details about our protocol are provided in Supporting Information
4. In a first step, the processing involved conversion of the images to
grayscale, recursive repositioning to align images, and subtraction of
images (i.e., image @ O0s — image @ x s) to identify the pixels that
changed (i.e., darkened). These steps were implemented in ImageJ. The
output of these steps is a grayscale image showing changed pixels for the
entire EMS thereby providing the global activity map (GAM). A built-in
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Fig. 1. (a) in situ reflected microscopy setup (with electrochemical measurement capabilities) used to observe local surface changes during exposure to the elec-
trolyte, and (b) a global activity map of an epoxy-embedded sample with IMP outlines and rectangular region of interest (RROI) boundaries used to establish the local
activity maps. The global activity map is superimposed on an optical image (background) to highlight the position of the IMPs in the actual sample. The local activity
map shows the degree of change of pixels at time t with respect to its initial condition (i.e., activity level) and the spatial distribution of the change.

ImageJ look-up table (i.e., Jet) was used to recolour the GAMs to enable
easier visualisation of the magnitude of the changes (i.e., activity level).

The succeeding step involved local activity analysis of the IMPs with
known composition using MatLab (MathWorks). IMP limits were set
using the pre-immersion SEM-EDX data and superimposed on the GAMs
using a method we reported previously [14]. Based on the EDX-derived
composition, the IMPs were grouped into S-phases (Al;CuMg), the
6-phases (Al,Cu), and the secondary particles (AlCuFeMn or (AL Cu)x(Fe,
Mn)ySi)). It is emphasized that classification of the IMPs into composi-
tional groups is based on the relative amounts of elements measured.
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Rectangular regions of interest (RROI) that surround the particles were
set to isolate pixels specific to each intermetallic particle. The sides of
the RROIs have a 4-pixel margin with respect to the left-, right-, top-, and
bottom-most pixels of the particle border. The margin set was based on
the affected area of selected particles after 600 s of exposure to 0.05 M
NaCl. Ultimately, activity will likely extend beyond the RROI beyond
600 s but the changes that can be attributed to the intermetallic particles
are presumed to be sufficiently captured. The RROIs are then super-
imposed on the GAM (Fig. 1b) to extract each IMP’s local activity map
(LAM). Around 100-200 LAMs were analysed per EMS.
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Fig. 2. Maximum, minimum, and median values are extracted from the (a) IMP, and (b) adjacent matrix pixel activity level distribution at time t. These were then
used to build the simplified pixel activity distribution vs time plots for the (c¢) intermetallic particle pixels (SPADyyp(t)), and for the (d) adjacent matrix pixels
(sPADaMx(1)). The resulting plots are used to assess the region involved with specific optical activity.
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Local activity depicted in the LAMs are quantified in terms of the
pixel activity level. This is equivalent to the pixel gray-level which
ranges from 0 to 255, with 0 indicating no detected change with respect
to the initial condition. The distribution of activity levels of the pixels in
the LAMs and its kinetics is our primary means for quantitative analysis
of the surface changes in this work. At a specific time t, the pixel activity
level distribution of a given LAM can be represented in terms of a his-
togram generated using MatLab’s built-in imhist function. The distribu-
tion can be extracted for both the IMP pixels (Fig. 2a) and the adjacent
matrix pixels (Fig. 2b). The separate distributions are used to distinguish
changes likely related to IMP processes (e.g., dealloying, inhibitor/oxide
deposition) or to matrix processes (e.g., trenching, inhibitor/oxide
deposition). For simpler analysis, the maximum (maxAL), minimum
(minAL), and median activity levels (midAL) of the histograms are
extracted. The midAL was favoured as the measure of central tendency
because it is less sensitive to outliers. These three parameters are used to
establish a simplified pixel activity level distribution for the IMP pixels
(sPADpyp) and for the adjacent matrix pixels (SPADayx). Measuring the
sPAD at different times produces the time-series SPADpyp(t) (Fig. 2b) and
sPADapx(t) which enables analysis of the time-dependent trends of the
surface changes. Compared to our previous method which focuses on
measuring percentage of pixels that changed (Schangea %) based on a
lower bin threshold LTH, using the sPAD allows observation of changes
even when all pixels in the LAM have activity levels greater the LTH (i.e.,
Schanged = 100%). This is especially useful for assessing local inhibitor
effect at the end of immersion.

It should be noted that analysis of the LAMs and the sPADs were
focused on active IMPs (i.e., IMPs which exhibited detectable change).
These IMPs were prioritised because we cannot be completely certain if
inactivity in the presence of the inhibitor is due to the interaction with

185s 300s

=
11 Ce(Ill) present in solution s 10 M

[
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the inhibitor or due to the inherent stability of the IMPs during the
immersion period investigated. Supporting Information 4provides
additional details on how active IMPs were distinguished from inactive
IMPs.

3. Results
3.1. Local behaviour of S-phase IMPs at different Ce(II) supply times

Fig. 3a shows LAMs of the representative S-phase IMP when Ce(IIl) is
not present in the system. Distinct low-level activity (i.e., light blue
pixels) at the IMP was observed within 35 s. This was followed by in-
crease of the activity level of the IMP pixels and activation of adjacent
matrix (AMX) pixels (i.e., appearance of light blue pixels in AMX). At
1800 s, the activity of the AMX pixels closest to the IMP boundary is
higher than that of the IMP pixels. Further pixel activity increase was
concentrated among these AMX pixels. Activation of new AMX pixels on
the areas far from the IMP also progressed slowly from 1800 s as evident
from minimal changes in the LAMs. The post-immersion SEM image
shows that the IMP pixel activity is consistent with the IMP degradation
(i.e., dealloying) while the high-level activity among the AMX pixels is
consistent with trenching. Furthermore, the lower AMX activity on the
pixels beyond the trench coincides with presence of scattered dark spots.
Previous works attributed this to corrosion induced by redistributed Cu
particles released by the degraded S-phase particle [11,24,34].

Fig. 3b shows there is a significant reduction in surface changes for
the representative S-phase IMP at TSO when compared to the uninhib-
ited S-phase particle. Activity comparable to the initial changes of the
uninhibited S-phase (i.e., activity at 35s) were not observed until
1800 s. In spite of this activity during immersion, no signs of dealloying

Post-immersion

600 s 1800's 3600 s 7200 s SEM

10800 s

ACTIVITY
LEVEL

255

Fig. 3. Local activity maps (LAMs) of representative S-phase (Al,CuMg) IMPs show evolution of the surface with time during exposure to (a) 0.05 M NaCl and with
Ce(III) supplied at (b) 0, (c) 30, (d) 60 (visible corrosion product deposition), (e) 60 (visible Ce precipitation), and (f) 180 s from the start of immersion. The map
colours represent the pixel activity level (i.e., change of the pixel gray-level with respect to its initial condition) at time t. The blue outline and the magenta rectangle
overlaid on the map marks the IMP and RROI boundary, respectively. The LAMs highlight where the changes are happening in the context of the IMP and how
extensive are the changes. The corresponding post-immersion back-scattered SEM images allude to the nature of the surface changes observed in the LAMs.
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or trenching are visible in the post-immersion SEM image. However,
spot composition approximated from the EDX spectra for the IMP sur-
face indicated trace amounts of Ce (Atomic %: Ce ~ 0.3; Supporting
Information 5 - Figure S11a). While this is not an accurate quantifica-
tion, this suggests that the optical activity observed can be correlated to
Ce deposition. Post-immersion SLCM analysis of another set of TSO S-
phase particles (Fig. 4a) with similar activity level (Fig. 4b) was used to
estimate the scale of the corresponding Ce deposition. The SLCM images
(Fig. 4c) of these particles show that there is indeed a height difference
between the S-phase particles (point 1 and point 2) and the rest of the
metal surface. In contrast, other particles within the region which have
minimal optical activity (point 3) registered minimal height difference
from the rest of the surface. The corresponding line profile through the
S-phase IMPs (Fig. 4d) further indicates that the height difference is
submicron (~ 0.1 pm). This coupled with the detected Ce in SEM/EDX
point to submicron Ce deposition after three hours of immersion when
the inhibitor is supplied at 0 s

Higher activity levels were generally observed for the TS30 S-phase
IMP compared to the TSO S-phase (Fig. 3c). The onset of low-level ac-
tivity of the TS30 S-phase IMP is similar though to the uninhibited S-
phase particle. After Ce(IIl) addition, there is a rapid increase of pixel
activity which lasted until around 300 s at the IMP. This was accom-
panied by minimal activation of the AMX pixels. It should be noted that
the slight reduction in activity between 7200 s and 10800 s is due to
changes in the microscope lighting. The post-immersion back-scattered
SEM image shows that the high IMP activity is associated with the for-
mation of bright globular deposits which contain Ce (Atomic %: Ce ~
4.8; Supporting Information 5 - Figure S11b). This further supports the
correspondence between optically measurable activity and Ce(III)
deposition and layer growth. Meanwhile, the lower AMX pixel activity is
attributed to minimal changes on the adjacent matrix.

Matrix activity outside the RROI was also observed for the TS30 S-
phase IMP. The exact nature of these changes is not yet known and
warrants further investigation. Possible causes identified include depo-
sition of corrosion products (e.g., aluminium (hydr)oxide), deposition of
cerium, or nanometric changes in the oxide layer particularly on the
scratched areas of the surface. This extra-RROI activity were also
observed in the other TS30 particles, and even in the TS0, TS60, and
TS180 systems. It was not as extensive though for TSO.

Fig. 3d and Fig. 3e show behaviour of two representative TS60 S-

b)

X a Height/
c) ] Depth
2 |2 l 0.56 ym
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phase IMPs. The progression of their surface changes is generally com-
parable but the compositions of their deposited layer at the end of
exposure have some interesting variation. Their initial activity is com-
parable with the uninhibited S-phase. After the addition of Ce(Ill), the
changes became more similar to TS30. High activity spots were visible at
the IMP surface of particles at around 65 s. These spots are likely pref-
erential sites for Ce(III) deposition. The presence of these spots suggests
compositional heterogeneity or differences in dealloying activity within
the IMP. Unlike TS30, further deposition was observed for both parti-
cles, leading to increased AMX pixel involvement between 600 s and
1800 s. The changes appear to slow down after 1800 s which suggest
minimal or no further deposition. Post-immersion back-scattered SEM
image of the first TS60 S-phase (Fig. 3d) shows that the outline of thick
dark deposited layer coincides with the active pixels in the LAMs. Based
on EDX, the deposit contained Ce precipitates mixed with corrosion
products (Atomic %: Ce ~ 0.8, Al ~ 27.5, O ~ 71.2; Supporting Infor-
mation 5 - Figure S11c). Meanwhile, post-immersion back-scattered
SEM image of the second TS60 S-phase (Fig. 3d) shows a bright deposit
similar to the Ce-rich deposit observed for the TS30 S-phase. The higher
amount of corrosion products on the deposited layer of the first TS60 S-
phase is potentially due to a rupture of the initial Ce deposits. This could
have enabled release and deposition of corrosion products on top of the
Ce layer resulting in the dark colour observed.

S-phase behaviour at TS180 (Fig. 3e) is comparable to the behaviour
in TS60. However, the TS180 particle exhibited continued surface
changes for a longer duration (i.e., until around 7200 s) which points to
sustained progression of the local processes that contribute to deposi-
tion. Post-immersion SEM shows narrow trenching around the IMP and
irregular deposition on top of it. The deposit is comparable to the second
TS60 S-phase (Fig. 3d). Based on EDX analysis of the IMP, the deposit
contained Ce precipitates mixed with corrosion products (Atomic%: Ce
~ 8.0, Al ~ 11.2, O ~ 71.9; Supporting Information 5 - Figure S11d).

3.2. Local behaviour of 6-phase IMPs at different Ce(III) supply time

Fig. 5a shows that the onset of surface changes (i.e., appearance of
light blue pixels on IMP) for uninhibited 6-phase particles is likely within
the first minute of immersion, close to the onset of changes of unin-
hibited S-phase particles. A sample of 12 particles placed the mean ac-
tivity onset for O-phase particles at 43 + 42s. The high standard

Activity
level

0,15

2

0,104 1

0,054
2 0,00
N

-0,051

-0,101

0 10 20 30 40 50 60
X (um)

Fig. 4. (a) Pre-immersion SEM image of S-phase particles, and their (b) activity after three hours of exposure to 0.05 M NaCl and 0.001 M Ce(III) supplied at 0 s. The
(c) SLCM images and corresponding (d) line profile for the particles indicate that low-level activity observed corresponds to submicron changes which we associate

with Ce deposition.
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Fig. 5. Local activity maps (LAMs) of representative 6-phase (Al,Cu) IMPs show evolution of the surface with time during exposure to (a) 0.05 M NaCl and with Ce
(IID) supplied at (b) 0, (c) 30, (d) 60, and (e) 180 s from the start of immersion. The map colours represent the pixel activity level (i.e., change of the pixel gray-level
with respect to its initial condition) at time t. The purple outline and the magenta rectangle overlaid on the map marks the IMP and RROI boundary, respectively. The
LAMs highlight where the changes are happening in the context of the IMP and how extensive are the changes. The corresponding post-immersion back-scattered

SEM images allude to the nature of the surface changes observed in the LAMs.

deviation is attributed to the Mg content (0 — 2 at%) [35] of the particles
as well as the potential heterogeneity within the particle [3]. Supporting
Information 6 shows how the activity onset was quantified for the
6-phase IMPs. After the onset of activity, the subsequent increase of IMP
and AMX pixel activity due to dealloying and trenching followed the
same course as the uninhibited S-phase IMP. Matrix dissolution due to
Cu redistribution is also observed as dark spots beyond the main trench.

Fig. 5b shows that the surface changes of the representative TSO
6-phase IMP were also considerably reduced compared to the uninhib-
ited 6-phase. Its behaviour during immersion is generally similar to the
TSO S-phase albeit with much lower activity levels. The optically
detected changes are also attributed to submicron Ce deposition based
on comparable activity and cerium detected on the IMP via EDX (Atomic
%: Ce ~ 0.4; Supporting Information 5 - Figure S12a).

Distinct low-level activity for TS30 0-phase (Fig. 5¢) was observed at
a spot on the IMP much earlier than the uninhibited 0-phase. The acti-
vation of this spot is comparable to that of the TS30 S-phase which
suggests that it is also a preferential deposition site for Ce(II). This
highly localized activity is attributed to higher concentration of less
noble elements (e.g., Mg) on the region. This is typically encountered
when an S-phase is embedded in a 6-phase IMP [36]. Activation of rest of
the IMP and some of the AMX pixels due to further deposition was
eventually observed. There were minimal changes though after 600 s.
SEM-EDX analysis of the first active spot showed visible bright globular
Ce-containing deposits (Atomic %: Ce ~ 2.3; Supporting Information 5 -
Figure S12b). There were also some signs of dealloying in this region
(dark spots in point 1 of Fig. 5¢), but trenching was not apparent. Ce was
also detected in the IMP region which activated much later but at a
lower amount (Atomic %: Ce ~ 1.1; Supporting Information 5 -
Figure S12c).

Fig. 5d shows that TS60 6-phase IMP activity was not detectable until
around 185 s, with similar mode to the region of the TS30 6-phase IMP
which activated much later. The surface changes of the IMP were also
observed after the addition of Ce(III) to the solution indicating that it is
deposition-related. The activity was concentrated at the IMP but

increased activation of AMX pixels was also observed after 600 s. Sur-
face changes were minimal after 3600 s. The post-immersion SEM image
shows a narrow trench around the particle and more prominent depo-
sition compared to the TS30 6-phase IMP.

The initiation and progression of surface changes of the TS180
6-phase (Fig. 5e) are generally similar to the TS60 6-phase IMP. Activity
associated with dealloying of the IMP surface was initially seen at
around 65 s as expected for this type of IMP in 0.05 M NaCl solution.
Once Ce(III) was added, simultaneous IMP pixel activity increase and
AMX pixel activation associated with deposition was observed. Surface
changes consistent with growth of the deposited layer continued until
around 7200 s. The post-immersion back-scattered SEM image indeed
shows a dark thick deposit covering the IMP similar to the first TS60 S-
phase IMP. Meanwhile, EDX analysis shows that the deposit contains Ce
precipitates mixed with corrosion products (Atomic %: Ce ~ 0.80, Al ~
14.4, O ~ 83.98; Supporting Information 5 - Figure S12d).

3.3. Local behaviour of secondary IMPs at different Ce(III) supply time

Fig. 6a shows that active secondary IMP (i.e., AlCuFeMn or (Al
Cu)x(Fe,Mn),Si)) behaviour in uninhibited conditions is similar to the
uninhibited S-phase and 6-phase IMPs. The dealloying onset on the IMP
surface was observed between 65 and 185 s, consistent with the re-
ported lower corrosion susceptibility of secondary IMPs [14]. The sub-
sequent increase of IMP pixel activity as well as the activation of AMX
pixels followed the same course as the other IMP types. The
post-immersion SEM features of the particle are consistent with deal-
loying and trenching on the surrounding matrix. Matrix dissolution due
to Cu redistribution is also observed as dark spots beyond the main
trench. It is emphasized that not all secondary IMPs exhibited activity
during exposure and the LAMs shown are representative only of the
active secondary particles.

Fig. 6b shows that IMP pixel changes of the representative secondary
IMP at TSO were even more reduced than the corresponding S-phase and
6-phase IMPs. Comparison of the LAMs at 10 s and at 10800 s shows that
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Fig. 6. Local activity maps (LAMs) of representative secondary (AlCuFeMn and (AL Cu),(Fe,Mn),Si) IMPs show evolution of the surface with time during exposure to
(a) 0.05 M NaCl and with Ce(III) supplied at (b) 0, (c) 30, (d) 60, and (e) 180 s from the start of immersion. The map colours represent the pixel activity level (i.e.,
change of the pixel gray-level with respect to its initial condition) at time t. The green outline and the magenta rectangle overlaid on the map marks the IMP and RROI
boundary, respectively. The LAMs highlight where the changes are happening in the context of the IMP and how extensive are the changes. The corresponding post-
immersion back-scattered SEM images allude to the nature of the surface changes observed in the LAMs.

there is slight activation of the IMP pixels. However, the activity is not as
distinct from that of the surrounding matrix as with the other IMP
compositions. The post-immersion SEM image shows no visible signs of
dealloying or trenching, and Ce was not detected with EDX analysis
(Supporting Information 5 - Figure S13a).

Partial activation of the IMP surface is observed for the representa-
tive secondary IMP at TS30 (Fig. 6¢). Further immersion led to slight
activity increase in this location but without further involvement of the
other IMP pixels or the AMX pixels. No signs of significant dealloying or
trenching is observed in the post-immersion SEM image, even on the
active section of the IMP surface. However, trace amounts of Ce were
also detected with EDX (Atomic %: Ce ~ 0.2; Supporting Information 5 -
Figure S13b).

Activation of IMP pixels of the TS60 secondary IMP (Fig. 6d) was
more pronounced than for TSO and TS30. Similar to the other secondary
IMPs, the spread of the activity to the entire IMP surface is slower
relative to that for the S-phase and 6-phase particles. Continued im-
mersion led to activity level increase of the pixels as well as further
spread to the adjacent areas. The post-immersion SEM shows that the
activity on the IMP surface (point 1 in Fig. 6d) likely corresponds to the
deposition of Ce-containing precipitates (Atomic %: Ce ~ 11.8, Al ~
15.2, O ~ 69.8; Supporting Information 5 - Figure S13c) while that on
the AMX (point 2 in Fig. 6d) is consistent with the deposition of corro-
sion products (Atomic %: Ce ~ 0.5, Al ~ 71.0, O ~ 24.9; Supporting
Information 5 - Figure S13d). The corrosion product deposits also appear
to have originated from the edge of the area covered by cerium pre-
cipitates. This can indicate that the products might have been released
from rupture sites of an initial precipitate layer formed on the IMP.

The progression of surface changes for the secondary IMP at TS180
(Fig. 6e) is generally similar to the TS60 particle. At 1800 s, almost all of
the pixels in the RROI are active. After this time, extensive deposition led
to widespread activation of the matrix pixels beyond the RROL. A large
area covered by Ce-containing precipitates (Atomic %: Ce ~ 6.3, Al ~
4.8, 0 ~ 87.6; Supporting Information 5 - Figure S13e) is apparent in the

post-immersion SEM image. There are also visible corrosion product
deposits (i.e., darker deposits) on the fringes of the Ce-rich area (point 3
in Fig. 6e).

3.4. Activity levels and extent of inhibitor deposition

The LAMs presented in the preceding sections illustrate the pro-
gression of surface changes at different Ce(III) supply times. Addition-
ally, they demonstrate the correlation between pixel activity level
measured during immersion and the extent of these surface changes. In
systems supplied with Ce(IlI), the extent of surface changes directly
relates to the amount of Ce precipitates formed and, consequently, the
thickness of the deposits. This relationship becomes more evident when
comparing the surface profiles of IMPs with varying levels of activity
(Fig. 7a-c).

The low-level activity typically observed among TSO particles is
consistent with submicron changes, whereas medium- and high-level
activity, observed with more delayed supply of Ce(Ill), are clearly
related to micron-scale deposits. This correspondence is attributed to the
scattering of incident light by the deposits [37]. As the deposits grow
larger, they also scatter more light, resulting in a greater reduction in the
intensity of light reflected back to the microscope. This then translates to
darker pixels and higher LAM pixel activity level. Moreover, although
the activity of the particles with significant deposition might seem
similar to a typical corroded particle, the central positioning of the more
active pixels can be used to distinguish deposition from advanced
trenching (Fig. 7d). In particles with deposition, the activity is highest in
the IMP and then drops as we move to the surrounding matrix. On the
other hand, the uninhibited particles have medium to high activity on
the IMP. The activity then increases further around the IMP boundary
before eventually dropping further into the surrounding matrix. The
high activity regions around the IMP boundary are due to extensive
trenching observed in uninhibited particles.
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4. Discussion

4.1. Quantifying optical changes with simplified pixel activity distribution
(sPAD) plots

A set of sPADpyp(t) and sPADppx(t) plots were generated and
compiled in Fig. 8 for the IMPs in Fig. 3(a-d,f), Fig. 5, and Fig. 6 to enable
efficient comparison of the extent of surface changes among different
IMP compositions and Ce(III) tsypply- The easiest means of comparison is
by looking at activity levels at the end of the immersion (i.e., 10800 s),
particularly the midALpp and midALayx as these values reflect the
extent of deposition particularly for the IMPs exposed to Ce(III).

Regardless of the IMP composition, both midALpp 3 and mid-
ALamx,3 h exhibit a drastic drop between the uninhibited and TSO sce-
narios. However, the midALjvp3snh and midALaux3n increase again
when Ce(Ill) is added later in time. It is noted though that the mid-
ALawmx,3 h values remained close to zero for both TS0 and TS30 for ma-
jority of the IMPs. This corresponds to the limited activation of adjacent
matrix pixels observed in the corresponding LAMs. At TS60 and TS180,
both midALjvp,3n and midALamx 31 were already comparable to their
uninhibited counterparts. This poses a challenge on optically differen-
tiating trenching around IMPs from deposition on IMPs for these tsypply
values. Nonetheless, the values of midALpyp 3 and midALamx 31 rela-
tive to each other appear to be useful in identifying which is the con-
dition at hand. For trenching typically observed with uninhibited IMPs,
midALawx,3 h is comparable if not greater than the corresponding mid-
ALjvp,3 h. On the other hand, widespread deposition on IMPs supplied
with Ce(III) typically involve midALpvp 3 n values generally greater than
the corresponding midALwx,3 h values.

Fig. 9 shows midALpvp 3 h and midALawmx,3 n Statistics for the active
IMPs sampled at different inhibitor supply times. The relationship of the
medians of the two parameters with tspp1y reflects the observations from
the representative IMPs. It can also be observed that the increase from
TS0 to TS30 is much higher for the midALpyp,3 1 than the midALawx 3 .
This is because the initial period of uninhibited dealloying and subse-
quent inhibitor deposition for the TS30 particles mainly affect the IMP
surface. Composition-dependent behaviour is also more easily observed
from the median midALjvp 3 h and midALanx 3 h. For TS30 and TS60, a
hierarchy of the median midAL values (i.e., S-phase > 6-phase > sec-
ondary) is observed and is associated with differences in the extent of
IMP dealloying at the time when the inhibitor was added which leads to
differences in degree of Ce precipitation. The same hierarchy is not
distinct for TS180 likely due to the more extensive deposition. Indeed, at
this teypply, median midALpyp 31, for all IMP compositions are already
higher than the median values of the uninhibited particles.

Besides quantifying the extent of surface changes, the sPAD plots also
enable analysis of the time-dependence of the surface changes. Fig. 8
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shows that for most of the IMPs, both sPADpp(t) and sPADanx(t) are
characterized by an overall period of fast activity level increase (fast
period) which eventually transitions to an overall period of slow in-
crease (slow period). The fast and slow periods themselves are composed
of transitions of varying rates. The exact phenomena causing these
transitions are not yet known but we attribute them either to local
variations in activity due to compositional heterogeneity of the IMP, or
changes in the composition of morphology of the deposits due to com-
bined effect of local corrosion and inhibitor deposition. The first is
associated with transitions in the fast period while the latter is associ-
ated with transitions in the slow period. For analysis of inhibition
though, the relationship between the overall periods is considered to be
more relevant. The transition time from the active to the slow period
(tsp) can be used as a temporal indicator of the inhibitory effect of the Ce
(T1D) at different tgppry values. It gives information about when the slow
period becomes more dominant. Visually, the tg, is located around the
shoulder between the active (i.e., increasing) and the slow (i.e., flat)
periods of the sPAD plots. It is emphasized that estimation of the ts} is
only possible with IMPs that exhibit activity. The procedure for quan-
titative determination of tg, is presented in detail in Supporting Infor-
mation 7.

From the representative sPAD plots (Fig. 8), it is clear that regardless
of IMP composition, the tg, of the uninhibited particles is observed much
later than those of the inhibited ones. Furthermore, among the IMPs
supplied with Ce(III), TS30 particles also appear to have the earliest tgp.
These observations are more apparent when ftg, statistics (Fig. 10) are
compared. Unlike with the midALpp 31 and midALamx 31 values, the
effect of composition on the median ts, values appears to be less pro-
nounced although a hierarchy (i.e., S-phase < 0-phase < secondary) can
be observed for most of the tsypply values. Given the tg;, is associated with
the duration of active deposition, the observed hierarchy suggests that
the S-phase particles are capable of forming stable deposits much faster.
The minima of the tg, at TS30 also suggests that initial uninhibited
dealloying can speed up the inhibitor layer formation but only up to a
certain degree.

4.2. Using reflective microscopy to estimate the tolerable delay limit for
Ce(II) supply

Given that the midALyyp,3 n, midALawx,3 h, and tgp provide a general
overview of the surface changes, it makes sense to use them for esti-
mating the tolerable delay for the supply of Ce(III). The tolerable delay
essentially represents the maximum time after the star of the corrosion
at which the inhibitor can be supplied and still obtain effective corrosion
protection. From an optics-based consideration, the uninhibited pa-
rameters can be used as basis for evaluating if the behaviour at a specific
tsupply is tolerable or not. In the case of the midALpp3pn and
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Fig. 9. Median (a) midALp 31, and (b) midALamx 3 1 for the IMPs sampled show how the extent of surface changes varies with tspp1y and with IMP composition. In
an ideal scenario, the midALpyp 31, and midALsyx 31 are minimal. Quantities corresponding to the plots are provided in Supporting Information 8.
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Fig. 10. Median tg, values measured for the IMPs analysed at different Ce(III)
supply times show when the slow period starts to dominate. In an ideal sce-
nario, the tg, is as low as possible (i.e., surface changes stabilise early) and the
degree of change after the fast period is minimal. Quantities corresponding to
the plot are provided in Supporting Information 8.

midALiamx,3 b, it is preferred that their values are less than those of a
purely corroding surface. Indeed, the midAL values for the uninhibited
and inhibited systems generally correspond to different surface features.
They represent extent of dealloying and trenching for uninhibited IMPs
and deposition for inhibited IMPs. Nonetheless, visual inspection is still
one of the most accessible and intuitive means of evaluating corrosion
[38-40]. As such, observing a tolerable delay limit that would not lead
to confusion during maintenance inspections can be beneficial. As for
the tgp, it is ideal that the surface changes for the IMPs supplied with the
inhibitor occur for a shorter period of time compared to the uninhibited
IMPs (i.e., lower tgp,). This criterion provides us with a degree of certainty
that the suppression of surface changes is due to the inhibitor presence
and not just the inherent slowdown of local corrosion. Egs. 1, 2, and 3
summarize the criteria for estimating the tolerable delay limit for a
specific inhibition condition. The highest ts,pply Which satisfies these
criteria can be defined as the tolerable delay limit for the inhibitor at the
specific experimental conditions.

median(midALpp 3p) < median(midALinvp 3huninhibited) (@]
median(midALamx 3n) < median(midALAMX 3h,uninhibited) 2
median(tsp) < median(tsp,uninhibiled) ()

Fig. 10 shows that the ts;, criterion is satisfied for all of the tsypply
values tested. This implies that Ce(III) can still inhibit corrosion even
when the supply is delayed. On the other hand, Fig. 9a shows that the
midALpvp 3 1 of the uninhibited IMPs are exceeded at TS180, for all IMP
compositions. The same is evident for the median midALanx 3 n (Fig. 9b)
albeit the S-phase IMPs exhibited a slightly lower median than the un-
inhibited ones. Meanwhile, at TS60, the midAL values are high but they
are considerable lower than the uninhibited IMPs for all compositions.
In light of these observations, 60 s appears to be a sensible tolerable
delay for the supply of Ce(III) to inhibit IMP local corrosion in AA2024-
T3.

4.3. Ce(Ill) precipitation at different supply time

The midAL criterion used to estimate the tolerable delay limit is
based on the high activity levels observed for delayed tsypply. These ac-
tivity levels are attributed to the increase in the Ce(III) precipitation
capacity of the IMPs. This is confirmed with post-immersion SEM and
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SLCM which showed more visible deposition compared to the TSO IMPs.
Furthermore, post-immersion EDX also highlighted increased presence
of Ce at surface of the particles exposed to Ce(Ill) with delayed tsypply-
The increase in the degree of precipitation is consistent with the
dealloying-driven mechanism for inhibition with Ce(III). More delayed
tsupply corresponds to longer periods of uninhibited dealloying that leads
to Cu enrichment. Enriched Cu sites increase the ORR rate on the IMP
which provides the alkalinity required for Ce(IIl) to precipitate.

The interplay between local corrosion and Ce(IIl) precipitation at
different tsupply, as well as the resulting local activity maps, are sum-
marized in Fig. 11. Ce(IIl) presence right at the start of exposure (i.e.,
TSO) leads to highly localized precipitation which prevents dealloying
from progressing significantly and, in turn, limits the extent of precipi-
tation. It is hypothesized though that a sufficiently thick layer is still
needed to effectively cut-off the ORR and the formation of this layer
takes time. The typ values for the TSO particles reflects the time needed to
form this layer. Moreover, the apparent hierarchy of ts, values among
the different IMP types at TSO also likely stems from varying capacity to
support ORR and Ce(Ill) precipitation. The particles which dealloy
easily (e.g., S-phase) can build thicker layers faster resulting to much
earlier tgp than the others. The slowed down dealloying coupled with the
limited Ce(IIl) precipitation leads to the observed low-level pixel ac-
tivity concentrated at the IMP surface in the corresponding LAM.

The behaviour at TS30 can be considered as an accelerated version of
TSO. The dealloying, particularly among S-phase and 6-phase IMPs,
enabled faster precipitation of Ce(II) once it is added. However, since
the dealloying is not yet extensive, the deposits that formed would have
less defects and can slowdown surface changes much earlier (i.e., lower
tsp). The higher extent of Ce(III) precipitation translates to higher IMP
pixel activity in the LAM. The inhibitor precipitation is also rapid and
protective enough to control local corrosion progression which leads to
limited activity in the adjacent matrix.

Higher degree of Ce precipitation observed in TS60 and TS180 does
not necessarily correspond to more effective inhibition. Visibly
increased fraction of corrosion products at the end of immersion for the
TS60 and TS180 IMPs, in particular, indicates reduced protectiveness of
the Ce deposits despite their increased thickness. When Ce(III) supply is
more delayed, local corrosion processes can still proceed underneath the
deposited layer. Transports of products from these processes such as
metal ions or hydrogen [41,42] could potentially introduce defects in
the Ce deposits. These defects provide paths for oxygen to reach the
surface which then sustains ORR. As with TSO and TS30, sufficient
accumulation of cerium precipitates (and corrosion products) is also
needed to control oxygen supply. This explains the higher tg, values
observed with TS60 and TS180 IMPs as well as the more extensive
deposition on the IMPs and their surrounding matrix by the time the
surface changes slow down. In the LAMs, this is observed as high-level
activity on both the IMP surface and the adjacent matrix. The pres-
ence of the inhibitor is still able to reduce the extent of local corrosion
though leading to less extensive trenching relative to the uninhibited
particles. This leads to pixels with highest activity levels still being sit-
uated within the boundaries of the IMPs.

5. Conclusion

An in situ reflected microscopy technique was used to analyse local
surface changes when the availability of the inhibitor, Ce(NO3)3, was
intentionally delayed to AA2024-T3. The technique combined with our
image analysis protocol can be used to create GAMs (global activity
maps), LAMs (local activity maps), and sPADs (simplified pixel activity
level distribution). These are highly effective means of visualizing sur-
face activation, local inhibitor deposition, and inhibitor layer growth at
the intermetallic particle scale. GAMs and LAMs allow efficient analysis
of the spatial dependence of the surface changes while the sPADs enable
a simple method of visualizing the kinetics of said changes. Parameters
extracted from the sPADs allowed comparison of the degree of changes
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Fig. 11. Local changes in the absence of Ce(IIl) and when it is supplied at different times (i.e., 0, 30, 60, and 180 s from the start of exposure) and their corresponding
local activity maps.

(i.e., midALpvp 31, midALpvp3n) and time at which the slow period surface changes associated with deposition slow down early, and the
dominates (i.e., tsp) of IMPs at different inhibitor supply times. Based on degree of these surface changes was less extensive than purely corroding
these parameters and the experimental conditions used, when Ce(III) is particles. The tolerable delay of 60 s can potentially be applied as a basis
supplied to the IMPs in our model system within 60 s of exposure, the for finetuning the design of anti-corrosion coatings in order to prolong
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inhibitor availability. It is emphasized though that its value is estab-
lished from experiments where there is a burst release of Ce(III) at the
specified tsypply and no prior inhibitor presence. Furthermore, the results
are also specific to the electrolyte and inhibitor concentrations used (i.e.,
0.05 M NaCl, 0.001 M Ce(NOg3)3). Assessing how this tolerable delay
translates to more conventional release profiles can further enable better
design and more effective screening of inhibitor delivery systems for
active corrosion protection.
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