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From Microscale to Road Scale: Bridging the Gaps of
Predictive Aluminum Corrosion Using SECM

Vikram Singh, Alban Morel,* Danick Gallant, and Janine Mauzeroll*

Aluminum (Al) corrosion starts off at the micron or even submicron scale and if
it is coating protected, it occurs at the metal-coating interface. These corrosion
events are by and large studied using bulk corrosionmeasurementsmaking the
understanding incomplete due to its micrometric scale occurrence. This gap is
therefore targeted in current study by using a combination of SECM mapping
modes together with a new strategy of employing redox-mediator mixtures.
These combinations allow the exploration of both Al surface topographic
features as well as corrosion hotspots. Nine differently finished AAxxxx
surfaces (namely, AA5083-rolled-Zr, AA6061-rolled-Zr, AA6061-grinded-Zr,
AA6111-rolled-Zr, AA6111-grinded-Zr, AA7075-grinded-Zr, AA7075-rolled-Zr,
AA7075-rolled-ZnPh with sealer and AA7075-rolled-ZnPh without sealer) are
investigated by SECM in their as-received state for corrosion and mapped on a
1 mm2 scale with high precision. The most interesting outcome is that typically
grinded samples showmore cathodic current and a higher number of hotspots.
The resultant SECMmaps are then quantified to extract corrosion hotspots and
correlate them with both bulk corrosion outcomes and the real-life corrosion
road tests performed for 2 years. These investigations present a strong cor-
rosion predictive strategy, which makes this study comprehensive and highly
applicable to sectors like automobiles and aerospace) employing Al surfaces.

1. Introduction

During the past decade, in an effort to reduce the weight of vehi-
cles, Original Equipment Manufacturers (OEMs) accelerated the
introduction of aluminum alloy components to mass-production
vehicles, which ultimately culminated in 2015 with the
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production of the first high-volume
aluminum-intensive vehicle, the Ford F-
150.[1–5] This led to eventual widespread
use of Al alloys in the automotive sector
constituting their body components,
electronics, interiors, chassis, power-
train, engine components etc. whereas
in aerospace as structural component,
aircraft wings, gears, fuselage etc.[6] How-
ever, the use of high strength aluminum
alloys which are highly alloyed, the ban of
Cr (VI) based conversion coatings as well
as the use of a worldwide supply of baux-
ite with fluctuating impurity content,
such as nickel, make these components
particularly susceptible to under-film
corrosion (corrosion under-paint).[7,8] To
counter this drawback, there has been
an increase in research initiatives toward
enhancing aluminum alloys corrosion
resistance by developing various organic,
inorganic, and even hybrid coatings.
However, the fundamental understand-
ing of corrosion, especially under-film
corrosion is still in the early stages.[9,10]

Under-film corrosion impacts durability and turns out to be one
of the biggest challenges facing the automotive sector.[11,12]

The major cause of under-film corrosion is the accumula-
tion of corrosive ions due to the presence of pores, defects,
cracks or loose contact between the substrate and the conver-
sion coating.[13,14] Moreover, the degradation of these protective
coatings typically starts at the micron/submicrometric level, and
therefore visualizing or monitoring these corrosive electrochem-
ical responses cannot be accomplished fully using conventional
corrosion measurements.[15–19] It has been found that the mov-
ing nature of the active head of filiform corrosion (one type of
under-film corrosion) makes tracking and analyzing the corro-
sion process more difficult using conventional techniques. Re-
cently, Senöz et al. demonstrated the direct interaction between
active head and intermetallic particles in filiform corrosion on
aluminum alloy using Scanning Kelvin probe force microscopy
(SKPFM) measurements.[20] However, such measurements are
difficult to extend on a larger area and also on rougher surfaces
with thicker automotive paints.[21–26] Hence, developing and ad-
vancing micro-electrochemical tools to investigate these corro-
sion features at the solid-liquid interface of the metal surface and
moisture at a micrometric scale is of prime importance.[17]

Scanning electrochemical microscopy (SECM) has proven to
be a vital tool for measuring the responses at the micro and
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even nanoscale in a variety of applications which include bio-
sensing, batteries,[27,28] fuel cells, and corrosion.[29] Electrochem-
istry in general comes in handy to perform accelerated corro-
sion measurements whereas, SECM specializes in tracking it
on the surface in real-time imaging with spatial selectivity and
high resolution.[30,29,31] The obtained faradaic current response
is always higher than the background signal and therefore, topo-
graphical and electrochemical responses can be visualized for a
given surface.[27,32,33] As a result, SECM is a powerful tool which
has already shown high potential in studying a wide range of cor-
rosion processes including bimetallic corrosion,[34] detection of
metastable pitting regime, dissolution of metal ions and disso-
lution of inclusions in alloys,[35,23,36,21,24] and onset of corrosion
processes from defective coatings,[35,37] etc. The challenge toward
studying corrosion using SECM, which still remains, is the map-
ping of large sample areas especially when the surfaces are mea-
sured in their as-received rough state.
In the present study, we tackle the abovementioned challenge,

applying SECM to the study of nine differently industrially fin-
ished aluminum alloy surfaces in absence of paint in order to
gain insights on why their resistance to under-film corrosion
is different when painted (see Figure S1, Supporting Informa-
tion). Three mapping configurations were used to image a 1
mm2 sample area in a specifically selected ethylene glycol (EG-
OH) electrolyte containing 35g NaCl L−1 and redox mediators
(Ferrocenemethanol; FcMeOH andHexaammineruthenium(III)
chloride; RuHex). These measurements were designed to al-
low slower and hence monitorable corrosion behaviors using
a suitable electrolyte choice, which also allows long measure-
ments lasting even for days versus the conventional aqueous elec-
trolytes. A combined qualitative-quantitative approach from the
three SECM mapping configurations was used to find the num-
ber of local maxima that are directly relatable to the number of
cathodic corrosion sites in a mapped area. To complete the study,
we correlated these SECM-based lab results with the bulk cor-
rosion measurements and most importantly in-service road test
data collected independently on these nine differently finished
samples. These correlations make this study well-rounded and
highly applicable to various sectors using Al surfaces. To the best
of the author’s knowledge, no such correlative study exists in
the literature (road test vs electrochemical lab testing). Though,
simulative[38] and experimental[39] corrosion prediction models
have been proposed based solely on lab-scale accelerated corro-
sion testing. However, these methods involve corrosion averag-
ing over time and do not allow for real-time corrosion monitor-
ing, which is possible using SECMmapping (allowing mm scale
mapping with nanoscale resolution).

2. Results and Discussion

Investigation of aluminum alloy (AAxxxx) surface corrosion char-
acteristics are pursued in this study by analyzing samples ex-
posed to road test for 2 years. These real-life road test data are
then correlated with traditional lab-scale bulk corrosion mea-
surements and more sophisticated SECM imaging notably on
a large area of 1 × 1 mm2. Later, we show how the crucial pre-
dictive corrosion information is extractable from these SECM
maps and bulk corrosion measurements, and how they stand
against the road tests for corrosion. In this article, we investi-

Table 1. AAxxxx samples used in the present study.

Sample Conversion coating Finishing

AA5083 -Zr- Rolled

AA6061 -Zr- Rolled

AA6061 -Zr- Grinded

AA6111 -Zr- Rolled

AA6111 -Zr- Grinded

AA7075 -Zr- Grinded

AA7075 -Zr- Rolled

AA7075 -ZnPh-with Sealer- Rolled

AA7075 -ZnPh-without Sealer- Rolled

gate nine differently finished AAxxxx surfaces namely, AA5083-
rolled-Zr, AA6061-rolled-Zr, AA6061-grinded-Zr, AA6111-rolled-
Zr, AA6111-grinded-Zr, AA7075-grinded-Zr, AA7075-rolled-Zr,
AA7075-rolled-ZnPh with sealer and AA7075-rolled-ZnPh with-
out sealer. Their detailed composition, and applicability is tabu-
lated in Table 1 and table S1 (Supporting Information). Briefly,
these surfaces have two different conversion coatings namely,
Zirconium-based coating (-Zr-) and Zinc Phosphate coating (-
ZnPh-), which were achieved by following the commercially
available protocol (refer to the experimental section, Supporting
Information). Additionally, the use of Chromium based sealer on
ZnPh coating was also investigated as it is commonly used in the
automotive industry. Another notable aspect of these nine sample
surfaces is their respective metallic surface finishes even before
any coating, some samples had the conversion coating applied
on the as-rolled surface (a) while others were grinded (b) prior to
the conversion coating treatment.
The impact of these different surface finishes toward corro-

sion propensity resulting from varying surface microstructures
will be detailed later. Initial studies were conducted on these nine
coated samples, which were scribed (to induce a defect in the
automotive paint from which corrosion could initiate and prop-
agate) and exposed to in-service exposure on Quebec (Canada)
roads for 2 years under varying weather conditions (see details
in experimental section in Supporting Information). Three spec-
imens of each coated sample type were attached to the lower ex-
terior part of the truck (Figure 1A) on both the driver and passen-
ger sides for a statistically relevant study. At the end of the 2-year
period, these samples were retrieved and investigated to mea-
sure their respective corrosion propensity underneath the coat-
ings (under-film corrosion) both qualitatively and quantitatively
following the long road test exposure. The first coarse observation
under an optical microscope revealed differences in the presence
and appearance of corrosion islands on different samples under
the same road test conditions as expected due to the differences
in alloy chemistry, surface finish, and conversion coating abilities
(Figure S1, Supporting Information). Figure 1 shows an optical
image of a representative AA7075-rolled-Zr sample surface after
2 years of exposure to Canadian road conditions. Clearly, there
are prominent multiple corrosion islands, which were keenly in-
vestigated to obtain key parameters like corrosion propagation,
mean corroded area, propensity to propagation, and propensity
to initiation of corrosion (Figure 1B,C). These key parameters
were extracted from each sample by tracing 20 equidistant lines
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Figure 1. The road test for real-life corrosion behavior was conducted for
2 years on both the driver and the passenger sides and thereafter eval-
uated for corrosion behavior for understanding as well as for predictive
purposes. (A) real-photograph collected after mounting the samples un-
der the truck (marked with a blue box), the first post-road test assessment
of all the nine sample surfaces was done by optical imaging as seen from a
representative sample AA7075-rolled-Zr showing small corrosion islands
on the surface, (B) showing the area calculated for the observed corro-
sion islands. Further detailed analysis of the corrosion islands for all nine
samples gave (C) the mean corroded area (mm2), maximum propagation
(mm; yellow line in B), and propensity to initiation (%). The error bars rep-
resent the standard deviation from six different scribes of each variant (3
specimen replicates, with 2 scribes per replicate).

perpendicular to the scribes as shown in Figure S2 (Support-
ing Information). Propensity to initiation (%) was determined
from the number of these lines across the scribe showing corro-
sion (white lines in Figure S2, Supporting Information), whereas
the mean length of those lines from the scribe gives propen-
sity in propagation (mm), and finally the maximum length of
the line (mm) gives maximum corrosion propagation (yellow ar-
row; Figure S2, Supporting Information). The mean corroded

area (mm2) of these multiple corrosion islands was determined
by using Clemex software using a polygon selection tool with re-
spect to the scribe dimension. These analytical parameters were
determined for each of the nine sample types by averaging the in-
formation collected on six scribes (3 replicate samples with two
scribes on each replicate) to obtain statistically relevant data. The
sample-specific maximum corrosion propensity is determined
for each sample from the mean corroded area of the samples
(Figure 1C; Figures S2 and S3, Supporting Information). Com-
paring the samples for mean corroded area shows that it is max-
imum for sample AA6111-grinded-Zr (365.42 mm2), followed
by AA7075-rolled-Zr (58.22 mm2), and is minimum for sample
AA7075-rolled-ZnPh without sealer (0.16 mm2). Therefore, the
latter is more resistant to corrosion under the road test condi-
tions, indicating that a ZnPh coating without sealer fairs better
for corrosion prevention on this specific alloy.
Undoubtedly, road tests are the ultimate tests of any coated sur-

face for corrosion resistance, which undergoes exposure to real-
life conditions of heat, rain, snow, and de-icing salts. However,
the time-consuming nature (2 years in this case) of such mea-
surements is the biggest roadblock toward developing and im-
provising corrosion-resistant coatings, especially at an industrial
scale. It is imperative to identify and explore alternate techniques
and/or combinations of techniques that could reveal the same in-
formation but in a shorter time span.
A variety of lab tests (electrochemical measurements) were

performed on these nine samples without any automotive paints
to assess their corrosion resistance ability, but more importantly
to explore methods of predicting long-term corrosion propensity
complementing the road test data. All the electrochemical exper-
iments on the nine AAxxxx samples were performed on surfaces
with conversion coating to be representative of the state it would
be before applying automotive paint. The electrolyte usedwas 35g
of NaCl /L in EG-OH for SECM imaging and acidified 5% NaCl
for bulk corrosion tests. The choice of electrolyte reflects our in-
tention to closely follow any ensuing corrosion by slowing down
the kinetics vs. aqueous electrolyte but still mimicking the cor-
roding salt-based road conditions. During the SECM measure-
ments, electrochemical tests were facilitated by adding redoxme-
diators to the electrolyte namely, ferrocene methanol (FcMeOH)
and hexaammineruthenium(III) chloride (RuHex). The key as-
pect of choosing such a combination is to ensure that the redox
potential is more positive than the OCP of the metal/electrolyte
system chosen. Besides, the selected redox mediators should be
chemically stable in the solvent environment and inert in the
presence of the working, counter, and reference electrodes.[29] A
similar approach has also been shown recently to be feasible on
copper surfaces.[40] These redox mediators, when reacted at the
tip of a carbon fiber microelectrode/probe (4.7 μm), have poten-
tial dependent redox conversion rates FcMeOH ⇌ [FcMeOH]+

and Ru3+ ⇌Ru2+, which in turn help tomap either surface topog-
raphy or electron-transfer events at the interface. Cyclic voltam-
metric (CV) measurements precede SECM mapping to first un-
derstand the probe behavior resulting in sigmoidal CV features
when scanned at 10 mVs−1 as shown in Figures 2A and S5 (Sup-
porting Information). Thereafter, Figure 2B,C depicts an SECM
map of 1 mm2 area, where the probe was kept at 4 μm from the
first test surface (AA5083-rolled-Zr) in the presence of FcMeOH.
During this mapping (Map 1), the sample surface was not
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Figure 2. Schematic representation of the three-map configurations employed during SECM mapping of coated Al surface sample AA5083-rolled-Zr.
The top row shows the respective cyclic voltammetric response collected in (A) FcMeOH, and (B,C) in an equimolar solution of FcMeOH and RuHex in
35g L−1 NaCl in EG-OH. The ‘UME’ labelled yellow strips in the CVs highlight the probe potential chosen for SECMmapping in the three configurations.
The middle row shows the schematic representation for the respective SECM configurations namely, (A) feedback mode, (B) SG-TC mode, and (C)
combined feedback & and SG-TC mode. The bottom row shows the respective 2D SECM map obtained from the three mapping modes. The blue lines
show the position of the sample (rolled direction parallel to the ‘Y’ axis) and the red lines show the imaging direction provided in the left side. It is
important to note that it takes ≈12h to image a 1mm 2 area (more details in experimental section, Supporting Information).

polarized (it is at an open circuit potential (OCP), which is ex-
pected to be ca. -600 mV or lower) but the probe was held at 600
mV, where FcMeOH→[FcMeOH]+ conversion occurs. The probe
typically exhibits negative feedback in this case when scanning a
passivated surface (surface-tip distance ca. 4 μm) but if the sur-
face is corroded to expose the Al surface or that noble inclusions
are present,[41,42] then a positive feedback from the underlying
metal would be expected. This information helps us to conclude

that Map 1 gives mostly topographical features reflecting the sta-
tus of coating/passivation over the AAxxxx surface. These surface
features, and the rolled lines (from the AAxxxx surface finish)
are traceable in both the SECM map 1, and the scanning elec-
tronmicroscopic (SEM) images as shown in Figure 2A. The topo-
graphical information varies from sample to sample. As shown
in Figure 3, the SEM images display the surface characteristics
in the form of microstructural features for instance, the rolled
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Figure 3. Surface imaging of the nine investigated samples by SEM and SECM (Map 2), giving insights on topography and surface corrosion propensity,
respectively. The sample identity is provided on the top bar with its respective SEM image on the left and SECM (Map 2) on the right (color map depicts
obtained current, where high current indicates corrosion hot spots). The top bars of sample identity are color-coded according to the surface coating
applied.

samples have lines features, and the grinded samples show ran-
dom thread-like patterns. Additionally, the -Zr- conversion coat-
ing is thinner compared to the ZnPh, for which more granular
structures are visible in the SEM images (Figure 3). In order to
ensure that any line observed in the SECM maps could not be
mistaken with any artifact that could originate from the move-
ment of the probe, the samples were held in such a way that the
probe would raster perpendicular to the rolled lines on these re-
spective samples. Now, to specifically trace surface reactivity to-
ward corrosion post topographical imaging (Map 1), an equimo-
lar mixture of two redox mediators namely, FcMeOH and RuHex
was used. The FcMeOH and RuHex mediator combination has
been explored in sequential SECM of biological substrates to de-
couple topographical information fromkinetic information.[43–46]

However, to the best of our knowledge, such a redox mediator
mixture approach for SECM mapping has never been explored
before toward aluminum corrosion.[40] This redox mediator mix-
ture approach allows us to separate the experimental steps for the
surface approach by the probe (which can be time-consuming),
and the surface reactivity mapping.
By doing so we are able to capture the initial corrosion infor-

mation given the high reactivity of AAxxxx surface toward RuHex.
The redox mediator mixture yields two distinct sigmoidal CV

curves depicting the two redox transitions as shown in Figure 2B
and Figure S4 (Supporting Information). The second mapping
is then performed by polarizing the probe at 0 mV versus Ref,
where FcMeOH redox transition is inhibited but if there is any
corrosion at OCP, Ru3+ from RuHex will be reduced to Ru2+ at
the cathodic sites while Al will be oxidized at anodic sites.[47] This
resulting Ru2+ diffusing, that form these cathodic sites into the
electrolyte, will then be detected at the probe due to its oxida-
tion at 0 mV potential (Scheme, Figure 2B,C). This configuration
is called Sample-Generation/Tip Collection (SG-TC) SECMmap-
ping, which gives us Map 2 revealing the heterogeneous cathodic
reactivity of the surface. This Map 2 surface imaging is proven to
be less sensitive to surface topography, and is hence more quan-
titative toward detecting reactive AAxxxx surface spots, which are
corrosion-prone.[23] To prove this quantitative ability, we collected
Map 3 where the probe was held at 600 mV instead thereby al-
lowing for both the previously mentioned imaging i.e., feedback
from FcMeOH and SG-TC from RuHex to be recorded simulta-
neously. The combined topographical and corrosion propensity
SECM response in Map 3 therefore, is expected to contain both
the topographical and reactive surface spots information (a su-
perposition of Map 1 and Map 2), which is what we observe as
shown in Figure 2C. Closely observing the three maps i.e., Map
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1, Map 2, and Map 3 from the exact same area of a coated repre-
sentative Al sample AA5083-rolled-Zr shown in Figure 2A–C pro-
vides significant insights on its topography and corrosion reac-
tivity. Map 1 shows significant topographical contribution as the
current response is higher along the rolling direction, reinforc-
ing microscopically observed features and the ability of this map-
ping to trace topography.Map 2 shows hot spots spread across the
coated AAxxxx surface with preferential spotting along the rolling
direction, which suggests that the presence of those rolling lines
make the surfacemore reactive or susceptible to corrosion.Map 3
shows both the information contained inMap 1 (topography) and
Map 2 (corrosion reactivity) superimposed as expected from the
outlinedmapping strategy detailed above. It is important to men-
tion here that there might be an overlap between topographical
features (i.e., lines representing the rolling direction of the sam-
ple) and the corrosion active/defect sites, which are hence visible
in both Map 1 and Map 2.[13] However, if a scenario arises where
a morphological feature is benign toward corrosion this distinc-
tion between topography and reactivity will be more evident as
we will see it only in Map 1 but not in Map 2 (Figure 2A,B)′[13].
To confirm that it is indeed the hot spots on the coated AAxxxx
surface which are responsible for the redox conversion of Ru3+

to Ru2+ in Map 2 & Map 3, we performed a blank measurement
over a plastic petri dish surface. CVs were collected both after
Map 1 and Map 2 for both the blank case as well as the coated
Al surface (representative sample AA5083-rolled-Zr). Figure S5
(Supporting Information) shows that the observed current cor-
responding to 0 mV potential shows negligible current for the
blank case as well as the AA5083-rolled-Zr sample afterMap 1 but
there is a significantly large positive current only for the AA5083-
rolled-Zr sample after Map 2. The reason being no redox conver-
sion at 0 mV for FcMeOH (Map 1) and also for RuHex when a
plastic petri dish is the substrate as the solution contains only
Ru3+. However, when AA5083-rolled-Zr substrate was subjected
to Map 2, a significant oxidative current response was recorded
as the hot spots reduced Ru3+ to Ru2+, which was then converted
back to Ru3+ at the SECM probe. These comparative measure-
ments against a blank therefore confirmed the soundness of our
mapping strategy to identify cathodic hot spots over differently
finished AAxxxx surfaces without any significant hindrance of to-
pography. Another strategy used was to attempt probing the Ru2+

species (produced only at hot spots) under Map 2 conditions at
varying distances (5–1000 μm) from the AAxxxx substrate while
polarizing the probe at 0 mV. As observed from Figure S6 (Sup-
porting Information), the probe current decreases from 45 to 10
pA when the probe is retracted from the substrate starting from 5
to 1000 μm. This proves that the hot spot-generated Ru2+ species
are predominantly present in close proximity to the substrate sur-
face and their availability decreases farther away from the surface
i.e., in the bulk solution.
Now that we understand the concepts behind the three maps

(Map 1, Map 2, and Map 3), and the fact that Map 2 gives a di-
rect visualization of the corrosion driving cathodic sites (hotspots
expected to undergo oxygen reduction reaction in an aqueous
electrolyte), we performed Map 2 on the other test surfaces
(Table 1). Figure 3 and Figures S7–S9 (Supporting Informa-
tion) showing a 2-D comparative representation of Map 2 for
all the surfaces exhibiting their respective current response, re-
vealing their surface-specific hotspot distribution. An important

observation for the Zr-coated rolled surfaces (AA5083-rolled-Zr,
AA6061-rolled-Zr, AA6111-rolled-Zr, and AA7075-rolled-Zr) is
the presence of significant cathodic sites along the rolling di-
rection versus the Zr-coated grinded surface (AA6061-grinded-
Zr, and AA7075-grinded-Zr). Considering size, density, and dis-
tribution of the cathodic sites, these surfaces show the follow-
ing reactivity sequence i.e., propensity to corrosion: AA7075-
grinded-Zr>AA6061-grinded-Zr>AA6061-rolled-Zr≈AA5083-
rolled-Zr > AA7075-rolled-Zr > AA6111-grinded-Zr > AA7075-
grinded-ZnPh-no-sealer > AA6111-rolled-Zr > AA7075-ZnPh-
sealer-rolled. The corrosion resistance ability of the coatings is
therefore the reverse of this sequence. An important observation
is that ZnPh conversion coated surfaces AA7075-rolled-ZnPh-
sealer, and AA7075-rolled-ZnPh-no-sealer, show comparatively
least cathodic sites or average SECM current (more corrosion
resistance), wherein the former sample AA7075- rolled-ZnPh-
sealer is the best possibly due to the presence of a sealer in
the coating. Overall, the ZnPh conversion coatings with a sealer
seems to work better than the Zr-based coating toward corrosion
resistance for AA7075 surfaces.
The abovementioned information about coating specific Al

surface hotspots is a rather qualitative approach and, therefore, a
more appropriate comparison requires a quantitative approach.
This quantification is performed by using the ‘findmaxima2d’
function (coded in Python) applied over the obtained SECMMap
2 currents at a different sample surface specific current thresh-
old values.[48–50] The idea is to not lose any sample specific cor-
rosion reactivity information by selecting only one threshold cur-
rent value for all the samples.
This sample-specific current threshold for hotspot (or max-

ima) detection is justified as shown in Figure 4A–C and Figures
S10 and S11 (Supporting Information), where 0.1 pA for sam-
ple AA6061-grinded-Zr detects all the relevant maxima but 1 pA
does not. This concept of different thresholds is clearly seen in
Figure S11 (Supporting Information) showing different slopes
depending on the sample. Figure 5A,B shows the correlation of
the number of local maxima (from the ‘findmaxima2d’ function)
vs. the average SECM current response for all the nine samples,
which varies based on their corrosion propensity. All surfaces
show different numbers of local maxima closely correlated to
their cathodic SECM current (Figure 5A; Figure S11, Support-
ing Information). The only exception is sample AA7075-rolled-
Zr, where the reason is very small but dense cathodic sites, which
is not reflected in their average SECM cathodic current. This
makes such amathematical treatment of experimental outcomes
even more necessary for accurate hotspot detection. The quan-
titative trend toward corrosion propensity from the number of
hotspots is AA7075-rolled-Zr > AA7075-grinded-Zr > AA6061-
grinded-Zr > AA6061-rolled-Zr > AA5083-rolled-Zr > AA6111-
grinded-Zr>AA7075-rolled-ZnPh-no-sealer>AA6111-rolled-Zr
> AA7075- rolled-ZnPh-sealer. As evident, only sample AA7075-
rolled-Zr changes its position (as explained above) in the cor-
rosion reactivity trend versus the qualitative trend. Further, the
conventional bulk corrosion testing was conducted for all nine
samples in an aqueous electrolyte solution of 5% NaCl with
pH 2.8 (details in the experimental section, SI). Linear polar-
ization curves were collected to determine the Ecorr, and polar-
ization resistance (Rp). There are sample-specific variations for
both Ecorr and Rp as shown in Figure 5B. The average Rp from
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Figure 4. Depicting themethodology of mathematical evaluation of the number of local maxima (i.e., number of cathodic sites) from the resultant SECM
map 2 when using two different thresholds (i.e., noise tolerance ratio in Python), showing the relevance of applying sample-specific current threshold.
(A) SECM map 2 for sample AA6061-grinded-Zr, (B) local maxima (red spots) at threshold of 0.1 pA and (C) at 1 pA (using local normalization coded
in Python). Clearly, a threshold of 0.1 pA is representative of this sample, which may not be the case for another sample.

three independent measurements of each sample was found to
be minimum for sample AA6061-rolled-Zr (183.5 Ω.cm2) and
maximum for AA7075-ZnPh-no-sealer-rolled (3549.8 Ω cm2).
The latter is therefore, more corrosion resistant, proving that
ZnPh coatings are effective against corrosion versus the Zr-based
coatings. The polarization resistance outcome therefore relates
as AA7075-rolled-ZnPh-no-sealer >AA5083-rolled-Zr > AA6111-
grinded-Zr >AA7075- rolled-ZnPh-sealer >AA6111- rolled-Zr
>AA7075-rolled-Zr >AA6061-grinded-Zr >AA7075-grinded-Zr

>AA6061-rolled-Zr. Different Al alloys are shown to exhibit dif-
ferences in corrosion resistance due to the combined effect of
both alloy composition and microstructural features.[42]

These Rp data were also correlated with both the number of
local maxima and average SECM current obtained from map 2
for all the samples. As shown in Figure 5C, the samples that
have lower Rp tend to show higher SECM current in map 2
and eventually higher number of local maxima. For example,
AA7075-grinded-Zr and AA6061-rolled-Zr samples have similar

Figure 5. Comparison of microscale corrosion findings from SECM and bulk corrosion measurements. (A) Sample specific number of cathodic sites
(mathematically computed) along with their average SECM current from map 2, (B) bulk corrosion behavior assessed sample specific polarization
resistance (Rp) and Ecorr. Direct comparison of bulk versus SECM mediated corrosion behavior showing (C) correlation of Rp with observed local
number of maxima and average surface current (Iavg.SECM) from SECM in map 2, and (D) Correlation between predictive corrosion behaviors from
SECM measurements with input from bulk corrosion vs. the real-life observed road test corrosion output analyzed using multi-linear regression (MLR)
showing a linear trend and hence predictive capability of SECM-based corrosion studies. MCP stands for maximum corrosion propagation.
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Rp (254.7 vs. 183.46 Ω cm2) but even then, AA7075-grinded-
Zr exhibits higher number of local maxima and a higher av-
erage SECM current (pA). This can be explained from the na-
ture of these two surfaces, where a grinded surface (AA7075-
grinded-Zr) tends to show larger cathodic sites in map 2 versus
a rolled surface with minor sites typically along the rolling direc-
tion (AA6061-rolled-Zr). Similarly, ZnPh-based coating fares well
against the Zr-based coating on AA7075. This can be estimated
by comparing AA7075-rolled-Zr having Zr-coating, which shows
more cathodic sites (590) and a higher average SECM current vs.
its analogs AA7075-rolled-ZnPh-sealer andAA7075-rolled-ZnPh-
no-sealer, which have ZnPh-coating showing negligible number
of cathodic sites (AA7075-rolled-ZnPh-sealer = 1; and AA7075-
rolled-ZnPh-no-sealer = 50) and a lower average SECM current.
To explore the predictive power of SECM corrosion mapping

toward real-life road test conditions, a Multilinear Regression
Analysis (MLR) was performed. MLR is an established modeling
approach to both corrosion[38] and SECM.[51,52] The MLR model
solves an equation; y = 𝛽0 + 𝛽1x1 + 𝛽2x2 + 𝛽3x3, where ‘y’ is
the observed maximum corrosion propagation (mm) from the
road test, ‘xn’ represents the parameters used to predict corro-
sion propagation (mm) from lab experiments, and ‘𝛽n’ are the
respective regression coefficients for each ‘xn’.

[53] Various param-
eters [macroscale: polarization resistance, Rp; SECM (number
of SECM maxima, the noise tolerance current and the average
SECM current across the map)] were tested in the MLR model
but only three made significant contributions namely, polarisa-
tion resistance (Rp from bulk corrosion test as x1), number of
hotspot maxima (from SECM Map 2 as x2), and noise tolerance
current (threshold value used on SECM Map 2 to determine the
number of maxima as x3). In addition to being less prone to over-
fitting than other more complex Machine Learning models, an
MLRmodel using parameters with physical meaningsmakes the
model easily interpretable. As it would be expected, a negative 𝛽1
means that the higher the resistance to polarization, the less cor-
rosion propagation is observed. Similarly, a positive 𝛽2, means
that more cathodically active sites correlate with more corrosion
propagation. And finally, the noise tolerance parameter can be
interpreted as an indication of how close together cathodic sites
are. Hence, a negative 𝛽3 would mean that the more cathodic
sites are close together, the more corrosion will propagate. As
shown in Figure 5D and Figure S12 (Supporting Information),
upon using regression coefficients 𝛽1 as −0.00211 (for x1), 𝛽2 as
0.00542 (for x2), and 𝛽3 as −1.66625 (for x3) gives a linear corre-
lation between the observed versus the predicted maximum cor-
rosion propagation (mm) with an R2 value of 0.987 (The sam-
ple AA6111-grinded-Zr was not included in the fitting). This R2

value indicates that the configured MLRmodel has a reliable cor-
rosion prediction capability for corrosion under road conditions
while using only the lab scale SECM and bulk corrosion data,
which takes less than a week versus 2 years for road test data.
This significant reduction in corrosion testing time scale while
providing realistic corrosion predictionwill greatly benefit the au-
tomotive and aerospace industry given their increased reliance on
the lightweight, formable and durable Al alloys. Our methodol-
ogy serves the need for a quick reliable test to guide industries in
their development strategies and choices of alloys as well as con-
version coatings. This study will therefore pave the way for ex-
ploring SECM investigations at industrial R&D scale to pragmat-

ically shortlist Al alloys for specific applications based on their
composition-related corrosion susceptibility in a reasonable time
frame.

3. Conclusion

This study draws a significant number of insights toward alu-
minum corrosion characteristics by studying nine differently
protected Al sample surfaces. These insights were targeted
from various investigative techniques, ranging frommacroscopic
(bulk corrosion) to microscopic (SECM) to real road test mea-
surements. Most importantly, a three-map SECM configuration
(Map 1, Map 2 & Map 3) clearly imaged disentangled topograph-
ical and corrosion reactive hotspots over an unusually large map-
ping area of 1 mm × 1 mm over samples of industry-relevant
surface state (rolled and grinded sheet metal). The relatively qual-
itative comparison of the nine AAxxxx samples from Map 2 was
further analyzed mathematically using the ‘findmaxima2d’ func-
tion coded in Python. This function aided us in estimating the
number of cathodic hotspots as maxima in the SECM map 2.
These sample-specific hotspot information was then compared
with their respective bulk corrosion and more importantly road
test (2 years long) data. The most significant achievement of this
study is the strong correlation that was found between the in-
service corrosion propagation data and the predicted corrosion
propagation (using inputs from bulk corrosion & SECM data).
This correlation means that it is possible to assess whether an
aluminum alloy, surface finish, and conversion coating combina-
tion is at risk to under-film corrosion within a week using SECM
map 2 versus. spending years for road test data. This is exempli-
fied in this study by comparing ZnPh-based coatings, which were
found to be more corrosion resistive than Zr-based coatings for
AA7075-rolled substrates. Therefore, this study proves the prime
role SECM can play in testing coatings for AA surfaces, which
find applicability in a variety of industrial and automotive sec-
tors. Overall, the fundamental understanding addressed by this
study is that in addition to lowmacroscale polarization resistance,
there should also be a high density of closely packed cathodic sites
to explain the macroscale filiform corrosion susceptibility. These
concepts are not limited to only AA surfaces but can be extended
to other industrially importantmetal ormetal alloy surfaces. This
information could potentially help companies or industries to
choose a combination of surfaces and coatings by short-term lab
scale investigations, which will eventually speed up R&D in the
field of Al alloys while saving significant time.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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