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1. Introduction

The aluminum alloy AA2024-T3 is an important material for aero-
space applications due to its high strength-to-weight ratio. The
alloy constituents Cu, Fe, Mn, and Mg result in microstructural
heterogeneity by formation of intermetallic particles (IMPs),
thereby improving the mechanical properties significantly.[1]

However, compositional differences of the
IMPs (IMPs) and the resulting differences
in their nobility lead to a high susceptibility
to galvanic corrosion.[2] Buchheit et al. deter-
mined the corrosion potential of different
intermetallic phases on Al-alloy model bulk
samples using standard electrochemical
techniques.[2c] The measured corrosion
potentials were representative of the behav-
ior of IMPs and provided important infor-
mation for the understanding of their
galvanic role relative to the Al matrix.
Furthermore, Buchheit et al.[2a] reported
that 60% of the IMPs were S-phase
(Al2CuMg), and the rest were AlCuFeMn
IMPs with a range of compositions includ-
ing Al7CuFe2,Al6MnFe2, (Al,Cu)6Mn, and a
number of undetermined compositions in
the class Al6(Cu,Fe,Mn). The role of IMPs
on the corrosion behavior of uncoated
AA2024-T3 in aqueous solutions containing
aggressive chemical species such as chlo-
ride-containing media is well documented
in the literature.[2e,3] The application of

high-resolution techniques aiming at a better mechanistic under-
standing of the localized corrosion activity on AA2024-T3 on the
nanometer scale is demonstrated by many research groups.[2d,4]

Atomic force microscopy (AFM) is one of the most prevailing
methods for in situ analysis of morphological changes during
electrochemical processes in aqueous environments. This tech-
nique provided considerable understanding of the corrosion
behavior of AA2024-T3. Leblanc and Frankel developed a micro-
masking method, which allowed the investigation of microstruc-
tural elements at a smaller scale than 2� 2 μm. Their results
demonstrated that the noble Al�Cu�(Fe, Mn) inclusions have
a cathodic character initiating pitting corrosion when large elec-
trode areas are exposed to an electrolyte. However, as the area
ratio of these particles to its surrounding increases, and the
mechanism of pitting corrosion changes from the dissolution
of the S-phase particles to an attack of the Al matrix. If the micro-
masked area contains only the Al�Cu�(Fe, Mn) IMPs, the cor-
rosive attack is observed.[5] Recent studies by means of
transmission electron microscopy (TEM) contributed signifi-
cantly to our understanding of the different IMPs’ role on the
corrosion initiation on the bare AA2024-T3 surface.[2d,4e�g]

The main consensus of these studies is that the dealloying of
various IMPs is the key factor controlling the localized corrosive
attack and the kinetics of selective dissolution/redistribution of
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The application of characterization methods with high spatial resolution to the
analysis of buried coating/metal interfaces requires the design and use of model
systems. Herein, an epoxy-like thin film is used as a model coating resembling
the epoxy-based coatings and adhesives widely used in technical applications.
Spin coating is used for the deposition of a 30 nm-thin bilayer (BL) composed of
poly-(ethylenimine) (PEI) and poly[(o-cresyl glycidyl ether)-co-formaldehyde]
(CNER). Fourier-transform infrared spectroscopy (FTIR) results confirm that the
exposure of coated AA2024-T3 (AA) samples to the corrosive electrolyte solution
does not cause the degradation of the polymer layer. In situ atomic force
microscopy (AFM) studies are performed to monitor local corrosion processes at
the buried interface of the epoxy-like film and the AA2024-T3 aluminum alloy
surface in an aqueous electrolyte solution. Hydrogen evolution due to the
reduction of water as the cathodic corrosion reaction leads to local blister for-
mation. Based on the results of the complementary energy-dispersive X-ray
spectroscopy (EDX) analysis performed at the same region of interest, most of the
hydrogen evolved originates at the vicinity of Mg-containing intermetallic
particles.
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IMP constituents, as well as the microstructural characteristics of
the IMPs also play a major role. Moreover, inhomogeneities
within the IMPs as well as the interfaces between IMPs and
the surrounding matrix result in galvanic coupling effects at
the nano- or even atomic scale.[4e,g] It is reported by Wang
et al. that S-phase IMPs containing Al20Cu2Mn3 inclusions show
much higher anodic activity than those free of such dispersoids
in experiments on bare aluminum alloy surfaces.[4f] Wang et al.
reported that the S-phase particle and the Al20Cu2Mn3 disper-
soids take the anodic role and are supported by the surrounding
matrix as the cathode. In their liquid-phase TEM (LP-TEM) study,
Kosari et al. investigated in situ the dissolution of the S-phase
IMPs on a bare AA2024-T3 substrate in a 0.01 M NaCl electrolyte.
The kinetics of trench formation and Cu dealloying were
observed at a very early stage at around 19 and 21min,
respectively.

When the alloy surface is coated with an organic film during
exposure to a corrosive electrolyte, the characteristics of the local
corrosive environment in the buried interface and the resulting
corrosion mechanisms differ drastically from the scenario of the
bare alloy surface. The application of analytical tools with high
spatial or spectral resolution requires a careful design of model
systems.[6] A unique advantage of AFM is that, when operated in
the scanning Kelvin probe force microscopy (SKPFM) mode,
it can provide information from buried polymer/metal interfaces
to visualize corrosion-induced delamination processes at
polymer-coated metal surfaces with a high spatial resolu-
tion.[6a,b,7] Even though it was demonstrated that filiform corro-
sion can still be monitored under a 500 nm-thick polymer film,[7]

ideally, the applied coating has to have a smooth surface and a
film thickness below 100 nm to guarantee a high spatial resolu-
tion and a potential signal free of topography-induced arti-
facts.[6a,8] In their pioneering work, Senoz and Rohwerder
clearly demonstrated that the IMPs at the immediate vicinity
of the active head determine the progress of filiform corrosion.[6a]

They reported that the anodic head of the filigree pulls down the
electrode potential at the intact interface, also for cathodic IMPs,
which can lead to cathodic delamination. The resulting pressure
build-up in the active head is reported to trigger an abrupt coating
delamination and the progress of the active head to a new posi-
tion.[6a] In a further study, Senoz et al. refined this observation
and presented the activity of the IMPs at the vicinity of the fili-
form head as the main factor determining the filiform growth.[7]

In this study, model thin films mimicking the technical
epoxy�amine systems were used to investigate the local corro-
sion processes during immersion conditions in a 0.1 M solidum
perchlorate electrolyte. Using ex situ correlative energy-
dispersive X-ray spectroscopy (EDX) analysis, we were able to
locate the hydrogen evolution at the buried interface, which
may play an important role in the detachment of the organic
coating during the delamination processes.

2. Results and Discussion

2.1. Corrosion of Bare AA2024-T3

In situ AFM corrosion experiments on bare substrates were per-
formed in a 0.1 M NaClO4 electrolyte solution for a duration of

4 h. In Figure 1, the AFM topography image and the Volta poten-
tial map of an AA sample before and after the in situ AFM cor-
rosion experiment are presented. The raised features seen in the
topography image (Figure 1a, left) are associated with IMPs.
These particles were clearly identified by the Volta potential
map (Figure 1a, right). Particles labeled B showed the highest
Volta potential and can be ascribed as AlCuFeMn-containing par-
ticles, while the particle labeled A was identified as S-phase
(Al2CuMg) particle due to its lower potential.

Due to the low nobility and high reactivity of Mg, particle A
immediately started to dissolve when it came in contact with the
electrolyte solution (Figure 1b, left). Fe-containing particles
remained inside the Al matrix. These particles exhibited a low
tendency to dissolve in electrolyte due to their high nobility.
In comparison with the fast dissolution activities associated with
Mg-rich particles,[2d] there were only little changes observed in
the topography of the Fe-containing particles B, while the
SKPFMmeasurements revealed a decrease in the Volta potential
difference between the Fe-containing particles and the Al matrix
(Figure 1b, right). This was comparable with the results obtained
on coated AA samples. However, Mg-containing particle A shows
a clearly higher potential than before corrosion. This can be
explained by the preferential dissolution of Mg, which led to
enrichment of copper and caused oxide coverage around the
attack region, causing the increase in Volta potential after
corrosion.

Figure 2 presents the SEM image and the corresponding EDX
elemental maps acquired at the same area as the AFM topogra-
phy image in Figure 1b on bare AA after corrosion in 0.1 M

NaClO4 electrolyte solution over 4 h. The EDX maps indicate
the presence of b) C, c) O, d) Fe, e) Cu, f ) Mn, g) Al, and
h) Mg. The SEM images confirmed the formation of small pits.
The undissolved particles labeled B contained Fe, Cu, and Mn.
The particle labeled A was assigned as S-phase particle. EDX
analysis confirmed the enrichment of copper and formation of
copper oxide during the corrosion of the S-phase particle
(Figure 2c,e). It has to be noted that, in the absence of a coating,
it can never be avoided that soluble corrosion products are rinsed
from the surface during sample preparation for electron
microscopy.

2.2. Corrosion of AA2024-T3 Coated with a Thin Epoxy-like
Polymer Film

The spin-coating technique was used for the deposition of a
30 nm-thin bilayer (BL) consisting of a poly-(ethylenimine)
(PEI) on the top of the AA2024-T3 aluminum alloy (AA) sample
and a final poly[(o-cresyl glycidyl ether)-co-formaldehyde] (CNER)
layer. This sample is denoted as (CNER/PEI)1/AA. The prepara-
tion and full characterization of the model film system has been
presented and discussed in a previous publication.[9] The topo-
graphical image of the coated sample before the corrosion test
is presented in Figure 3a. IMPs protrude from the polished sam-
ple surface, as they possess a higher hardness and thus a lower
polishing rate relative to the matrix. After the deposition of the
epoxy-amine BL film, the AFM characterization of the topogra-
phy indicated a smooth and homogeneous film structure in the
surrounding Al matrix. In the SKPFM profiles, the IMPs can be
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visualized clearly under the 30 nm thin film. Due to the higher
(nobler) Volta potential of the IMPs relative to the Al matrix
(Figure 3b), they are expected to act as the initiation sites for local-
ized corrosion. Particles labeled C and D can be ascribed as

AlCuFeMn-containing particles due the high Volta potential in
comparison with particles labeled E, which were identified as
Mg-rich S-phase particles (Al2CuMg) and exhibit a lower poten-
tial than IMPs C and D. This assignment was also confirmed by

Figure 1. AFM topography (left) image and Volta potential map (right) of a bare AA sample a) before and b) after the corrosion experiment in 0.1 M

NaClO4 electrolyte solution.

Figure 2. a) SEM image recorded in the SE mode and the corresponding EDX analysis showing the presence of b) C, c) O, d) Fe, e) Cu, f ) Mn, g) Al, and
h) Mg of the same area characterized by AFM.
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EDX studies discussed later (Figure 7) and is in good agreement
with the SKPFM results published by Schmutz and Frankel.[4d]

Their study pointed out that the noble nature of Mg-rich particle
was caused by the altered surface oxide layer, which is formed on
the particles during the polishing procedure in aqueous and even
in nonaqueous solutions.

In situ AFM measurements allowed real-time monitoring of
the corrosion process at the polymer-coated AA sample in a 0.1 M

NaClO4 electrolyte solution. For in situ imaging, it was necessary
to work in the QI mode to minimize tip�sample interactions and
avoid tip and sample damage. Figure 4a shows the topography of
(CNER/PEI)1/AA after an immersion time of 7 h. The corre-
sponding section profile in Figure 4b illustrates the growth of
a blister in height and diameter as a function of time.
Blistering can be initiated by the permeation of aqueous electro-
lyte and oxygen underneath the coating. The cathodic water
reduction produces H2 gas and OH� ions, the former leading
to pressure build-up and the latter to weakening of adhesive
bonds at the polymer/metal interface.

It was evident that blistering immediately started when the
coating was brought to contact with the electrolyte (Figure 4b,
0min). The blister that was selected as an example was identified
with 1.40 μm maximum height in the AFM topography image
recorded directly after adding the electrolyte solution. The height
increased after 230min to 1.95 μm. However, the growth of the
blister slowed down, as can been seen from the cross section
recorded after 484min, where the height of the blister was deter-
mined as 2.08 μm. The collection of the in situ AFM topography
profiles during the corrosion process enabled the analysis of the
blister form during growth. The evolution of the blister volume
and the surface area of the blister base is presented in Figure 4c.
After an initial growth phase, the blister base surface area stag-
nated, while the volume showed a slow increase. In the final
phase, both the spreading of the blister at the interface and
an increase of the blister volume occurred, probably due to
the OH�-induced interface degradation and further pressure
build-up in the blister.

The subsequent characterization using the QI mode has
proved that the polymer layer is free of damage at a large area
of 100� 100 μm (Figure 5a). The IMPs were still easily recogniz-
able in the topography image, whereas SKPFM measurements
revealed a decrease in the Volta potential difference between

the Fe- and Mg-containing particles and the Al matrix
(Figure 5b, C, E). In addition, the overall surface potential
increased after in situ corrosion experiments, which was also
observed on the bare AA sample (Figure 1). These changes might
result due to the localized dissolution of aluminum around the
IMPs and the formation of an aluminum oxide layer.[10] Higher
Volta potentials were determined for adherent corrosion prod-
ucts (Figure 5b, D, spherical agglomerates in the topography).
Mg-containing S-phase particles have shown a different corro-
sion mechanism than observed on bare surfaces (Figure 1).
Without the epoxy-like model coating, these particles dissolved
very quickly. Several authors explained this process by the pref-
erential dissolution of Mg and Al from the S-phase particles
Al�Mg�Cu,[3b,4c,d] which ultimately leads to the enrichment
of copper, in good agreement with our results also to a higher
Volta potential (Figure 1b, right). The polymer-coated surfaces
are apparently protected from the dealloying attack as SKPFM
results showed an unchanged topography and no significant
increase of the Volta potential at the surface of the S-phase par-
ticle relative to the Al matrix (Figure 5a,b, particles labeled E).

Besides the characteristic ring-shaped structure in the topog-
raphy image (Figure 5a), a remaining circular pattern (Figure 5c)
indicated that blisters collapsed upon drying. The fact that the
circular pattern was also recognizable in the Volta potential
map with areas displaying higher potential values (Figure 5d)
indicated the formation of corrosion products inside the blisters.

Fourier-transform infrared spectroscopy (FTIR) measure-
ments have been performed to identify the chemical structure
of the polymer and to examine the degradative impact of the cor-
rosion on the coated aluminum alloy surface. Figure 6 shows the
spectra measured on (CNER/PEI)1/AA directly after preparation
and after the sample was exposed to a 0.1 M NaClO4 electrolyte
solution for 7 h. The FTIR spectra of a cured BL on the AA sam-
ple reveal characteristic IR absorption modes for PEI and CNER.
The IR mode at the wavenumber of 3300 cm�1 corresponds to
the N�H stretching vibrations of secondary amines in PEI, while
the absorption mode at 1675 cm�1 appeared after the curing pro-
cess and could be associated with the C═O stretching vibration of
the primary amide group, which may form due to the interaction
of the primary amines with CO2.

[11] According to literature, PEI
provides a high CO2 adsorption capacity, which can lead to the
formation of amides after heat treatment below 60 �C.[12] The IR

Figure 3. a) AFM topography image and b) Volta potential map recorded on a (CNER/PEI)1/AA sample before performing in situ AFM corrosion studies.
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mode at 1503 and 1475 cm�1 arose due to C—C and C═C
stretching vibrations of the aromatic ring of CNER. FTIR results
after the exposure of the sample to a 0.1 M NaClO4 electrolyte
solution for 7 h indicated the presence of an intact BL as all char-
acteristic peaks for PEI and CNER were unchanged. However,
three pronounced modes appeared (Figure 6, underlined wave-
lengths). The peaks centered at 3448 and 1475 cm�1 indicated

the incorporation of H2O, while the absorption mode at
1108 cm�1 arose due to the formation of corrosion products
(Al�O).

Correlative SEM/EDX analysis was applied to identify the role
of the IMPs in the corrosion processes at the buried interface.
The measurements were performed in the same area which
was investigated by means of in situ AFM measurements.
Figure 7a shows the SEM images collected in the secondary elec-
tron (SE) mode. From the SEM image, it is evident that after 7 h
of immersion, most of the IMPs remained in the matrix with
minor partial dissolution. Furthermore, the ring-like structures
that formed upon collapse of the blisters were also visible in the
SEM images (Figure 7a), which were already observed in the
AFM topography in Figure 5a. Corresponding EDX measure-
ments identified the elemental composition of these structures
as carbon without any indication of enrichment of a certain
metallic component, confirming that these are the collapsed
parts of the film (Figure 7b). By avoiding the dissolution of
the soluble corrosion products into the electrolyte, the presence
of the thin model film resulted in the preservation of the inter-
face state after corrosion and a postassignment of the composi-
tions of the IMPs.

Consequently, EDX mapping identified the largest IMPs
labeled C and F in Figure 7a as mixtures of either (C)
Al�Fe�Mn (Figure 7d,f,g) or (F) Al�Fe�Cu�Mn (Figure 7d–g).
The particles labeled E in Figure 7a are identified as the S-phase
particles (Al�Cu�Mg) (Figure 7e,g,h). Different from results
obtained on bare AA samples, where Mg was selectively dis-
solved from the S-phase particle after 4 h of corrosion, EDX anal-
ysis on coated samples confirmed the presence of Mg within the
S-phase particles even after 7 h of corrosion. The Al content
within the Fe-containing particles also appeared to be higher
than on the uncoated AA sample, which could be explained
by the accumulation of the dissolved corrosion products at the
polymer/metal interface.

The aim of the correlative analysis was to test the correlation
between elemental composition of the surface and the formation
and growth of blisters. Figure 8 shows an overlay of the EDX Mg
map, as well as the in situ AFM images prepared after 1 and 7 h
of corrosion, while a binary image represents the edges (black
lines) of the initial blister shape and size after 1 h exposure time.

It is important to note that most of the blisters formed in the
vicinity of the Mg particles (pink colored) continued to grow dur-
ing the corrosion process, while smaller blisters that were further
away and only located at the surface of the Al matrix did not
change their size significantly.

The use of the model coating has three main effects. First of
all, soluble corrosion products cannot escape into the electrolyte.
Second, blisters can be viewed as local corrosion cells, which are
decoupled from each other in terms of mass transport. This
would mean that a redistribution of IMP constituents, for exam-
ple, Cu redeposition, can only take place within the blister vol-
ume. Last but not least, reduction of water generates OH�

ions. Considering the rapid growth of the blisters, it is expected
that the pH within the blisters will rise immediately. Thus, the
role of the pH in confined volumes deserves further attention.
As the blister formation was only observed in the vicinity of
S-phase particles and on the Al matrix, the discussion of the
pH effect will be focused on Al, Cu, and Mg. The main matrix

Figure 4. AFM topography image acquired during in situ corrosion studies
of the same sample surface, as shown in Figure 3, after a) 1 h in a 0.1 M

NaClO4 solution and b) section profiles illustrating the blister growth after
1 and 7 h of corrosion time. c) The evolution of the blister volume (left
axis) and the surface area of the blister base (right axis).
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component aluminum shows passivity until pH 8.5�9.0 and
may became locally active at higher pH values. Stable copper
oxide (Cu2O) could form with increasing pH, starting around

pH 9.[4e] However, considering that Cu is the most noble constit-
uent of the S-phase IMPs, it is unlikely that Cu will be the driver
of the anodic corrosion reaction. The less-noble and most reactive
alloy constituent, magnesium, is prone to anodic dissolution until
the passivity is reached at pH �11. Moreover, it was reported by
Salleh et al. that the kinetics of hydrogen evolution reaction (HER)
is significantly faster onMg(OH)2 than on the pristine Mg surface
and high pH conditions favoring the growth of Mg(OH)2, also
supporting HER at higher rates.[13] According to Laurent et al.,
the superfluous hydrogen evolution was evident on bare
AA2024-T3 aluminum alloy surfaces during both anodic and
cathodic polarization. Moreover, it was promoted by the presence
of cathodically active alloying elements within the alloy.[14]

Considering that no severe dissolution, dealloying, or trench-
ing was visible on and around the S-phase particles after 7 h of
exposure to the electrolyte, the model films can provide an ade-
quate corrosion protection. As the blister growth rate was signif-
icantly reduced after the initial phase, it is very likely that an
inhibition mechanism exists under these conditions. Such an
inhibition effect would also explain the formation of smaller blis-
ters in the beginning of the in situ experiments, mostly in
regions where no S-phase IMPs are detected and which do
not grow in size at later stages.

Figure 5. a,c) AFM topography images and b,d) Volta potential maps recorded at the surface of (CNER/PEI)1/AA a) after in situ AFM corrosion experi-
ments over 7 h in a 0.1 M NaClO4 electrolyte solution.

Figure 6. FTIR spectra before (black) and after (gray) the in situ AFM cor-
rosion studies at (CNER/PEI)1/AA in a spectral range of 4500�800 cm�1.
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The FTIR data indicate that the peaks related to the model
epoxy-like film did not change after the corrosion experiments.
However, vibrations assigned to aluminum oxides and hydrox-
ides dominate the spectra after the in situ AFM measurement
series. Even though FTIR spectroscopy does not provide spatially
resolved information, the presence of aluminum oxides and
hydroxides could explain the observed inhibition effect. The sur-
face area ratio of the S-phase particle and the matrix could be a
key factor in determining the extent of the pH increase and thus,
whether passivation by deposition of aluminum oxides and
hydroxides would be possible. An early onset of passivation
and the formation of insulating aluminum oxides would also
hinder the HER, undercutting the cathodic corrosion reaction
as well.

Unfortunately, the execution of in situ AFM measurements is
limited to a certain blister height. Therefore, in situ experiments
cannot be prolonged to follow how the blister growth proceeds.
In the different series of measurements, the limit was reached at
around 5�8 h, depending on the distribution of the IMPs at the
measurement area. The clarification of the open questions in this
work, especially related to local pH evolution, would require
novel analytical tools, for example, the pH-responsive model coat-
ings that can report local pH changes.

It is widely accepted that oxygen reduction is the main
cathodic corrosion reaction taking place at the aluminum matrix
and nobler Al�Fe�Cu�Mn or Al�Fe�Mn particles on the
coated AA2024-T3 aluminum alloy surfaces. Our results indicate
that hydrogen reaction at the vicinity of Mg-containing IMPs,
probably catalyzed by Mg(OH)2 formed on such particles, cannot
be overlooked when discussing delamination processes on Mg-
containing aluminum alloys. Given the high adhesion strength
between the polymeric coating and the alloy surface, water
ingress to the interface can lead to blister formation due to
HER and detachment of the polymeric coating, leading to delam-
ination processes.

3. Conclusion

In situ AFM studies were performed to monitor local corrosion
processes at the buried interface between a model epoxy-like thin
film and AA2024-T3 aluminum alloy surface in an aqueous 0.1 M

NaClO4 electrolyte solution. Blister formation was observed in
the initial stage of corrosion on coated AA2024-T3 samples
due to hydrogen evolution. FTIR results confirmed that the expo-
sure of coated AA2024-T3 samples to the corrosive electrolyte
solution does not cause permanent the degradation of the poly-
mer layer, and formation of aluminum oxides and hydroxides as
corrosion products was evident.

The SKPFM technique was successfully used to identify the
IMPs under the 30 nm-thin model film. After in situ corrosion
experiments, a decreased Volta potential difference was observed

Figure 8. Image overlay of the EDX Mg map (Mg components pink col-
ored) and in situ AFM topography after 1 h (binary image representing
only the edges of blisters) and 7 h of corrosion (borderless areas).
*The noble IMPs are yellow colored in the layer of the AFM image.

Figure 7. a) SEM image recorded in the SE mode and the corresponding EDX analysis showing the presence of b) C, c) O, d) Fe, e) Cu, f ) Mn, g) Al, and
h) Mg of the same area characterized by AFM.
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between the Fe- and Mg-containing particles and the Al matrix,
whereas the overall surface potential was significantly increased.
These changes might be associated with the localized dissolution
of aluminum matrix around the IMPs and the formation of alu-
minum oxide/hydroxide.

The correlation between the elemental composition of the alu-
minum alloy and the formation and growth of blisters at the poly-
mer surface was achieved by means of EDX and in situ AFM
studies enabled by the use of the developed thin model organic
film. An overlay of the EDX Mg map, as well as the in situ AFM
images prepared after 1 and 7 h of corrosion, revealed that the
blisters which are growing are located in the vicinity of the
Mg-containing IMPs. Our results indicate that the competing
cathodic corrosion process at Mg-containing IMPs can play an
important role in the degradation of the polymer/alloy interface.

4. Experimental Section

Materials: Rolled aluminum alloy AA2024-T3 (AA) plates with a nominal
composition of 93.5% Al, 4.5% Cu, 1.5% Mg, and 0.5% Mn were pur-
chased from Goodfellow GmbH (Friedberg, Germany). Poly[(o-cresyl gly-
cidyl ether)-co-formaldehyde] (trade name cresol novolac epoxy resin
[CNER], average Mn: �1080 gmol�1) and branched poly-(ethylenimine)
(PEI, average Mw �25 000 gmol�1) were purchased from Sigma
Aldrich (Steinheim, Germany). Ethanol was obtained from Chemsolute
(Berlin, Germany) and NaClO4 from PanReac AppliChem IWT Reagents
(Darmstadt, Germany). Aqueous solutions were prepared using analytical
grade chemicals and deionized water.

Sample Preparation: Alloy specimens of dimensions 20�20� 1.6 mm
were cut from the AA plate. The surface of the AA samples was wet ground
using silicon carbide papers (ATM GmbH, Germany) up to 4000 grit and
further polished with 3 and 1 μm diamond monocrystalline paste
(ATM GmbH, Germany), respectively. After each polishing step, the sam-
ples were rinsed with deionized water. Finally, AA2024-T3 samples were
cleaned in an ultrasonic bath for 5 min in ethanol (98%, Sigma Aldrich,
Germany) and dried in an oxygen stream.

Solutions and Coatings: CNER was dissolved in chloroform, and PEI sol-
utions were prepared in ethanol, both with a total concentration of
0.2% (w/w). The deposition of the CNER and PEI layers was performed
under ambient conditions using SPIN150 wafer spinner (APT GmbH,
Germany). A volume of 400 μL was deposited on the supporting surface.
Afterwards, the sample was accelerated with 1000 rpm s�2 to the desired
rotation speed of 3000 rpm, where it rotated for 40 s. Finally, the samples
were cured at 80 �C for 10min. The optimization of the coating procedure
was described in detail in the study by Almalla et al.[9]

Sample Characterization: In situ corrosion studies were performed by
means of AFM (JPK NanoWizard 4, Bruker Nano GmbH, Berlin,
Germany), operating with an image resolution of 512� 512 pixels. The
in situ images were collected in the quantitative imaging (QI) mode with
pixel times of 6�18ms for each pixel using an Cr-/Pt-coated silicon nitride
cantilever (Multi75-G tip, Budget Sensors, Canada, USA) with a nominal
spring constant of 75 Nm�1. The operating principle of the QI mode is
based on the force spectroscopy imaging mode, where a force distance
curve is recorded at each pixel of the image. Retracting the cantilever from
the sample surface between each pixel movement prevents lateral forces
and allows a better control of vertical forces, which makes this mode very
suitable for investigations of the thin polymer layers and the loosely
attached corrosion products in aqueous environment. Before and after
the in situ corrosion studies, SKPFM was used for characterization of
the topography and the Volta potential of the sample surface under
ambient conditions. SKPFM imaging was performed in the intermittent
mode at a scan frequency of 0.3�0.4 Hz using Cr-/Pt-coated silicon tip
(Tap300-G, Budget Sensors, Canada, USA) with a nominal spring constant
of 40 Nm�1. For the determination of the Volta potential, the tip was lifted

by a predefined height of 50 nm while following the topography profile. To
initiate the cantilever oscillation, an AC voltage of 1 V was applied to the
tip. The detailed operation principles of the SKPFM technique were first
described by Nonnenmacher et al.[15] As no absolute reference was used in
SKPFM analysis, the reported values in this study were potential differen-
ces. As imaging in the intermittent mode proved to be challenging after the
in situ AFM corrosion studies, the QI mode was used to obtain better qual-
ity of the topography profiles. The software JPK Data Processing 6.1.88 was
used for offline analysis of the topography and film thickness. Image flat-
tening was performed with the first-order, least-square polynomial func-
tion, which removes the tilt and the vertical z-offset between line
scans. A VEGA3 TESCAN system equipped with an EDX detector operated
at 20 kV was used to record all the scanning electron microscopy (SEM)
images and EDX data.
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