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Early stages during localized corrosion of
AA2024 TEM specimens in chloride environment
S. R. K. Malladi,a,b* Q. Xu,b F. D. Tichelaar,b H. W. Zandbergen,b F. Hannour,c

J. M. C. Mold and H. Terryna,d
Localized corrosion in AA2024-T3 specimens was investigated by ex situ transmission electronmicroscopy (TEM) studies to deter-
mine an experimental window for real in situ TEM corrosion studies. In the as-prepared specimens, intermetallic phases leading to
local galvanic couples were classified based on the size and composition. The corrosion behavior of the TEM specimens was inves-
tigated in two kinds of corrosive environments, 1M NaCl and oxygen bubbled through aqueous HCl of pH=3. In the specimens
exposed to a NaCl environment for a duration of 30min, remnant copper-rich particles as a result of de-alloying were observed
and energy filtered TEM (EFTEM) oxygen maps revealed the pitting of the oxide film at grain boundaries. In addition, severe
deposition of NaCl crystals on the specimen surface was detected, making NaCl environment unsuitable for in situ TEM studies.
Exposure to oxygen bubbled through aqueous HCl for durations of 20, 40, and 60min gave insights into different stages of
localized corrosion in this alloy. EFTEM elemental maps confirmed that the remnants formed during the de-alloying were Cu rich,
whereas most of the corroded regions had oxygen-rich corrosion products. The corrosion behavior of the AA2024-T3TEM samples
showed to be in agreement with corrosion of bulk material reported in the literature. Thus, oxygen bubbled through aqueous HCl
is considered a suitable environment for carrying out in situ corrosion experiments in the TEM. Copyright © 2012 John Wiley &
Sons, Ltd.
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Introduction

Localized corrosion is a severe problem in most of the industrial
aluminum alloys.[1] There are several intermetallic precipitates,
dispersoids, and segregated regions such as precipitate free
zones, which exhibit distinctly different electrochemical charac-
teristics compared with the surrounding microstructure and
affect the corrosion behavior of these alloys.[2] From a localized
corrosion perspective, the dominant feature of alloy microstruc-
tures is the distribution of second-phase particles. For example,
a network of second-phase particles at grain boundaries can lead
to intergranular corrosion.[3] Extensive studies have been carried
out to understand the initiation of localized corrosion at various
precipitates in model aluminum alloys[4–8] as well as in com-
mercial aluminum alloys[9–18] using electrochemical methods
and surface analysis techniques. From these studies, it has
been well established that the precipitates can broadly be
classified into two types: anodic, which are active as compared
with the matrix; and cathodic, which are more noble as
compared with the matrix. When the precipitates are more
noble than the matrix, a circumferential attack is observed in
the matrix. On the other hand, when the precipitate is active
with respect to the matrix, selective dissolution of the intermetallic
particle itself occurs.

Localized corrosion in AA2024 has been thoroughly investi-
gated and it is understood that the matrix as well as the eight
intermetallic phases contribute to the complicated nature of
localized corrosion in this alloy.[3] The anodic precipitates (Al2CuMg,
AlCuMg, Al5Mg2Cu6 types) are the most significant ones at which
a localized corrosive attack can initiate.[19] The initiation of corrosive
Surf. Interface Anal. 2013, 45, 1619–1625
attack is favored in the presence of active species such as chloride
ions. Recent studies[9,10] on the corrosion behavior of AA2024
in chloride media have shown that the localized attack progresses
in the following sequence: Firstly, a progressive attack on the
anodic-type S-phase occurs, which undergoes de-alloying. This is
followed by a circumferential attack around Cu-Fe-Mn-rich
cathodic-type phases, also called trenching. Most of the earlier
studies gave an indication of the behavior of intermetallic particles,
which are a few microns in size, analyzed over a relatively large
area. For the study of the corrosion behavior on the nanoscale at
precipitates and interfaces, transmission electron microscopy
(TEM) has proven to be an effective tool.[6,7] TEM has been used
extensively to characterize the intermetallic precipitates, distribu-
tion of these precipitates, to identify and analyze the elemental
depletion profiles across grain boundaries and precipitates before
and after exposure to corrosive environments.[15,20–23]
Copyright © 2012 John Wiley & Sons, Ltd.
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The present work focuses on understanding the corrosion
at grain boundaries and interfaces in AA2024-T3 by ex situ
experiments as a preliminary step to in situ TEM corrosion studies
using a Microelectromechanical systems (MEMS) based nanor-
eactor.[24,25] The nanoreactor consists of two facing dies made
with thin-film technology on a silicon substrate. A Pt wire is em-
bedded in the bottom die of the nanoreactor to allow localized
resistive heating. When assembled together with the top die, it
is possible to study the gas–material interactions from room
temperature to 700 �C and pressures as high as 4.5 bar. The
nanoreactor is introduced into the TEM using a specially
designed specimen holder.[24,25] The current study focuses on
determining an experimental window for real in situ TEM corro-
sion studies by investigating the compositional variations of
aluminum alloys when exposed to chloride media for different
time intervals. For this, analytical TEM techniques such as local
Energy Dispersive Spectroscopy of X-rays (EDX), Electron Energy
Loss Spectroscopy (EELS) and Energy filtered TEM (EFTEM) for
elemental mapping with 1-nm spatial resolution by selectively
imaging with electrons that have energies around specific ioniza-
tion edges were used.[26]
Figure 1. (a) BF-TEM image from a region containing a triple-junction and
different kinds of intermetallic precipitates in an un-corroded AA2024-T3
specimen; energy dispersive spectroscopy of x-rays spot pattern obtained
from (b) θ-phase (CuAl2) intermetallic marked ‘b’ in Fig. 1a; (c) (Fe,Mn)XSi
(Al,Cu)Y-type precipitate, marked ‘c’ in Fig. 1a, respectively.
Experimental

Specimen preparation

Commercial AA2024-T3 was used for the present study, with
a nominal composition (in weight %) of 3.8–4.9 Cu, 1.2–1.8Mg,
0.3–0.9 Mn, 0.5 Si and Fe, and minute quantities of Cr, Zr, and Ti.
The as-received samples were strips of thickness 0.8mm, which
were mechanically polished to a final thickness of 100mm. Circular
discs of 3mm diameter were punched from the foil, and specimens
for TEM investigation were prepared by electrochemical twinjet
polishing using a Struers Tenupol 3 setup. The electrolyte used
was a mixture of nitric acid (HNO3, 69%, Sigma Aldrich, ACS Grade)
and methanol (CH3OH, ≥99.5%, Sigma Aldrich, ACS Grade) in
1 : 3 ratio.

Corrosion experiments

The ex situ corrosion experiments were carried out by exposing the
TEM specimens to two kinds of corrosive environments: 1M NaCl
solution (99.8%, VWR chemicals, diluted to 1M concentration in
de-ionized water) and oxygen (25% O2+75% Ar) bubbled through
aqueous HCl of pH=3. One specimen was immersed in 1M NaCl
solution for a duration of 30min, whereas three pairs of specimens
were exposed to oxygen bubbled through aqueous HCl of pH=3
for 20, 40, and 60min, respectively.

Transmission electron microscopy investigations

The TEM investigations were carried out using an FEI Tecnai
F20ST/STEM microscope (200 kV), equipped with a high resolu-
tion Gatan Imaging Filter for EELS and EFTEM studies. Imaging
was carried out in bright-field (BF) and high angle annular dark-
field (HAADF) in STEM mode. A weak diffracting orientation of
the sample was chosen to avoid strong dislocation contrast and
to highlight the contrast of grain boundary precipitates. Some
areas of interest around grain boundaries and precipitates
were identified, and the corresponding EDX, EEL spectra, and
EFTEM elemental maps were obtained before and after exposing
the specimen to the NaCl environment. In case of exposure to
wileyonlinelibrary.com/journal/sia Copyright © 2012 John
aqueous HCl, TEM investigations were carried out on post-
corroded specimens. The EFTEM elemental maps were obtained
xfrom a 20 eV slit around the oxygen K-edge (532 eV) for 20 s ex-
posure and from a 30 eV slit around the Cu-L2,3-edge (931 eV) for
40 s exposure, respectively. The background signal is subtracted
for each map.
Results

Unexposed specimens

Figure 1a shows a BF-TEM image obtained from a region containing
a grain boundary (GB) triple-junction in an un-corroded AA2024-T3
specimen. The specimen has a large number of intermetallic
precipitates, the dark plate-like features with a size ranging from
50–200nm, inclined approximately 30� to the left with the
Wiley & Sons, Ltd. Surf. Interface Anal. 2013, 45, 1619–1625
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vertical and inclusions. Compositions of these precipitates were
determined using EDX and were classified based on the size
and composition into the following three categories: (i) large
intermetallics with sizes typically in the range of 0.5–2 mm; some
of the large inclusions (~1-2 mm) were enriched with Fe, Mn,
and Si, whereas most of the intermetallics of the order of 0.5
(�0.1) mm were identified as the θ-phase (CuAl2) precipitates.
The inclusion marked ‘b’ in Fig. 1a was identified as θ-phase,
CuAl2, the corresponding EDX spectrum is shown in Fig. 1b.
The large intermetallic inclusions were found at the grain bound-
aries. (ii) GB precipitates in the size range of 50 (�10) nm with
nearly circular shape as indicated by the arrow in Fig. 1a; these
near circular-shaped GB precipitates were enriched with Cu
and Mg, suggesting anodic S-phase-type compositions. The
compositions were measured as (atom %) 90% Al, 6–7% Cu, 2%
Mg, and less than 1% Mn, Si, previously identified as Al10(Cu,
Mg)-type precipitates by Boag et al.[3] (iii) Rod-shaped precipi-
tates in the matrix; the width of these precipitates was around
50 (�10) nm, whereas the length varied from 80 to 300 nm.
These precipitates were enriched with Al, Cu, and Mn,
whereas a few of them also contained Fe and Si, identified
as (Fe,Mn)XSi(Al,Cu)Y-type precipitates.[23] Figure 1c shows
the EDX spectrum obtained from a rod-shaped matrix precip-
itate marked ‘c’in the Fig. 1a, which showed a composition
close to the Al20Cu2Mn3-type precipitate.
Figure 2. (a) BF-TEM image from a specimen immersed in 1M NaCl for 30min
image from another region of the same specimen, the arrow on the top indicate
surface attack, and (c) is the corresponding EFTEM oxygenmap revealing the enr
a depletion in oxygen content along the grain boundary; The rectangular regio
depletion more evident. (d) BF-TEM image and (e) corresponding EDX spectr
is due to contamination during imaging or spectral acquisition; (f) an area co
image.

Surf. Interface Anal. 2013, 45, 1619–1625 Copyright © 2012 Joh
Specimens exposed to 1M NaCl for 30min

After immersion in the NaCl solution for 30min, the TEM
specimens were rinsed in de-ionized water and methanol
before TEM investigation. Figure 2a shows a region close to a
hole and deposits of a large number of dark nodular particles,
indicated by arrows, ranging from a size of 10–125 (�10) nm.
EDS confirmed that these particles were Cu-rich remnant
particles because of de-alloying. Figure 2b shows the BF-TEM
image from another region of the same specimen containing a
GB, indicated by the top left arrow. In the high intensity areas
of the matrix (in between the bending contour), some slightly
darker spots can be observed, as indicated for example by the
arrow at the bottom. The EFTEM elemental map of the same
region, Fig. 2c, using the O K-edge, revealed at these spots an
enrichment of oxygen on the sample surface, indicating the
surface has been attacked in the NaCl environment. In addition,
depletion in oxygen content was observed at the GB, indicated
by the top arrow in Fig. 2c. This depletion is consistent with
pitting due to chloride ions.[1] At this location, Cl was not
detected by EDX but the precipitate in the centre of Fig. 2d,
revealed a weak Cl peak, Fig. 2e. Fig. 2f shows another region
from the same specimen covered with NaCl crystal deposit,
indicated by the arrow. Before exposing the specimen to the
NaCl environment, EDX and EELS spectra were obtained from a
, the arrows indicate Cu-rich remnant particles after de-alloying; (b) BF-TEM
s a grain boundary and the arrow close to the hole on the bottom shows the
ichment of the attacked areas with oxygenwhile the arrow on the top shows
n shows an area where the contrast has been adjusted to make the oxide
um reveal the chloride attack at a grain boundary precipitate, the C peak
vered with thick NaCl crystals, indicated by an arrow, make it difficult to

n Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia
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grain on the right, below the NaCl deposit. However, this grain
was detached after exposure to the corrosive environment.
Although exposure to the NaCl environment showed localized
corrosion behavior of the alloy in TEM samples, it is quite
challenging as the selected region of interest either dissolves
on immersion or is covered with salt deposits, which make it
difficult to image in the TEM. To minimize the specimen
contamination due to the corrosive solution, it was decided to
expose the specimens to oxygen gas bubbled through aqueous
HCl of pH= 3.
Specimens exposed to aq. HCl for 20min

Figure 3 shows BF-TEM and corresponding STEM-HAADF images
from a specimen exposed to oxygen bubbled through aqueous
HCl for 20min. The locations marked by arrows in Fig. 3a have
a higher intensity than the neighboring region in the BF-TEM
image, suggesting that the material has been removed in the
corrosive environment. This is confirmed by the STEM-HAADF
image, Fig. 3b, which shows less intensity at these locations
compared with the matrix, consistent with the material being
removed from former GB precipitates and residue left behind.
This phenomenon was interpreted as the formation of pits by
the removal of GB precipitates during the exposure to the
corrosive environment. The shape of the top and bottom pits
Figure 3. (a) BF-TEM image and the corresponding (b) DF- STEM images from
a duration of 20min; the pits formed due to the removal of GB precipitates a
attack that progresses in to the matrix close to the grain boundary. From
corresponding EFTEM oxygen map (d) shows that the pit created by remov
of an oxygen-rich corrosion product inside the pit.

wileyonlinelibrary.com/journal/sia Copyright © 2012 John
(locations of former GB precipitates) is the same as the anodic
CuXAlYMgZ-type precipitates observed in unexposed specimens,
Fig. 1a. The differently shaped pit in the middle is adjacent to
a ~400 nm darker spot, encircled in Fig. 3b, which is consistent
with a peripheral corrosion attack around a (Fe,Mn)XSi(Al,Cu)Y or
Al20Cu2Mn3-type cathodic precipitate. Another region from the
same specimen where a GB precipitate was removed is shown
in Fig.3c. An oxygen enrichment inside the pit was observed from
EFTEM elemental mapping from the O K-edge, Fig. 3d. This was
interpreted as the formation of oxygen-rich corrosion products
in the pit. As there were no noticeable remnant clusters at this
stage, it was not possible to obtain EFTEM copper maps.
Specimens exposed to aq. HCl for 40min

When the specimens were exposed to the corrosive environment
of oxygen bubbled through aqueous HCl of pH= 3 for 40min,
two main features were observed: (i) severe corrosive attack at
the grain boundaries leading to the formation of a gap at the
location of grain boundaries and (ii) deposits of dark nodular
features, identified as Cu-rich remnants, at several locations on
the specimen surface. BF TEM images and the corresponding
EFTEM elemental maps from the O K-edge and the Cu L2,3-edge
obtained from two such regions are shown in Fig. 4. Figure 4a
shows the BF TEM image from a region containing a gap formed
a specimen exposed to oxygen bubbled through aq. HCl environment for
re indicated by the arrows, and the encircled region shows the corrosion
another region in the same specimen: the BF-TEM image in (c) and the
al of a GB precipitate is enriched with oxygen, suggesting the formation

Wiley & Sons, Ltd. Surf. Interface Anal. 2013, 45, 1619–1625



Figure 4. BF-TEM and the corresponding EFTEM elemental maps using the O K-edge and the Cu L2,3-edge from a specimen exposed to the corrosive
aqueous HCl environment for a duration of 40min indicate (a–c) intergranular attack and oxygen enrichment of the attacked regions, whereas the dark
nodular features deposited on the surface of the specimen are Cu-rich remnant particles as a result of de-alloying; (d–f) from another region of the same
specimen, pit formed by the removal of ~1.5mm-sized intermetallic particle shows an enrichment of oxygen in the pit, whereas the dark deposits correspond
to Cu-rich remnants as a result of de-alloying.

Early stages during localized corr. of AA2024 TEM specimens in Cl env
because of the removal of material by corrosive attack. When the
specimen was tilted, the independent variations in contrast on
the either side of the gap show that the gap is a former GB. From
the contrast variation in the BF-TEM image, location marked ‘1’, it
appears that the corrosive attack initiated at the GB and has
spread into the neighboring matrix regions. EFTEM oxygen maps,
Fig. 4b, reveal that the attacked regions shown by the higher
intensity on both sides of the former GB in Fig. 4a were indeed
enriched with oxygen. The dark nodular features, marked by
the arrow in Fig. 4a, ~20 nm close to the crack, and the ones at
location 2 (~80 nm) were identified with EFTEM, Fig. 4c, as Cu-rich
particles. This is consistent with the formation of Cu-rich remnant
particles because of de-alloying. Another region from the
same specimen, Fig. 4d, shows a circular area that contained
a ~1.5-mm inclusion prior to corrosion. Dark deposits were
observed at the edge of the pit. At another location, pit formed
by the removal of precipitate of length ~0.5 mm is also observed.
EFTEM maps reveal that the pits were enriched with oxygen,
Fig. 4e, whereas the deposits were Cu-rich remnants as a result
of de-alloying.
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Specimens exposed to aq. HCl for 60min

For prolonged exposures (60min) to the corrosive environment,
it was observed that most matrix precipitates were removed,
as indicated by the lighter intensity in the BF TEM image shown
in Fig. 5a and 5b. The EFTEM elemental maps for oxygen confirm
that the pits formed after the removal of precipitates are
enriched with oxygen and the tiny ~30 (�10) nm nodular
features sticking to the edge of the specimen are Cu-rich
Surf. Interface Anal. 2013, 45, 1619–1625 Copyright © 2012 Joh
remnant particles after de-alloying. However, the amount of
copper clusters seemed to be lower than at the 40min condition.
This could be due to the reason that on prolonged exposure, the
corrosion attack is severe because of the Cu-redistribution [12–14]

resulting in the detachment of the attacked grains as well as the
remnant Cu-rich particles.
Discussion

From the specimens exposed to the NaCl environment, it is
evident that there is a formation of Cu-rich remnant particles
because of de-alloying, as well as an attack at the GB by chloride
ions. The oxygen depletion along the GB from the EFTEM oxygen
map, Fig. 2c, and Cl signal from the EDX spectrum at a GB precip-
itate, Fig. 2e supports this observation. However, considerable
deposition of NaCl crystals on the region of interest made it
difficult to analyze the post-corroded specimens. To avoid the
formation of NaCl crystals, the specimens were exposed to
oxygen bubbled through aqueous HCl of pH= 3, making it
possible to follow the progress of localized corrosion. After
20min exposure, Fig. 3, pits were formed at the location of
former GB precipitates, whereas a few of the matrix precipitates
are removed. Increased exposure to the corrosive environment,
40min, resulted in intergranular corrosion, as observed from
the BF-TEM image, Fig. 4a, and the corrosion attack progresses
to the neighboring matrix, region 1 in Fig. 4a. EFTEM maps
showed that the attacked regions were enriched with
oxygen, whereas the dark deposits throughout the specimen
were Cu-rich remnants because of de-alloying. On prolonged
n Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia
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Figure 5. (a), (b) BF-TEM images from two specimen areas after prolonged exposures of 60min to aqueous HCl: note the local higher intensity due to
the removal of matrix precipitates; (c–d) are the EFTEM elemental maps for oxygen and copper corresponding to the region shown in Fig. 5b.
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exposure for 60min to the reactive environment, most of the
matrix precipitates are removed.
The local corrosion attack mechanisms observed here on thin

TEM samples are well in agreement with the recent observations
from ex situ corrosion studies carried out using scanning electron
microscopy on AA2024-T3 in chloride media[9,10] and the existing
models[13,19] in the literature that demonstrate the initiation of
localized corrosion attack at intermetallic particles. Depending
on whether the intermetallic particles are anodic or cathodic,
the corrosion attack initiates by de-alloying of the anodic precip-
itate or by peripheral trenching around the cathodic-type precipi-
tates. Once the attack initiates, depending on the distribution of
the precipitates, the attack propagates further by cooperative
corrosion.[9,10] When there is a network of precipitates at the
grain boundaries, the corrosion attack propagates further by an
intergranular attack.
As these observations are made from different exposure times

in different specimens, it is difficult to predict the exact moment
of initiation of the corrosive attack. Furthermore, when several
morphological changes are observed at any given instance, such
as the removal of GB precipitates, attack at the GB as well as
attack in the neighboring matrix, it is difficult to predict the exact
sequence in which these morphological changes have happened.
In such cases, dynamic observation of morphological changes
while the specimen is interacting with the corrosive environment
is expected to yield new insights. These studies show that oxygen
bubbled through aqueous HCl serves as a good environment
to visualize the important stages of localized corrosion on a
nanoscale in situ inside the TEM without interfering with the
wileyonlinelibrary.com/journal/sia Copyright © 2012 John
imaging process. Quasi in situ corrosion studies, where the
same specimen area is monitored by TEM after exposing repeat-
edly to the corrosive environment outside the microscope,
demonstrated the de-alloying of a single ~200 nm-sized interme-
tallic particle. From the EELS Cu L2,3-edge, it was concluded that
copper transforms from a bound state in this precipitate to
elemental copper.[27] Initial in situ corrosion experiments with a
corrosive gas in a nanoreactor show that it is possible to investi-
gate the dynamic gas/liquid–metal interactions inside the TEM
and further studies are in progress.

Conclusions

In the AA2024-T3 specimens used for the present study, three kinds
of intermetallics were identified and classified based on the size
ranges, composition and location.[18–20] On exposing these speci-
mens to a NaCl solution, de-alloying as well as attack at grain bound-
aries was observed. Deposition of NaCl crystals on the alloy surface
made it impossible to analyze the most corroded areas. Exposure
to oxygen bubbled through aqueous HCl of pH=3 for three different
time durations revealed the following stages of localized corrosion, in
accordance with the existing models from the literature.

1. After 20min exposure, the pit formation at GB precipitates
was observed.

2. After 40min, the corrosion attack progressed from grain bound-
aries, causing intergranular corrosion, to the neighboring matrix
region along with the deposition of Cu-rich remnant particles.

3. After 60min, most matrix precipitates were attacked.
Wiley & Sons, Ltd. Surf. Interface Anal. 2013, 45, 1619–1625
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4. EFTEM maps reveal that the remnant particles were enriched
in Cu, whereas the pits formed by removal of precipitates
were enriched with oxygen.

These observations of corrosion of AA-2024 T3 TEM samples
are in agreement with those reported in the literature on bulk
material of this alloy. Despite the fact that these observations
were made at different intervals, it is difficult to predict the exact
moment when the attack initiates at the nanoscale. In situ TEM
experiments are expected to give insights into the initiation as well
as the propagation of corrosion. The results presented demonstrate
that by oxygen bubbled through aqueous HCl serves as a good
electrolyte for in situ corrosion studies on TEM samples.
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