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a b s t r a c t
A quasi in situ method using a specially developed holder is presented to follow electrochemically
induced microstructural changes on a nanometre scale using analytical transmission electron microscopy
(TEM). By following a speciﬁc specimen area after repeated exposure to oxygen bubbled through aqueous
HCl of pH = 3, de-alloying of a grain-boundary precipitate of 200 nm was observed by monitoring the
changes in the EELS copper L2,3-edge and EFTEM elemental maps. These results, supporting the existing
models of de-alloying of copper rich precipitates in aluminium alloys, demonstrate the effectiveness of
the quasi in situ specimen holder for analytical TEM studies of corrosion.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Aluminium alloys have a complex microstructure comprised of
several intermetallic precipitates and dispersoids which not only
contribute to their enhanced mechanical properties [1,2], but also
make these alloys susceptible to localized corrosion [3]. Extensive
electrochemical studies combined with surface analytical techniques have revealed that the high concentrations of alloying and
impurity elements present in the intermetallic particles make
them exhibit different electrochemical characteristics compared
to the matrix [4–13]. The initial changes consist of a preferential
removal of anodic elements like aluminium and magnesium from
intermetallics, leaving behind copper enriched particles. Due to
the galvanic coupling between the copper-enriched particles and
the surrounding matrix, the initial anodic behaviour changes into
cathodic behaviour and a circumferential attack is observed
around these copper rich clusters [6–8]. This phenomenon has
been well understood on the micron scale, and recent studies in
Al–Cu–Mg model alloys [14,15] and in AA7010 [16] also demonstrate this behaviour at nanoscale intermetallic particles. For the
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copy (TEM) with energy dispersive spectroscopy of X-rays (EDX)
has proven to be a useful tool, as was shown on ultramicrotomed
corroded materials or by comparing TEM samples before and after
electrochemical changes [14–27]. Micron sized Cu-rich remnants
at de-alloyed Al–Cu–Mg particles in AA2024-T3 could be identiﬁed
as elemental Cu with EDX and diffraction [17] or Electron Energy
Loss Spectroscopy (EELS) in TEM [20]. In a recent ex situ TEM corrosion study [28], it was possible to observe different stages from
the initiation of localized corrosion attack at grain-boundary precipitates (GB precipitates) to propagation of the attack to generate
cracks at grain boundaries. Present understanding of the corrosion
mechanisms using TEM was developed based on ex situ corrosion
studies where post-corroded specimens are analysed or the specimen investigated has to be taken out of the TEM specimen holder
before and after exposing to a corrosive environment. In such
cases, ﬁnding back the same area in the specimen can be challenging or even impossible.
The present paper shows an effective technique to follow the
initial stages of electrochemically induced changes of an aluminium alloy surface microstructure by viewing the same location
before and after repeated exposure to a corrosive chloride environment, using a specially designed TEM holder to monitor the
changes quasi in situ. The method adapted here is called ‘‘quasi
in situ’’, because a speciﬁc specimen area monitored by TEM is
exposed repeatedly to the corrosive environment outside the
microscope, as compared to real in situ studies where the specimen
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is continuously exposed to a corrosive environment inside the
microscope. The de-alloying of a 200 nm sized copper rich GB precipitate in AA2024-T3 is studied using TEM imaging, EDX, and
EELS. EELS is used to determine the type of bonding of copper near
the precipitate, and energy ﬁltered TEM (EFTEM) was used to map
the oxygen and copper distribution in the area of interest.
2. Material and methods
The material used for the present study is AA2024-T3, which
contains copper, magnesium and manganese as the major alloying
elements. As-received samples were mechanically polished to a ﬁnal thickness of 100 lm. Circular discs of 3 mm diameter were
punched from the foil and specimens for TEM investigation were
prepared by twin-jet polishing using a Streurs Tenupol 3 setup.
The electrolyte used was a mixture of nitric acid (HNO3) and methanol (CH3OH) in a ratio of 1:3, maintained at 30 °C while a potential of 20 V was applied for electro polishing.
A single specimen was repeatedly exposed to a gas mixture of
oxygen bubbled through aqueous HCl of pH = 3, prepared from
37% HCl of Sigma–Aldrich, ACS grade, in deionized water. The
cumulative exposure times for the specimen at every intermediate
stage were 2, 6, 12, 20, 30, 42, 56 and 86 min, and after each exposure TEM investigations were carried out. The same specimen area
was easily followed by using a double-tilt specimen holder developed in-house, in which a cartridge containing the TEM specimen
is slid in, Fig. 1a. While exposing the specimen to the corrosive
environment, the specimen along with the cartridge is placed in
a cartridge holder and slid into a glass tube with inlet and outlet,
as shown in Fig. 1b. For the present study, oxygen was bubbled
through aqueous HCl of pH = 3 at a constant ﬂow rate of 50 ml/

Fig. 1. (a) Photograph showing the quasi in situ TEM specimen holder developed inhouse; as the TEM specimen is ﬁxed in the cartridge, it is possible to carry out quasi
in situ studies and yet retain the same location as well as the orientation. (b)
Photograph showing part of the experimental setup used for the exposure to
corrosive environments; the cartridge with the specimen is positioned in the
phosphor–bronze cartridge holder and is inserted into the glass tube consisting of
an inlet and an outlet which allows the possibility to ﬂow a reactive gas–vapour
mixture.

min. The TEM investigations were carried out using a FEI Tecnai
F20ST/STEM microscope (200 kV), equipped with a high resolution
Gatan Imaging Filter (GIF) for EELS and EFTEM studies. EDX
spectra, EELS spectra and EFTEM elemental maps were obtained
from the same location before and after exposure to the corrosive
environment. A 20–30 nm beam size was used for EDX and EELS
collection causing some local carbon deposition, visible in Fig. 2a
above numbers ‘‘2’’ and ‘‘3’’. The EELS spectra for the oxygen
K-edge at 532 eV and the copper L2,3-edge at 931 eV were obtained
after each exposure with energy resolution 0.6 eV and energy dispersion 0.1 eV/pixel. The intensity scale was normalized for each
spectrum whilst assuming the same background signal before
and after corrosion, (i.e. the effective thickness is the same). The
EELS data was reﬁned using a low-pass smoothing ﬁlter over a
window of 1 eV. The corresponding EFTEM elemental maps were
obtained from a 20 eV slit around the oxygen K-edge for 20 s exposure and from a 30 eV slit around the copper L2,3-edge for 40 s
exposure respectively. The background signal is subtracted for
each map.

3. Results and discussion
In the present study, we limit our discussion to the initiation of
corrosion attack at a 200 nm size Cu-rich intermetallic particle at
a grain boundary, by monitoring the changes at several intermediate stages quasi in situ. Mainly three kinds of intermetallics were
identiﬁed in the specimen investigated, and these were classiﬁed
based on their sizes and composition [28]. In all precipitates an
enrichment of Mn and Cu with respect to the matrix was detected
with EDX, consistent with the rod shaped Al–Mn–Cu precipitates
reported in the literature [5] while a few of the GB precipitates
were enriched in Mg indicating S-phase type precipitates. One of
the specimen areas containing a grain boundary and several precipitates of which one at the grain boundary was monitored for
changes during the quasi in situ study. At each of the intermediate
stages using the quasi in situ holder, EFTEM maps, EELS and EDX
spectra were obtained and the stages where the signiﬁcant
changes were observed are discussed here. At the intermediate
stages of 2, 6, 12 and 20 min, the EEL spectra and EFTEM elemental
maps for oxygen and copper were quite similar to each other and
therefore only the results obtained after 20 min and 30 min exposure are presented.
The bright-ﬁeld (BF) TEM images and the corresponding EFTEM
elemental maps for oxygen and copper are shown in Fig. 2. The
grain boundary is marked with an arrow in Fig. 2a. The GB precipitate under investigation is located below this arrow. EDX and EEL
spectra were obtained at different stages of exposure to the reactive environment using a 20–30 nm probe, positioned 40 nm
above the numbers in Fig. 2a, d and g respectively.
Before exposing the specimen to the corrosive environment, the
EDX signal from the GB precipitate at location 1 in Fig. 2a showed
an approximate composition of Al 85%, Mn 5%, Cu 9% and Si 1%,
suggesting an Al–Cu–Mn–Si type intermetallic particle [2,18]. The
oxygen EFTEM map, Fig. 2b, shows a lower intensity at the GB precipitate, indicating a depletion of the native protective oxide layer
on the TEM foil surface at this precipitate, making it prone to dealloying when exposed to the corrosive environment. The EFTEM
copper map before exposure, Fig. 2c, has a low signal to noise ratio,
but shows enrichment of copper at the location of the GB precipitate. In addition, some areas around the GB precipitate show some
Cu enrichment, probably caused by back deposition in the electropolishing process during the specimen preparation. After 20 min
exposure to the corrosive environment the BF image, Fig. 2d, and
the EFTEM copper map, Fig. 2f, have not changed much, but the
EFTEM oxygen map, Fig. 2e, shows a brighter intensity (except at
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Fig. 2. At each total time of exposure to the chloride and water rich gas, BF images, oxygen and copper EFTEM maps are shown from the area of interest. In (a) the grain
boundary is indicated by the arrow, and the GB precipitate is numbered as 1. The numbers in the BF images refer to the positions for EELS and EDX measurements. On
comparing the BF images (a, g, h) the only signiﬁcant change is the formation of a nodular feature marked as 4 in (g). Over the location of the GB precipitate 1, the EFTEM
oxygen maps (b, e, h) show a depletion with respect to the surrounding matrix while the overall intensity of the oxygen maps has increased from un-exposed condition to
30 min exposure. The EFTEM copper maps (c, f, i) show that the precipitates are generally enriched with Cu while (i) shows the nodular feature marked as 4 in (g) is enriched
with Cu.

the precipitate) as a result of an increased oxide layer. After 30 min
exposure to the corrosive environment, the most noticeable morphological change, a dark 30 nm nodular feature at the GB precipitate at location 4 in Fig. 2g, was observed. This was identiﬁed as a
copper rich cluster from EDX spectra and the EFTEM elemental
map, Fig. 2i.
A number of EEL spectra, Fig. 3, from speciﬁc locations numbered 1–4 in Fig. 2, reveal more aspects of the structural changes
caused by the exposure to the corrosive environment. The oxygen
EEL spectrum, Fig. 3a, obtained from location 1 on the GB precipitate does not change much with exposure. The copper EEL spectrum obtained from position 1 on the GB precipitate at 0 min,
Fig. 3b, shows a sharp Cu L2,3 peak, a so-called white line, indicating
that Cu 3d states are empty due to alloying [29]. This shows that
before exposing to the corrosive environment, copper is bound to
the other alloying elements in the precipitate. After 20 min and
30 min exposure, this EELS copper L2,3-edge appeared to broaden
and shift slightly to the right as compared to the initial condition
indicating a transformation of copper from a bound state in the
GB precipitate to elemental copper [29,30]. At position 2, in the
matrix next to the GB precipitate, the EELS oxygen K-edge shows
a growth in the oxide layer with exposure time, Fig. 3c. This increase was also observed at matrix position 3, and is consistent
with the EFTEM oxygen map intensity increase in Fig. 2. At position
4 on the GB precipitate, the broad appearance of the strong EELS
copper L2,3-edge, Fig. 3d, conﬁrms that the cluster on the GB precipitate observed in Fig. 2 at 30 min is elemental copper.
The initiation of the electrochemical attack at the GB precipitate
is consistent with the fact that it was located near the surface, as

we expected from the depletion of oxygen content over the precipitate of the surface oxide ﬁlm as observed from the EFTEM oxygen
maps in Fig. 2. The foil thickness near the GB precipitate was determined as 72(±8) nm from the projected grain-boundary width in a
BF tilt series while the length and the width of the GB precipitate
were measured as 270(±1) nm and 125(±1) nm respectively. Stereo
high angle annular dark ﬁeld (HAADF) images in scanning transmission electron microscopy (STEM) mode taken under different
tilts of the precipitate (Fig. 4a for one tilt), and the dimensions of
the precipitate compared to the foil thickness indicate that this
precipitate is located at both surfaces of the thin TEM foil. EDX
spectra obtained from location 1 of the GB precipitate, before
and after 30 min exposure to the corrosive environment, indicated
a decrease of the Al content from 85 at.% to 73 at.% and an increase
in Mn from 5 at.% to 9 at.% as well as Cu from 9 at.% to 12 at.%. The
decrease in the Al content and the increase in the Cu and Mn content indicate the precipitate has undergone de-alloying on exposure to the corrosive environment. After a prolonged 86 min total
exposure to the corrosive environment, the STEM–HAADF image,
Fig. 4a, shows a peripheral attack around the GB precipitate as indicated by the arrows, consistent with a cathodic behaviour resulting
in a peripheral attack. Furthermore, very ﬁne bright clusters 
4 nm size can be seen at the edge of the trenches in the matrix
as indicated by the arrows in Fig. 4a. The bright contrast suggests
the presence of Cu clusters.
Based on the observations from this study, a conceptual sketch
illustrating the mechanism of de-alloying is presented in Fig. 4.
Fig. 4b illustrates the geometry of the specimen with the electron
transparent region in light grey. Fig. 4c illustrates the cross-section
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Fig. 3. EELS oxygen K-edges and copper L-edges at different intermediate stages of exposure to the chloride/oxygen environment. The edges were obtained using a 20–30 nm
probe, positioned 40 nm above the numbers in Fig. 2a, d and g. The symbols indicate the total exposure time. At position 1, not much change in the EELS oxygen K-edge (a)
from the precipitate was observed while the EELS copper L2,3-edge (b) showed a transformation from a sharp peak at 0-min, known as white line, to a broader peak with
increasing exposure time to the corrosive environment. The EELS oxygen K-edge at position 2 (c) shows an oxygen enrichment in the matrix with increasing exposure time.
The shape of the EELS copper L2,3-edge (d) from position 4, suggests the enrichment of the cluster with elemental copper.

Fig. 4. (a) STEM–HAADF image obtained after 86 min exposure to the corrosive environment from the region of localized corrosion attack. Notice the peripheral trenching
around the GB precipitate and the remnant Cu clusters as a result of de-alloying as marked by the arrows. (b) Schematic illustrating top view as well as the cross-sectional
view of the TEM specimen with intermetallic precipitates; the light grey areas close to the hole indicate the electron transparent region, also highlighted by the rectangle in
the cross-sectional view. (c) Cross section through the GB precipitate in the electron transparent region similar to the conﬁguration in Fig. 2, before and after de-alloying in
the corrosive environment.

of the sample at the GB precipitate before and after the corrosion
attack has initiated. The native protective oxide layer of 4–10 nm
is depleted at the precipitates, making it prone to de-alloying when

exposed to the corrosive environment. Therefore, from the EDX,
EELS and EFTEM analysis, it can be concluded that the active elements like Al from the precipitate partly undergo de-alloying and
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elemental copper is left behind as a 30 nm sized particle on the
surface, in agreement with the existing models [6–9,21] on the
de-alloying of Cu-rich precipitates in Al–Cu alloys.
4. Conclusions
The initial electrochemically induced changes of copper in a
grain-boundary precipitate were studied by monitoring the EELS
copper L2,3-edge and EFTEM elemental maps in TEM after repeated
exposure to a corrosive environment. This showed that Cu transforms from a bound state in the precipitate to elemental copper
in a 30 nm particle on the surface. The monitoring of this dealloying process in small time-steps was made possible by the
use of a specially made quasi in situ TEM specimen holder that
allows the study of the same TEM specimen area in the same
orientation after repeated exposures to a corrosive environment
outside the TEM.
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