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Multiple twins of a decagonal approximant embedded in S-Al2CuMg
phase resulting in pitting initiation of a 2024Al alloy
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Abstract—The pitting of Al–Cu–Mg alloy is believed to originate from the local dissolution of S-Al2CuMg particles, and the dissolution activity
differs from one particle to another. Nevertheless, the initial site where the dissolution of the S phase preferentially occurs and the cause of the het-
erogeneity in the electrochemical dissolution activity remain unknown, hindering our understanding of pitting initiation of Al–Cu–Mg alloys. In this
work, we have applied in situ ex-environmental transmission electron microscopy and identified a large number of nanosized Al20Cu2Mn3

approximants of the decagonal quasicrystal embedded in the S phase. We find that the S phase with Al20Cu2Mn3 inclusions is more active than those
free of the approximants. Such a preference is clarified to result from the decomposition of Al20Cu2Mn3 approximant prior to the dissolution of the S
phase. In addition, we also find that the electrochemical behavior of Al20Cu2Mn3 approximants is different. The approximants with multiple twins
are more active than those with few planar defects.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Al–Cu–Mg alloys (2xxx series commercial alloys) are
widely used in aerospace and other industrial applications
because of their combination of strength, damage toler-
ance, formability and density. Al–Cu–Mg alloys derive
their strength from a heterogeneous microstructure that
consists of hardening precipitates and dispersoids [1,2].
However, they are prone to localized corrosion, and thus
premature breakdown may occur when they are used in a
chloride-containing environment.

In the past few decades, researchers have been striving to
study the pitting of Al–Cu–Mg alloy using various tech-
niques [3–8]. Among various second-phase particles present
in Al–Cu–Mg alloy, attention is usually paid to the influ-
ence of the S-Al2CuMg phase, which is believed to dissolve
preferentially as the initiation sites of pitting [9–15]. The S
phase is one of the key strengthening precipitates in
high-strength Al–Cu–Mg alloys and has an orthorhombic
structure with space group Cmcm [16–21]. In previous stud-
ies, the mechanism of pitting corrosion occurring at the S
phase was believed to be as follows. The S phase is
electrochemically active with respect to the matrix and it
is dissolved initially as an anode with Mg and Al selective
http://dx.doi.org/10.1016/j.actamat.2014.09.001
1359-6462/� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights

⇑Corresponding author; e-mail: xlma@imr.ac.cn
1 These authors contributed equally to this work.
dissolution. With the development of Mg and Al dealloy-
ing, the remnant becomes noble and tends to behave as a
cathode, which results in the dissolution of the matrix
around the S phase and consequently pitting occurrence
[10,12,22]. In addition, the S phase particles are known to
feature a great heterogeneity in electrochemical activity.
In the chloride-containing electrolyte, some S particles are
susceptible to dissolution, while others are electrochemi-
cally inactive. Moreover, the dissolution of a so-called
active S particle usually occurs in an inhomogeneous man-
ner. The intrinsic mechanism has not yet been clarified,
which limits our understanding of pitting initiation in
Al–Cu–Mg alloys [7,23]. Such an unpredictable phenomenon
must result from the poor knowledge of microstructural
information which is derived from the relatively lower spa-
tial resolution of analysis tools or modes, such as scanning
electron microscopy (SEM), bright-field transmission
electron microscopy (TEM), energy dispersive X-ray spec-
troscopy (EDXS), standard electrochemical measurements,
scanning vibrating electrode (SVE) and scanning Kelvin
probe force microscopy (SKPFM), as well as secondary
ion mass spectroscopy (SIMS) [8–13,23].

In this work, we have applied an in situ ex-environmen-
tal TEM technique [24] to clarify the pitting initiation of an
2024Al alloy. We provide atomic-scale information on the
initial site of S phase dissolution and show a novel interpre-
tation of the classical problem, which has been unresolved
for decades.
reserved.

http://dx.doi.org/10.1016/j.actamat.2014.09.001
mailto:xlma@imr.ac.cn
http://dx.doi.org/10.1016/j.actamat.2014.09.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2014.09.001&domain=pdf


J. Wang et al. / Acta Materialia 82 (2015) 22–31 23
2. Experimental procedure

2.1. Sample preparation

2024 aluminum alloy with nominal composition of
Al–4.35Cu–1.55Mg–0.53Mn–0.11Fe–0.13Si–0.03Ti (wt.%)
was chosen for the investigation. The alloy was subjected
to solid-solution treatment (SST) at 768 K and water
quenching. After SST, the alloy was cold-drawn into a tube
form at room temperature with shrinkage of 8–15%, and
then was annealed at 380 �C for 1 h. The sample was cut
into sections perpendicular to the deformation direction
using a linear precision saw with a thickness of 600 lm
and then ground to �100 lm thick by 1000 grit silicon car-
bide papers. Disks with a diameter of 3 mm were prepared
by die-cutting, then ground using variant grit silicon car-
bide papers, polished with diamond paste to 20 lm and
finally thinned by ion-milling. After the first-round TEM
observation, some of the specimens were plasma-cleaned
and then immersed in the 0.5 mol l�1 NaCl solution at
room temperature for various periods (the duration ranged
from 8 to 60 min). The TEM specimens which experienced
the immersion tests were cleaned in distilled water, dried,
plasma-cleaned and then transferred into the TEM for
further investigation, and this was designated as the in situ
ex-environmental TEM method.

2.2. SEM and TEM characterizations

An FEI field emission scanning electron microscope was
used to observe the morphology of precipitates. A Tecnai
G2 F30 transmission electron microscope, with a point res-
olution of 0.19 nm, equipped with a high-angle angular-
dark-field (HAADF) detector and X-ray energy-dispersive
spectrometer (EDS) systems, was used at 300 kV for elec-
tron diffraction, HAADF imaging, high-resolution electron
microscopy (HREM) imaging and composition analysis.
3. Results and discussion

3.1. Heterogeneous dissolution of S phase

Fig. 1a is an SEM image showing the distribution of the
second phase in the present 2024Al alloy. A combination of
electron diffraction and EDS analysis (not shown here)
indicates that the sample is mainly composed of three kinds
of second-phase particles, e.g. S-Al2CuMg (at.%: Al 50.5,
Cu 28.4, Mg 21.1), h-Al2Cu (at.%: Al 60.7, Cu 39.3) and
Al–Cu–Fe–Mn–Si (at.%: Al 62.8, Cu 7.6, Mn 10.4, Fe
14.5, Si 4.7) phase. The at.% of each element in every
second phase is the average value from ten particles. The
S phase particles account for �60% of the whole second
phases.

An in situ ex-environmental TEM method and HAADF
technique in the TEM are employed in this study. The
HAADF mode provides incoherent images and uses high-
angle scattering, leading to strong atomic number (Z) con-
trast. Therefore the image contrast in such a mode is
strongly associated with the local variety of chemical com-
position and/or thickness contribution [25]. By repeated
observation of a fixed TEM specimen of 2024Al alloy
before and after immersion for varying durations (several
tens of min) in 0.5 mol l�1 NaCl solution, we monitor the
local microstructural evolution of a settled S phase particle.
The structural characteristics of the S phases before and
after dissolution are particularly focused, and a typical
example is shown in Fig. 1. Fig. 1b is the HAADF image
of an S phase particle while Fig. 1c is the same particle that
has been immersed in 0.5 mol l�1 NaCl for 15 min. The
dissolution of the S phase results in a darker contrast
(thickness contribution), from which the dissolution within
the S phase is seen to be strongly localized with some small
pits. They are distributed randomly and always feature a
nanocore with a different contrast. Fig. 1d(I–XII) and
e(I–XII) are the zoom-in images of the local area in
Fig. 1b and c, showing the same areas in specimens before
(Fig. 1d(I–XII)) and after immersion (Fig. 1e(I–XII). It is
of great interest to find that each core appears to corre-
spond to one nanoparticle embedded in the S phase. These
nanoparticles show slightly brighter contrast than the S
phase matrix before immersion, while they show darker
contrast than the dissolved S phase after immersion in
NaCl, which indicates that the nanoparticles are dissolved
more severely than the S phase particle. It seems that the
local dissolution of the S phase is strongly correlated with
the nanoparticle and the initial site of dissolution is at the
periphery of the nanoparticle.

A number of HAADF images of S phase particles after
suffering local dissolution are displayed in Fig. 2 with the
same magnification. These pits and S phase particles show
various dimensions and geometric projections, but each pit
forms around a nanoparticle, no matter whether it is
located at the inner part of or at the edge of S phase. It
is seen that the dissolution of the S phase around most of
the nanoparticles seems to concentrically propagate into
the S phase.

Various TEM techniques are applied to identify crystal-
lographic characteristics of the nanoparticles embedded in
the S phase. The lattice type of these fine particles is
determined on the basis of electron diffraction experiments.
By observing dozens of S phase particles in TEM, it is con-
firmed that most S phase particles feature nanoparticle
inclusions. Such nanoparticles are also dispersed in the Al
matrix with a similar size to those in the S phase. A
bright-field TEM image of an S phase is shown in
Fig. 3a. The S phase is distinguished by combining EDS
and electron diffraction patterns (EDPs). Fig. 3b is a series
of EDPs obtained from S phase particles. The space group
Cmcm with lattice parameters of a = 0.40 nm, b = 0.92 nm
and c = 0.71 nm is derived based on the extinction rules in
the EDPs, which agrees with previous studies [16–21]. In
Fig. 3a, four nanoparticles with sizes of 20–200 nm embed-
ded in the S phase are arrowed and labeled as I, II, III and
IV. It is seen from the zoom-in images of the nanoparticles
in Fig. 3c that multiple twins are present in these nanopar-
ticles and they are distinguished in two types of configura-
tion: parallel shaped twin plates (Fig. 3c(I and II)) and
prism shaped twin plates (Fig. 3c(III and IV)).

One typical nanoparticle with prism shaped plates (as
shown in Fig. 4a) is selected for detailed TEM characteriza-
tion. The darker contrast of the particle in this bright-field
mode indicates that they are parallel or close to a low-
indexed zone axis. The EDP (as seen in Fig. 4b) shows a
pseudo-ten-fold symmetry and the EDS analysis (seen in
Fig. 4c) indicates that the nanoparticle is composed of Al,
Cu and Mn. To further identify the nanoparticle, a
HRTEM image (Fig. 4d) is acquired. The nanoparticle is
composed of twins with a rotation of nearly 36�. The
crystal which has such a pseudo-tenfold symmetry is an



Fig. 1. In situ ex-environmental TEM observation showing the local dissolution of S phase. (a) An SEM image of the as-received 2024Al showing
coarse intermetallic particles: S(Al2CuMg), h(Al2Cu) and Al–Cu–Mn–Fe phases. (b) A HAADF image showing an S phase particle. (c) The same
particle as that in (b) but after being immersed in 0.5 mol l�1 NaCl for 15 min. (d) Zoom-in images showing 12 nanoparticles embedded in the S phase
in (b). (e) Zoom-in images showing local dissolution around these nanoparticles in (c).
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approximant of a decagonal quasicrystal (DQC) [26,27].
The DQC and its crystalline approximants share similar
structural units, which are stacked aperiodically in the for-
mer but periodically in the latter. The approximant of the
DQC in 2024Al alloy is Al20Cu2Mn3 with space group
Bbmm and lattice parameters of a = 2.42 nm, b = 1.25 nm
and c = 0.775 nm [1,28–31]. The HRTEM micrograph
and the EDP in Fig. 4d and b of Al20Cu2Mn3 are obtained
along the crystallographic [010] direction and the twin
planes are all {101}. The Al20Cu2Mn3 is formed during
the homogenization process of Al alloy and cannot be dis-
solved in subsequent heat treatment [1]. Such uniformly dis-
tributed fine Al20Cu2Mn3 dispersoids are frequently
observed and they are present in many other aluminum
alloys. Owing to the fine dimension and complex crystallo-
graphic structure, the dispersoids are known to improve the
mechanical properties of aluminum alloys [32,33]. How-
ever, the electrochemical effect of Al20Cu2Mn3 has been lit-
tle understood, probably due to the lack of high-resolution
techniques for the direct observation of local corrosion. It
is not straightforward to observe the nanosize Al20Cu2Mn3

particles embedded in the S phase since the contrast
difference between the S phase and Al20Cu2Mn3 is subtle
in bright-field TEM and even in the HAADF mode.

After observing dozens of S phases in specimens, we find
that the dissolution activity between S phase particles is
highly heterogeneous. Such a difference in activity has
already been found in previous studies [7,23], but the sub-
stantial mechanism has not been clarified yet. In the speci-
men immersed in 0.5 mol l�1 NaCl solution for 45 min,
most S phase particles are dissolved severely, while some
remain unchanged. This indicates that S phase particles
are electrochemically different. We find that the S phase par-
ticles free of or with few Al20Cu2Mn3 nanoparticles usually
do not suffer local dissolution. Fig. 5 shows two typical sam-
ples of undissolved S phase particles and their EDS mapping
images, from which the two particles are seen to be free of
Al20Cu2Mn3. Although several Al–Cu–Mn–Fe containing
particles exist at the boundary, they do not induce any dis-
solution of the S phase. Therefore, it is the Al20Cu2Mn3

approximant that makes the difference in S phase activity.
In other words, the S phases with Al20Cu2Mn3 approximant
are more active, while those free of or with few
nanoparticles are inactive at the early stage of corrosion.



Fig. 3. TEM observation of S phase particle. (a) Bright-field TEM image in which four nanoparticles embedded in an S phase are arrowed. (b) EDPs
of S phase with zone axis of [010], [100] and [001]. (c) Zoom-in bright-field TEM images of the nanoparticles in (a) labeled as I, II, III and IV.

Fig. 2. HAADF images of S phase particles in which local dissolution occurred and pits formed around the nanoparticles. These images have the
same magnification and were obtained from the specimens immersed in 0.5 mol l�1 NaCl for 8–25 min.
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3.2. Development process of localized corrosion

The HAADF images shown in Fig. 6 illustrate the
continuous development of local dissolution of the S phase
and the resultant dissolution of the Al matrix. First, the
Al20Cu2Mn3 phase rather than the S phase appears active
and is dissolved initially. As shown in Fig. 6a, three
Al20Cu2Mn3 particles (arrowed) embedded in an S phase
are dissolved locally and small pits are left behind, while
the surrounding S phase remains unchanged. Second, the
small pit formed by the dissolution of Al20Cu2Mn3 is
enlarged by the dissolution of the S phase at the periphery
of dissolved Al20Cu2Mn3, and Al20Cu2Mn3 is subsequently
dissolved severely, as shown with the darker contrast in
Fig. 6b. Third, when the pit reaches the boundary of the
S phase/matrix, the dissolution develops along the



Fig. 5. HAADF images showing two undissolved S phase particles in 2024Al after being immersed in 0.5 mol l�1 NaCl for 45 min and their EDS
mapping images.

Fig. 4. Identification of the nanoparticle. (a) Bright-field TEM image of the nanoparticle. (b) EDP obtained from the nanoparticle in (a). (c) EDS
analysis of the particle is composed of Al, Mn and Cu. (d) HRTEM image along the same axis in (b).
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boundary quickly (shown in Fig. 6c) as a result of the cou-
pling effect between the S phase (anode) and Al matrix
(cathode), while the extending around the Al20Cu2Mn3

remnant becomes minor. The dissolved S phase, with Mg
and Al dealloying, tends to change from anodic to cathodic
with respect to the Al matrix and the local pH near the
matrix becomes more alkaline because of the cathodic reac-
tion, resulting in the dissolution of the adjacent Al matrix
(shown in Fig. 6c). Finally, based on the characters of
corrosion morphology shown in Fig. 6d, the most severe
corrosion is identified in zone I, mild corrosion in zone II
and no corrosion in zone III. Such morphology implies that
once the dissolution of the S phase reaches and subse-
quently develops along the boundary, the dissolution is
extended from its periphery to the interior. Meanwhile,
the dissolution in the Al matrix further extends outward.
In other words, the cathodic S phase remnant ring, which
is formed by the dissolution of the S phase particle along
the boundary, both causes the Al matrix to dissolve and
continues accelerating the S phase dissolution to extend
into the interior. The dissolution of Al20Cu2Mn3 located
at or near the boundary results in the extending of S phase



Fig. 6. Observation of the continuous development of local dissolution of S phase and the resulting dissolution of Al matrix. The Al20Cu2Mn3

particles are arrowed. (a) A HAADF image showing that slight local dissolution occurs and that fine pits form at the Al20Cu2Mn3. (b) Pits enlarge to
the S phase at the periphery of dissolved Al20Cu2Mn3. (c) When the pits are extended to reach the boundary of S phase/matrix, the dissolution
develops along the boundary quickly and results in the dissolution of the adjacent Al matrix. (d) The cathodic S-phase remnant causes the Al matrix
to dissolve and also to continue accelerating the S-phase dissolution to extend into the interior.
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dissolution to quickly reach the boundary of the S phase/Al
matrix, and thus results in the rapid dissolution of the adja-
cent Al matrix. Therefore, the Al20Cu2Mn3 nanoparticles
located at or near the boundary lead to the occurrence of
Al matrix dissolution more effectively than when they are
in the interior.

As the strengthening dispersoids in 2024Al, most of
the Al20Cu2Mn3 particles disperse in the Al matrix, but
the electrochemical behavior of Al20Cu2Mn3 in the
matrix is totally different from those in the S phase.
By observing the images shown in Figs. 1 and 2, a large
number of Al20Cu2Mn3 dispersoids are seen to disperse
in the matrix. When the Al20Cu2Mn3 particles in the S
phase are dissolved severely, it is hard to find the disso-
lution of the Al20Cu2Mn3 particles in the matrix. At a
high resolution, only slight dissolution is found in some
of them. Fig. 7 is an HAADF animage showing three
locally dissolved Al20Cu2Mn3 particles in the Al matrix
with variant corroded degrees. The dissolution occurs
in the interior randomly and it does not propagate
further, which indicates that the local dissolution is
retarded greatly. Although some trace-dissolution dots
are seen to distribute in the adjacent matrix, evidently
it is not due to the dissolved nanoparticle but a minor
process triggered by the nearby cathodic S phase rem-
nant. So, the Al20Cu2Mn3 remnant, different from the
S phase, does not seem to switch from anode to cathode
with respect to the Al matrix.

To fully understand the effect of locally dissolved
Al20Cu2Mn3 in the early corrosion stage, we analyze the
chemical composition of a single pit in the S phase. Fig. 8
shows an S phase with local dissolution and its EDS
mapping on a pit. The corroded core is composed of Al,
Cu, Mn and O and the contrast of the O element is brighter
than that in the corroded S phase, which indicates that the
Al20Cu2Mn3 nanoparticle is dissolved more severely than
the S phase and an oxide is proposed to form. The enrich-
ment of Cu in the corroded core is slight and much of the
Al and Mn elements still exist in the corroded Al20Cu2Mn3

nanoparticle, which means that Al20Cu2Mn3 is only
dissolved partially. Meanwhile, the S phase is already
locally dissolved at the periphery. In the dissolved zone
there is a lack of Al and Mg but it is enriched with Cu
and O, which indicates that the S phase is decomposed by
the selective dissolution of Al and Mg while Cu remains
in the form of an oxide. From the images of Figs. 1, 2
and 6, it is seen that Al20Cu2Mn3 is dissolved almost
completely when the S phase is dissolved severely, from
which we can deduce that the dissolution of Al20Cu2Mn3

is continued parallel to the S phase dissolution.



Fig. 8. HAADF image of a locally dissolved S phase and its EDS mapping on a pit.

Fig. 7. HAADF images showing three local-dissolved Al20Cu2Mn3 particles distributed in Al matrix with varying degrees of corrosion.
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Based on the discussion above, we hypothesize that
local corrosion proceeds as follows: the S phase, Al20C-
u2Mn3 phase and Al matrix consist of a multi-galvanic
couple. The S phase and Al20Cu2Mn3 act as the anode
and Al matrix cathode. The Al20Cu2Mn3 phase is more
active and dissolved initially. Although Cu enrichment
occurs, the dissolution does not make Al20Cu2Mn3

switch to cathodic, while it can create a local acid envi-
ronment due to the hydrolysis of metal cations. The S
phase anode, triggered by the local acid environment,
becomes dissolved and enlarged. The local dissolved area
in the S phase turns cathodic, which in turn accelerates
the further dissolution of the adjacent Al20Cu2Mn3.
However, the Al20Cu2Mn3 particles in the matrix have
no chance to experience such a “self-catalyzing” like pro-
cess and thus they are corroded slightly as an anode
with respect to the Al matrix. When the local dissolution
of the S phase extends to the boundary, the effect of the
S phase (anodic)/Al matrix (cathodic) galvanic couple is
prominent. Thus the dissolution develops along the
boundary quickly and a Cu-rich remnant ring forms.
When dealloying develops further, the Cu-rich ring
changes from an anode to a cathode, which results in
a local dissolution of the adjacent Al matrix and a par-
allel extending of S phase dissolution. Thus the promi-
nent effect of the Al20Cu2Mn3 phase is to indirectly
influence the localized corrosion behavior of Al alloy
through increasing the electrochemical activity of the S
phase, other than directly impacting the Al matrix,
which is one of the main reasons why the Al20Cu2Mn3

phase has been neglected in electrochemistry in the past
few decades.
3.3. Heterogeneous dissolution of Al20Cu2Mn3

By observing numerous Al20Cu2Mn3 particles, an inho-
mogeneous dissolution in the Al20Cu2Mn3 particles is iden-
tified. In order to determine the detailed dissolution, we
shorten the immersion duration to monitor the local disso-
lution at an initial stage. Fig. 9a is an HAADF image show-
ing an S phase particle with some Al20Cu2Mn3 embedding
and Fig. 9b is the same particle which has been immersed in
0.5 mol l�1 NaCl for 8 min. By comparing these images, a
darker contrast is seen at the inner part of an Al20Cu2Mn3

nanoparticle (marked with arrow) after immersion, which
indicates that the Al20Cu2Mn3 particle is dissolved slightly
while the S phase remains unchanged. Fig. 9c shows bright-
field TEM images of the same Al20Cu2Mn3 particle as in
Fig. 9a. In contrast to the HAADF mode, which is more
sensitive to chemical composition and/or thickness contri-
bution, the bright-field mode shows more crystallographic
details. It is seen that the Al20Cu2Mn3 particle features mul-
tiple twins with a configuration of prism shaped plates and
the initial site of preferential dissolution is in the vicinity of
the intersected zone. Similarly, the dissolution activity of
Al20Cu2Mn3 particles is also found to be highly heteroge-
neous from one to another. As shown in Fig. 10a and b,
in an S phase particle immersed in NaCl for 25 min, some
Al20Cu2Mn3 particles marked with black arrows are dis-
solved severely, around which the S phase is also decom-
posed. Moreover, the Al matrix at the S phase/Al
interface is dissolved as well. Some other Al20Cu2Mn3

particles labeled as I, II, III and IV, nevertheless, were
not attacked, which indicates that Al20Cu2Mn3 particles
behave differently. Fig. 10c(I–IV) shows the zoom-in



Fig. 10. (a) HAADF image showing an S phase particle in which some Al20Cu2Mn3 particles dissolve severely (marked with black arrows) and the S
phase, even the Al matrix, also dissolves locally, while the other four particles labeled as I, II, III and IV have no change. The specimen was immersed
in 0.5 mol l�1 NaCl for 25 min. (b) Bright-field TEM image corresponding to (a). (c) Zoom-in TEM images of the particles I, II, III and IV.

Fig. 9. Observation of the initial site where Al20Cu2Mn3 begins to dissolve. (a) An HAADF image showing an S phase particle embedded with
Al20Cu2Mn3. (b) The same particle as that in (a) but suffering an immersion in 0.5 M NaCl solution for 8 min. One of the Al20Cu2Mn3 is marked with
an arrow and the zoom-in images are shown in the insert. (c) Bright-field TEM images of the Al20Cu2Mn particles in (a).
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images of the four undissolved Al20Cu2Mn3 particles in
Fig. 10b. It can be seen that these particles feature only sim-
ple parallel twins. By observation of numerous Al20C-
u2Mn3 particles in the S phase, some other undissolved
Al20Cu2Mn3 particles free of twinning were also observed
(not shown here). Meanwhile, we find a large number of
Al20Cu2Mn3 particles in the Al matrix which are slightly
dissolved, typically shown in Fig. 11. All these particles
feature multiple twins and are preferentially dissolved in
the vicinity of the intersected zone of the prism twin plates
or at the center of multi-parallel shaped twin plates. The
difference in the configuration of twins existing in the
Al20Cu2Mn3 phase is responsible for the heterogeneous
activity. In other words, those with multiple twins behave
active and are dissolved preferentially in the vicinity of
the intersected zone, while those free of twins or with simple
parallel twins are inactive and undissolved even though
dissolution occurs in some S phase particles.

Efforts were made to synthesize the bulk intermetallic
second phases and the electrochemical behaviors were mea-
sured by Leard and Buchheit [34]. The electrochemical
activities of these intermetallics were labeled in the follow-
ing order: Al2CuMg (S phase) > Al2Cu (h phase) > Al7Cu2

Fe > Al20Cu2Mn3, which indicates that Al20Cu2Mn3 is the
most stable phase while the S phase is the most active
one. Birbilis et al. [35] and Ilevbare and Scully [36] also
noted the Al20Cu2Mn3 as functioning as potent local cath-
odes. Furthermore, evident attack is always found to begin
at the S phase at the macro-scale. Thus in the past a few
decades, much attention was paid to the S phase in the
study of pitting in 2024Al alloy, while little attention was
paid to the Al20Cu2Mn3 phase. The present study updates



Fig. 11. Twins in Al20Cu2Mn3 provide the initial dissolution sites. (a) Bright-field TEM images of Al20Cu2Mn3 particles showing the feature of twins
in Al20Cu2Mn3. (b) HAADF images of the same particles showing the initial site of dissolution in Al20Cu2Mn3. The specimen was immersed in
0.5 mol l�1 NaCl for 25 min.

30 J. Wang et al. / Acta Materialia 82 (2015) 22–31
the activity order of the main second phase as: Al20Cu2Mn3

(with multiple twins) > S phase > Al20Cu2Mn3 (without
twins or with simple parallel twins), which is remarkably
different from the previous viewpoint. However, the Al20C-
u2Mn3 which was used for investigation in the above
research was synthesized artificially, rather than using a dis-
persoid precipitated in alloys. As a result, the composition
and microstructural configuration in the as-synthesized
Al20Cu2Mn3 are proposed to be different from the disper-
soid precipitations in the present 2024Al alloy, which may sig-
nificantly influence the electrochemical properties. Thus, the
cathodic property of as-synthesized Al20Cu2Mn3 cannot be
representative of that precipitated in industrial Al alloys.

The phenomenon that Al20Cu2Mn3 with multiple twins
is more active than those free of twins implies that a special
structure or chemical composition may exist at the inter-
sected zone of twins, which changes the electrochemical
activity. The microstructure of Al20Cu2Mn3 is similar with
the T–Al–Pd–Mn and Al–Pd–Fe phases in which the meta-
dislocations were observed in previous studies [37,38]. Met-
adislocations are known to be very complex defects in
crystals as they usually involve several hundreds of atoms
in their core. The metadislocations are proposed to exist
in the present Al20Cu2Mn3 approximant and probably they
prefer to form at the intersected zone of twin plates. The
heterogeneous dissolution activity of Al20Cu2Mn3 particles
in the present study might be more or less associated with
the metadislocations to be confirmed further.
4. Conclusions

With the application of in situ ex-environmental TEM,
we have identified the initial site, at an atomic scale, of pit-
ting corrosion in an Al–Cu–Mg alloy. The S-Al2CuMg
phase is compositionally and structurally inhomogeneous.
A large number of nanosized approximants of the DQC,
which is determined to be Al20Cu2Mn3, are embedded in
most S particles. TEM studies indicate that the embedded
Al20Cu2Mn3 approximants are responsible for the activity
of the S phase, which clarifies the well-known phenomenon
that the activities of the S phase particles are electrochem-
ically different from one to another. In addition, we have
directly observed that the dissolution of Al20Cu2Mn3

approximant is the initial stage prior to the S phase disso-
lution. Moreover, we also find the initial site of the Al20C-
u2Mn3 dissolution and the electrochemical activity of
different Al20Cu2Mn3 particles is varied. The Al20Cu2Mn3

approximants with multiple twins are more active than
those with few planar defects.
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