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E INFO ABSTRACT 

lntergranular corrosion defects formed after a 24h immersion in a 1 M NaCI solution in a 2024-T351 
Al alloy were characterized using a combination of electron microscopy techniques. Results showed 
the dissolution of intergranular Cu-rich precipitates ail along the corroded grain boundaries. Cu species 
were incorporated inside the amorphous alumina oxide film identified in the corroded grain boundaries cs 
leading to the formation of structural defects in the oxide film. A 10-200 nm-thin metallic Cu-rich layer 
was also observed at the oxide{metal interface and at the tip of the intergranular corrosion defect. 
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4 Al alloy (AA2024) is widely used in aerospace indus
 its high strength to weight ratio, its high mechanical 
esulting from alloying elements such as copper (1,2). 

lloying elements generate a heterogeneous microstruc
g to an increase of the susceptibility of the alloy to 
rrosion such as intergranular corrosion. 
dies in the literature have been carried out to increase 

tanding of the intergranular corrosion mechanisms 
 Usually, these mechanisms are described as a gal
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 and the adjacent matrix (3-6). However, some authors
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ssive solution. Such a Cu-enrichment ail along the cor
 boundaries may have a strong effect on the progress 

s of the intergranular corrosion defects (7-9). There
f great interest to have an accurate description of the 
ar corrosion defects. 
r, because of the difficulty in analyzing the grain bound

ms, the main part of the studies concerned Al-Cu model 
 various Cu contents (17-33). Authors have character
ide films formed on these model alloys and identified 
orm layer composed of alumina with the presence of 

thin Cu layer at the interface oxide/AI alloy (21-25). 
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ncreasing thickness of the anodic film on an anodized 
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nalytical techniques. Comparison with the results obtained for
odel alloys seems relevant but this deserves to be proven due for

xample to the formation of a confined electrolyte inside an inter-
ranular corrosion defect which did not exist on the plane surface
f a model alloy and might affect the electrochemical processes. In
he present work, the intergranular corrosion defects formed for
2024-T351 Al alloy after a continuous immersion in a 1 M NaCl

queous solution were characterized. Results were compared to lit-
rature data concerning the oxide layers formed on Cu-rich model
lloys. A combination of Focus Ion Beam (FIB) technique, Transmis-
ion Electron Microscopy (TEM) observations, Energy Dispersive
-Ray spectroscopy (EDX) and Electron Energy Loss Spectroscopy

EELS) analyses was used to characterize accurately both the mor-
hology and chemical composition of the intergranular corrosion
efects.

. Experimental procedure

.1. Material

The material used for this study was a 2024-T351 Al alloy
AA2024-T351) provided by Airbus Group (France). It was received
s a 50 mm thick plate formed by hot rolling and followed by solu-
ion heat treatment at 495 ◦C (± 5 ◦C), water quenching, straining
nd tempering in ambient conditions for 4 days to achieve the final
T351 metallurgical state. Its composition is Al base, 4.46% Cu,
.44% Mg, 0.60% Mn and 0.13 Fe, wt.%. The microstructure of this
lloy corresponds to grains highly elongated in the rolling direction
L) with the average sizes of 700, 300 and 100 �m in the longitu-
inal (L), long transverse (LT) and short transverse (ST) directions,
espectively [34,35].

.2. Corrosion tests

Intergranular corrosion defects were formed following a 24 h
ontinuous immersion of AA2024-T351 in a 1 M NaCl aerated solu-
ion at room temperature (25 ◦C) [5,34,35]. Only the LT-ST faces
f a 1 cm3 cubic sample were exposed to the NaCl solution, the
ther faces being protected by a transparent lacquer, to promote
he propagation of the intergranular corrosion along the L direc-
ion [36,37]. Before exposure to the NaCl solution, the sample was
braded using SiC papers down to 5 �m, then polished down to
�m using diamond paste with distilled water as a lubricant. The

ample was finally air-dried before being prepared for TEM obser-
ations. Some polished samples (S = 1 cm2) were embedded in an
poxy resin to perform electrochemical tests. The experimental
et-up consisted of a three-electrode cell, connected to a Biologic
SP apparatus, with a large platinum electrode used as counter
lectrode and a saturated calomel electrode (SCE) as reference elec-
rode. The corrosion potential (Ecorr) was measured for 24 h during
xposure of the sample to the 1 M NaCl solution. For the polariza-
ion curves, the samples were first exposed to the electrolyte at
corr for 1 h and then the anodic and cathodic parts were obtained
ndependently from Ecorr at a potential sweep rate of 0.07 mV s−1.

.3. Characterization of the intergranular corrosion defects:
reparation of the samples and description of the techniques

In order to obtain a thin sample in a localized region, i.e. in an
ntergranular corrosion defect, the preparation was done using con-
entional lift out procedure using a FEI HELIOS Nanolab 600i dual
eam FIB/Scanning Electron Microscope (SEM); this is summarized
n the supplementary material. A transparent section was obtained.
ome intermetallic precipitates were visible inside and all around
he intergranular corrosion defect in agreement with literature data
5–7].
TEM and Scanning Transmission Electron Microscope (STEM)
observations were recorded on a JEOL ARM 200F operating at
200 kV and equipped with a Schottky FEG, a Cs-corrector of
the probe, a Gatan Imaging Filter (GIF) QUANTUM spectrometer.
LAADF-STEM (Low Angle Annular Dark Field) images are dominated
by diffraction contrast. In order to take into account the structure of
the corrosion defects, the diffraction patterns were obtained using
the Selected Area Electron Diffraction (SAED) mode or by Fourier
transform of the HRTEM (High Resolution TEM) images. STEM/EELS
analyses were performed with a probe size of 1 Å, an illumination
semi angle of 14.8 mrd, a collection semi angle of 19.5 mrd and an
energy dispersion of 0.1 eV/channel. Reference EELS spectra of CuO,
Cu2O, alpha and/or gamma and/or amorphous Al203 were recorded
in the same conditions as those used for analyzing the samples.

3. Results and discussion

Fig. 1 shows a polarization curve (Fig. 1a) plotted for the AA2024
sample in 1 M NaCl solution: a sharp increase of the anodic cur-
rent densities after the corrosion potential (Ecorr) confirmed that
the alloy was susceptible to localized corrosion at Ecorr in such
an electrolyte. OM observations (not shown here) of the samples
after the polarization test showed both pitting and intergranular
corrosion. Therefore, we chose in this study to develop intergranu-
lar corrosion defects by performing continuous immersion tests at
Ecorr. Fig. 1b shows Ecorr versus the exposure time to 1 M NaCl solu-
tion: a continuous decrease of Ecorr was observed in agreement with
the propagation of corrosion defects. Fig. 1c shows, as an example,
intergranular defects grown after a 24 h exposure at Ecorr in 1 M
NaCl. TEM observations of these intergranular corrosion defects
were performed for 3 FIB samples. Depending on the sample,
several intergranular corrosion defects were present and character-
ized. Given that the general features observed were similar for all
samples, we present here only results for one intergranular corro-
sion defect, for brevity. Fig. 2 shows a photomontage of TEM images
of an intergranular corrosion defect of an AA2024-T351 sample
exposed to a 1 M NaCl solution during 24 h and removed by using
a FIB/SEM.

The defect is approximately 1 �m wide and decorated by a chain
of precipitates. EDX analyses allow to identify two types of precipi-
tates: Al-Cu-Mg (80% Al − 17% Cu − 3% Mg, at.%) and Al-Cu-Mn (75%
Al − 14% Cu − 11% Mn, at%). The presence of such precipitates was in
agreement with literature data concerning the metallurgy of 2XXX
alloys and the intergranular corrosion mechanism which attributes
the susceptibility to intergranular corrosion of 2xxx alloys to the
decoration of their grain boundary network with precipitates such
as S phases (Al2CuMg) or � phases (Al2Cu) [3–6]. Usually, the inter-
granular corrosion initiation is explained by a galvanic coupling
between S and � Cu-rich phases decorating the grain boundaries
and the adjacent matrix.

Observations also showed that the intergranular corrosion
defect was completely filled with corrosion products which most
probably corresponded to alumina. In addition, white flaws were
observed inside the intergranular corrosion defect (black dashed
squares in Fig. 2). They could be compared to those observed by
Thompson et al. in their studies about anodization of Al-Cu model
alloys, the authors describing the flaws as the results of an oxidation
of Cu-rich impurities [23–26,38,39]. According to these authors,
when an Al-Cu model alloy was anodized, Al was first oxidized
due to the less negative Gibbs free energy per equivalent for the
formation of copper oxide compared with that of alumina. This

led to the formation of a few nanometers thick Cu-enriched layer
at the interface alumina/model alloy inside the alloy. Inside this
thin layer, Cu-rich precipitates, namely �’ phases, were formed,
their size depending on the interfacial coherency between the alu-
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ig. 1. a) Polarization curve of the AA2024 sample in a 1 M NaCl solution, b) Ecorr

orrosion defects formed after a 24 h exposure at Ecorr in a 1 M NaCl solution.
inium matrix and the Cu-rich layer [24]. Oxygen gas bubbles
enerated by the oxidation of Cu from these precipitates led to the
ormation of flaws inside the oxide film, similar to those observed
n this study (black dashed squares in Fig. 2) [32]. The presence
s the exposure time to 1 M NaCl solution, c) Optical micrograph of intergranular
of such flaws inside the intergranular corrosion defect formed for
the industrial alloy suggested that the electrochemical processes
occurring during the corrosion of the grain boundaries were sim-
ilar to those observed during the anodization of an Al-Cu model



Fig. 2. Photomontage of Bright Field (BF) TEM images showing an intergranular corrosion defect in an AA2024-T351 after a 24 h immersion in a 1 M NaCl solution.
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ig. 3. a) BF TEM image showing a Cu-rich layer at the matrix-oxide interface insid
mmersion in a 1 M NaCl solution at room temperature. The black circle shows the

lloy. In particular, the result suggested that, during the corro-
ion phenomena, a thin Cu-layer might be formed at the interface
lumina, i.e. corrosion products inside the intergranular corrosion
efect/alloy. Additional TEM observations showed a thin layer com-
osed of nanoparticles of different contrast at the interface between
he alloy and the oxide inside the intergranular corrosion defect, as
hown in Fig. 3a: it was about 50 nm thick. Furthermore, in Fig. 3b, a
AED pattern characteristic of this layer showed diffraction circles

epresentative of metallic nanoparticles of Cu (Fm-3m, a = 3615 ´̊A)
howing that this layer was enriched in metallic Cu species.

Further analyses were performed to complete these results and
n EDX line profile was plotted perpendicularly to the alloy/oxide
nterface as it is showed in Fig. 4a. Fig. 4b shows the corresponding
DX profile obtained: for this analysis, the Mg signal was helpful
o locate the alloy part while the oxygen signal allowed to identify
he alumina film. The presence of a Cu-rich layer at the interface
etween the alloy and the oxide was clearly visible (Fig. 3b). In
he first nanometers of the profile, the alloy composition was mea-
ured (4 at.% Cu and 2 at.% Mg); then, a Cu peak was observed
ith Cu content reaching a value of about 15 at.%. The Cu content

apidly decreased inside the alumina film but remained equal to
–7 at.%. The presence of Cu species inside the alumina film was

n agreement with the literature even though the Cu content was

ower than that found for Al-Cu model alloys (approximately 40%)
17,21–25,30]. According to Thompson et al., the incorporation of
u species inside the alumina film should contribute to explain the
aws observed in Fig. 2 [23–26]. Fig. 4b also showed the presence
intergranular corrosion defect for an AA2024-T351 sample after a 24 h continuous
lected for the SAED pattern obtained in b).

of chloride species in the alumina film which was related to the
exposure conditions certainly due to trapped electrolyte during
intergranular corrosion propagation.

In order to determine precisely the chemical nature of the
interfacial Cu-rich layer, EELS analyses in STEM mode were per-
formed (Fig. 5). Fig. 5b represents the Cu-L2,3 edges of the interfacial
nanoparticles layer compared to the Cu-L spectra of the CuO, Cu2O
and metallic Cu references [40]. Results showed that the spectro-
scopic signatures of Cu in this layer mainly corresponded to the
EELS signature of metallic Cu. The presence of Cu2O could not be
excluded while it could be assumed that CuO was not present lead-
ing us to assume that the interfacial layer was mainly composed of
metallic Cu nanoparticles [9,41].

Concerning the chemical nature of the corrosion products inside
the intergranular corrosion defect, a combination of STEM and EELS
techniques was also used. This enabled to probe the Al-L2,3 edges at
the nanometer scale (Fig. 6). The fingerprint approach was also used
to determine the nature of the alumina, the reference spectra of
both �, � and amorphous alumina having been obtained in the same
experimental condition for comparison. The different peaks related
to Al-L2,3 edges for � and �-Al2O3 have the same shape of those
described by Bouchet [42]. Moreover, the EELS spectra obtained on
the corrosion defect do not fit with the Al-L edge of aluminium (oxy)

hydroxide as the boehmite �- AlO(OH), the bayerite (�- Al(OH)3)
and the gibbsite (�- Al(OH)3) obtained by XANES [43]. Results
showed that the shape of the Al-L2,3 edges for the corrosion prod-
uct layer corresponded to those of amorphous alumina showing



Fig. 4. LAADF STEM image (a) and EDX line profile (b) of the interface alloy/intergranular corrosion defect.

Fig. 5. a) LAADF STEM images of the interface alloy/intergranular corrosion defect showing nanoparticles combined with b) EELS analysis of the Cu-L2,3 edges of the
nanoparticles of the interfacial layer. Copper oxide references are given for comparison.
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ig. 6. a) LAADF STEM image with black spots inside the intergranular corrosion d
ompared to those of the reference � and � alumina and amorphous alumina. For m

hat the intergranular corrosion defect was filled with amorphous
lumina [44]. The nature of the amorphous phase is also confirmed

y the lack of specific structure in HRTEM and a diffuse diffraction
attern. However, given that the sample had been dried prior to
ectioning, it was likely that the amorphous alumina was a precipi-
ate formed from either gelatinous Al corrosion products due to the
representing where b) EELS analysis of the Al − L2,3 edges was done. Spectra were
larity, only one spectrum corresponding to the analyzed oxide film was given.

corrosion processes and/or electrolyte trapped inside the corroded
grain boundaries during the drying process. This should explain the

presence of Cl in the alumina film (Fig. 4b), Cl− ions being trapped
inside the gelatinous corrosion products/trapped electrolyte. Fur-
ther, taking into account that the grain boundaries form a complex
network and that intergranular corrosion is a network of attack, it
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ould be assumed that the gelatinous corrosion products could con-
rol the oxygen diffusion inside the corroded grain boundaries that
hould provide a linking path to enable the penetration of salts and
xygen into the subsurface. Therefore, the presence of Cl species
hould also result from migration of these species into the film.
urther, even if, for long intergranular corrosion defects, it did not
eem relevant to consider the oxygen reduction on the walls of
he corroded grain boundaries to be the major reduction reaction,
he contribution of such a cathodic reaction could not be excluded
hich could explain the presence of flaws (Fig. 2). Nevertheless,
l ions generated during the corrosion processes also underwent
ydrolysis, forming the porous, gelatinous corrosion products that
ccumulated within the corroded grain boundaries. As previously
aid, the gel presented a barrier to diffusion, allowing local acid-
fication [45]. This leads to the possibility that the flaws are due
o hydrogen bubbles generated by H+ reduction. Finally, concern-
ng the chemistry of the corroded grain boundaries, Cu species were
ncorporated inside the amorphous alumina but, due to the Cu con-
ent lower than 10 at.%, it was difficult to identify the nature of
he Cu species even though they most probably corresponded to
u oxides, but without possibility to distinguish between CuO and
u2O.

Attention was also paid at the chemistry of the tip of the inter-
ranular corrosion defect: another FIB sample was thus prepared at

his specific location as represented in the photomontage of bright
eld image in Fig. 7a. Corrosion was developed across the grain
oundary and in the neighbouring grains. Due to the 3D configura-

ig. 7. a) Photomontage of bright field images of an intergranular corrosion defect with th
ith c) SAED pattern (selected area is represented by white circle in b) and d) EDX profile
tion of an intergranular corrosion defect, it was difficult to ascertain
that the ‘tip’ observed was really an active anode. Therefore, sev-
eral FIB samples were prepared at locations assumed to be the tip
of an intergranular corrosion defect. Results obtained were similar
and only the results obtained for one ‘tip’ sample are shown here. As
previously (Fig. 2), a chain of precipitates identified by EDX as Al2Cu
was present all along the tip of the corrosion defect which was
around 1 �m wide. A zoom on the tip (Fig. 7b) revealed the pres-
ence on a thin layer (almost 100 nm) at the interface between the
alloy and the intergranular corrosion defect. A selected area diffrac-
tion pattern obtained for this layer (Fig. 7c) revealed the presence
of diffraction circles representative of nanoparticles of metallic Cu

(Fm-3m, a = 3615 ´̊A). The EDX profile (Fig. 7d) confirmed the pres-
ence of the Cu-rich layer at the tip of the intergranular corrosion
defect with a Cu content that can reach 90 at.%.

The results therefore showed that a Cu-rich layer was formed
at the alloy/intergranular corrosion defect interface both all along
the lateral sides and at the tip of the corrosion defect when AA2024
was exposed to a chloride solution. Cu species were also detected
in the amorphous alumina that filled the intergranular corrosion
defect. These features were similar to those observed when Al-Cu
model alloys were anodized suggesting that electrochemical pro-
cesses occurring in both cases, i.e. during corrosion of an industrial

alloy and during anodizing of a model alloy, could be compared.
Thompson et al. explained this copper enrichment as the conse-
quence of the intergranular intermetallic particle dissolution [7]
(Luo et al.). He also showed that the mechanism of Cu accumulation

e delimited grain represented b) zoom on the tip of the corrosion defect associated
(line profile is represented by a white arrow in b).
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t the interface between the intermetallics and the oxide was dif-
erent depending on the Cu content of the intermetallics [38]. Then,
e showed the formation of a Cu-rich layer on model materials for
hich no precipitation at the grain boundary was considered, Cu

oming from the matrix dissolution [24]. Here, it could be assumed
hat galvanic coupling between Cu-rich intergranular particles and
he adjacent matrix strongly contributed to the formation of the
u-rich interfacial layer without excluding the contribution of Cu
oming from the dissolution of the matrix. Depending on the grain
oundary, different types of Cu-rich particles (with mainly Al2Cu
nd Al2CuMg) were present which could explain differences in both
he Cu interfacial layer thickness and the Cu and flaws content in the
morphous alumina film. Further, as shown by Thompson et al. [38]
or Al/Cu model alloys, the growth kinetics of such a Cu-enriched
ayer was strongly dependent on the Cu content of the Al/Cu model
lloy; concerning the oxide film formed on Cu-rich intermetallics,
t strongly depended on the nature of the intermetallics. Therefore,
t could be assumed here that this Cu-enriched layer formed in the
arly stages of corrosion processes but with different rates from
ne grain boundary to another. However, the general features were
imilar from one corroded grain boundary to another. In addition to
he mechanism describing the Cu-rich interfacial layer growth, the
resence of this layer puts into question the corrosion mechanism
nd the propagation kinetics of the intergranular corrosion defect
n an AA2024. Some authors [7–9] explain that the Cu-enrichment
ould protect the interior of the grain from further corrosive envi-
onment in AA2024. Clearly, Cu could provide effective cathodic
upport [9] for oxygen and/or protons reduction on the walls of the
ntergranular corrosion defects. So, it could be assumed that the
u-rich layer could influence significantly the propagation kinetics
f the intergranular corrosion defects by promoting the reduction
f both oxygen and protons trapped inside the corrosion defects.
urthermore, the incorporation of copper species inside the amor-
hous alumina film that contributed to the formation of structural
efects in the oxide film could also influence the propagation kinet-

cs of intergranular corrosion defects by modifying the properties
f this oxide film and thus the reactions occurring in the electrolyte
rapped inside the corrosion defects [24].

. Conclusions

. The present work showed the formation of a 10–200 nm thin
metallic Cu-nanoparticles layer at the intergranular corrosion
defect/alloy interface on both sides of the corrosion defect.

. The incorporation of copper species inside the amorphous alu-
mina film filling the corrosion defect was highlighted and
assumed to contribute to the formation of structural defects in
this oxide film.

. Furthermore, the Cu-rich interfacial layer was also observed at
the tip of the intergranular corrosion defect.

. The results raise the issue of the influence of the Cu-rich layer on
the propagation kinetics of the intergranular corrosion defect.
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