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a b s t r a c t

Study of the corrosion behaviour of a magnetron sputtered Al–Cu/Al–Cu–Mg model alloy couple in sul-

phate solutions has been undertaken to gain insight into the galvanic coupling between the matrix and S-

Al2CuMg particles in the 2024 aluminium alloy (AA2024). Polarisation curves and local electrochemical

impedance spectroscopy measurements (LEIS) were performed on the individual alloys and on the model

alloy couple. SEM enabled correlation of electrochemical phenomena to the observed damage. The corro-

sion behaviour of the sputtered alloys was shown to be representative of the AA2024, with the Al–Cu–Mg

alloy part undergoing localised corrosion and the Al–Cu alloy part remaining passive.

1. Introduction

2024 Aluminium alloy (AA2024) remains important for aero-

space applications due to the high strength-to-weight ratio and

damage tolerance. However, this alloy is susceptible to corrosion

and, specifically, to intergranular corrosion which has been studied

extensively [1–7]. The corrosion susceptibility of the AA2024 alloy

is known to be due to the heterogeneous microstructure of the al-

loy, which is a consequence of the thermomechanical processing

history. S-Al2CuMg particles are one of the coarse, primary inter-

metallic particles associated with the AA2024 alloy system, and

their reactivity and tendency to constitute preferential initiation

sites for corrosion have been widely investigated [8–14]. However,

such mechanisms of intermetallic dissolution continue to be dis-

cussed. In order to explain the observed corrosion phenomena, gal-

vanic coupling between the particles and the surrounding matrix

are considered.

To study these phenomena, local techniques [14–18] such as

atomic force microscopy (AFM) combined with scanning Kelvin

probe force microscopy (SKPFM) are often used [16–18]. These

local techniques provide high lateral resolution, which is often

lacking in conventional electrochemical approaches. Other authors

have studied the corrosion behaviour of model alloys representa-

tive of the different metallurgical phases [19–21]. Several mecha-

nisms have been suggested for S-phase dissolution in the AA2024

alloy [8,10,12,13,18,22]. A two-step mechanism has been proposed

that consists of preferential dissolution of aluminium and magne-

sium (Step 1), with the intermetallic particles acting as anodes and

generating copper-enriched particles after some immersion time,

the copper-enriched particles switch to a cathodic behaviour (Step

2) [18]. In order to reproduce separately these two steps, simple

systems such as a pure aluminium/pure magnesium couple (repre-

sentative of the first step) and a pure aluminium/pure copper cou-

ple (representative of the second step) have been recently studied

[23,24]. Both systems were examined with physical contact be-

tween the two materials of the couple, and were demonstrated

to be appropriate for understanding the corrosion mechanisms

associated with copper- and magnesium-rich intermetallics in

Al–Cu–Mg alloys.

In the present study, an Al–Cu model alloy representative of the

a-Al AA2024 matrix and an Al–Cu–Mg model alloy representative

the S-Al2CuMg phase were synthesised by magnetron sputtering to

simulate the corrosion behaviour of the AA2024. Such thin film

model alloys have been shown previously to give relevant data

on the electrochemical behaviour of the metallurgical phases rep-

resented [25–27]. The present paper is focussed on macroscopic

(open circuit measurements and polarisation curves) and local (lo-

cal electrochemical impedance spectroscopy) techniques to study

the electrochemical behaviour of each individual model alloys

and of the couple. In the first step, the corrosion behaviour of each

individual model alloy was studied using potentiodynamic polari-
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sation. In the second step, interpretation of the model couple

behaviour was assisted by local electrochemical impedance spec-

troscopy (LEIS).

2. Experimental

2.1. Material and systems

The model alloys consisted of thin films sputtered on electropo-

lished aluminium substrates. The alloys were synthesised using an

Atom Tech DC magnetron sputtering system with provision for

50 mm diameter targets. In the present case, aluminium

(99.99%), copper (99.95%) and magnesium (99.95%) targets were

used. The substrates were placed on a large copper disk (300 mm

diameter), which was rotated at 250 rpm to ensure composition

and thickness uniformity of the alloys. The deposition was per-

formed at room temperature. After evacuating to 6 � 10ÿ7 mbar,

deposition was performed at 5.5 � 10ÿ3 mbar in 99.998% argon

at room temperature. Three types of material were synthesised,

namely the individual Al–Cu alloy, the individual Al–Cu–Mg alloy

and the couple of both alloys. Concerning the Al–Cu model alloy,

it was synthesised to be representative of the AA2024 matrix.

The AA2024 matrix was considered as the a-Al solid solution con-

taining the hardening precipitation (mostly GPB zones) and disper-

soids. It contains aluminium and copper but also other alloying

elements. However, in this study, the only alloying element consid-

ered was copper and the composition of the Al–Cu model alloy ex-

pected was around Al–2.8 at.%Cu i.e. Al–4 wt.%Cu. Al–Cu–Mg

model alloys were synthesised to be chemically representative of

the S-phase particles with an expected composition of Al–

25 at.%Cu–25 at.%Mg. As described in Fig. 1, to synthesise the

model couple, the Al–Cu model alloy was first deposited on an

electropolished aluminium substrate. Then, a mask was placed

on the sample to cover a part of the surface and the Al–Cu–Mg

model alloy was subsequently deposited. Finally, the mask was

removed. A surface area ratio of 1:1 between both components

of the couple was obtained. No surface preparation was performed

on the specimens before the electrochemical studies.

2.2. Electrochemical measurements

The corrosion behaviour of the model alloys and the coupled

system was studied in sulphate solutions at room temperature

with the electrolyte in contact with air. The electrolytes were

10ÿ1 M Na2SO4 and 10ÿ3 M Na2SO4 solutions, and were prepared

from analytical reagent grade chemicals dissolved in distiled water

(pH values between 6 and 7). The specimen electrodes (Fig. 1) were

prepared by connecting the substrates, on which the model alloys

were deposited, to an electric wire using silver paint, then pasting

them on a plastic support with epoxy resin and isolating the elec-

tric connection from the electrolyte using epoxy resin. Care was ta-

ken in electrode preparation to ensure artifacts were not

introduced, i.e. galvanic couples, and to ensure only the model al-

loy was exposed to the electrolyte. The OCP measurements con-

sisted of recording the free corrosion potential during immersion.

In the following, all potentials are given with respect to the mer-

cury/mercurous sulphate electrode (MSE), with saturated potas-

sium sulphate solution (+0.65 V vs. SHE, the Standard Hydrogen

Electrode, at 25 °C). Polarisation curves were recorded after

immersion for 10 min when the corrosion potential was relatively

stable. The potential was scanned from the cathodic domain

(ÿ1.4 V/MSE) to the anodic domain (+0.6 V/MSE) with a 1 V/h po-

tential scan rate. Local electrochemical impedance spectroscopy

(LEIS) was performed with a Solartron 1275 system, using a five-

electrode configuration [28–30]. The probe (i.e. a bi-electrode

allowing local current density measurement) was stepped across

selected points of the sample. The analyses were performed in

the centres of the individual model alloys and along a line perpen-

dicular to the Al–Cu/Al–Cu–Mg interface of the model alloy couple.

The LEIS measurements were performed in a frequency range of

3 kHz–100 mHz with eight points per decade using 20 mV peak-

to-peak sinusoidal potential. With the experimental set up em-

ployed, only the normal component of the current was measured.

2.3. Optical and chemical characterisations

The samples were observed prior to immersion and after

immersion for 600 min in 10ÿ3 M Na2SO4 solution with an Olym-

pus PMG3 microscope; in situ observations were also performed.

Energy dispersive X-ray spectroscopy (EDS) was used for elemental

analysis, employing a JEOL-JEM-2010 transmission electron micro-

scope (TEM) and a Leo 435VP scanning electron microscope (SEM).

The EDS analysis was performed at an electron beam accelerating

voltage of 5 keV in order to reduce the electron interaction volume

and to localise the chemical analysis within the model alloy layer.

3. Results and discussion

3.1. Structure and composition of the model alloys before corrosion

tests

The model alloy microstructure was characterised by transmis-

sion electron microscopy (TEM), with Fig. 2 showing a micrograph

of the Al–Cu alloy (Fig. 2a) and the corresponding electron

Fig. 1. Schematic representation of the realisation steps of a Al–Cu–Mg/Al–Cu model couple electrode.



diffraction pattern (Fig. 2b). The Al–Cu alloy was relatively uniform

in thickness (about 450 nm thick) and free of defects that may ex-

pose the underlying aluminium substrate to the electrolyte. Such

model alloys are suitable for electrochemical tests with no risk of

galvanic coupling with the aluminium substrate. A typical poly-

crystalline structure was observed for the Al–Cu alloy, which was

assumed to be representative of the a-Al AA2024 matrix. It was

confirmed by electron diffraction (Fig. 2b). The diffraction spots

are indeed characteristic of a crystalline aluminium structure. Con-

cerning Al–Cu model alloys, equilibrium phase diagram showed

that, for a copper content of 4 wt.%, both a-Al and h-Al2Cu phases

are to be observed. However, Idrac et al. showed that, for a copper

content less than 5 at.%, magnetron sputtered Al–Cu model alloys

are composed of a-Al supersaturated solid solution with very little

or no h-Al2Cu phase [25,27], which is representative of the AA2024

matrix. In the present study, two kinds of grains are distinguished,

namely fine equiaxed grains at the interface between the alumin-

ium substrate and the sputtered alloy (grains marked 1–5 in

Fig. 2a, the diameter of which are about 50 nm), and columnar

grains that transverse the remaining alloy thickness (grains 6–13

in Fig. 2a). EDS analyses at the numbered locations were also per-

formed, with the elemental analyses given in Tables 1 and 2. The

equiaxed grains, located at the inner part of the deposit, revealed

a mean copper content around 24 at.%Cu, less than the theoretical

copper content in the h-Al2Cu phase. However, it could be assumed

that these grains corresponded to h-Al2Cu phase and the error in

the chemical composition was attributed to the limited resolution

of EDS analyses. The Al–Cu columnar grains, located at the outer

part of the deposit (in contact with the electrolyte), appeared uni-

form in composition with an average copper content of about

2.7 at.%. This copper content is significantly higher to that corre-

sponding to the a-solid solution (indeed, the solubility of copper

in aluminium at room temperature is only 0.02 at.%) but this result

is in agreement with previous works which showed that PVD pro-

cess led to a supersaturated a-solution [25,27]. Besides, the exper-

imental crystallographic data obtained from the diffraction pattern

performed at the centre layer i.e., out of the equiaxed grains, con-

firmed the a-Al structure. An example is presented in Fig. 2b using

the CaRIne Cristallographie software. The d-spacings calculated for

several grains with a good reproducibility, and corresponding to

the following crystal plane directions [111], [200] and [202] al-

lowed the crystal lattice parameters to be calculated for the model

alloys, respectively equal to 0.407, 0.400, and 0.404 nm. These val-

ues were close to the theoretical value of 0.405 nm for the fcc alu-

minium structure. The difference between the two sets of values

i.e. the experimental crystal lattice parameter and the theoretical

ones showed that the columnar grains could be considered to cor-

respond to the a-Al supersaturated solid solution. As a conclusion,

since the copper content of the columnar grains was close to that of

the AA2024 matrix (Table 3), it was assumed that the Al–Cu alloy

was representative of the AA2024 matrix.

Fig. 3 shows a TEM micrograph of the Al–Cu–Mg alloy (Fig. 3a)

and the corresponding electron diffraction pattern (Fig. 3b). Similar

to the sputtered Al–Cu alloy, the Al–Cu–Mg alloy appeared uniform

in thickness (about 650 nm thick) and free of defects. Unlike the

binary alloy, the ternary alloy displayed an amorphous structure,

confirmed by the electron diffraction (Fig. 3b). This is a classical re-

sult for ternary Al–Cu–Mg alloys deposited by magnetron sputter-

ing. Blanc et al. [25] studied the corrosion behaviour of such alloys.

They have not attributed the amorphous structure to the high

alloying element content but to the third alloying element (magne-

sium) in significant amounts. The authors assumed that the crys-

tallographic structure of such model alloys is not as significant as

the chemical composition. Indeed, in spite of the amorphous struc-

ture, the sputtered Al–Cu–Mg alloy was shown to be representa-

tive of the corrosion behaviour of the 2024 alloy in sulphate

solutions and in the cathodic range [25]. As for the latter, Liu

et al. [20,31] revealed that such model alloys were electrochemi-

cally representative of the S second phase (Al2CuMg) particles

present in the AA2024 alloy. The chemical composition of the ter-

nary alloy does not resemble that of any bulk alloys. Bulk Al–Cu–

Mg model alloys have a microstructure very different from

AA2024 S-phase particles since they are generally multiphase

[12]. PVD model alloys are difficult to obtain with a homogeneous

and reproducible composition. However, unlike bulk alloys, the

present ternary alloy was shown to be monophase and with the ex-

act composition of the S-phase particles present in the 2024 alu-

minium alloy. Indeed, EDS analyses at the nine numbered

locations are presented in Table 4; a uniform composition of Al–

22.4 at.%Cu–24.2 at.%Mg was revealed for the nine analyses, which

confirms that the deposited alloy is chemically representative of

the S-Al2CuMg phase.

3.2. Corrosion behaviour of the individual model alloys

Fig. 4 shows the polarisation curves for the Al–Cu and Al–Cu–

Mg alloys in 10ÿ1 M Na2SO4 electrolyte. The polarisation curve of

pure aluminium and AA2024 alloy in the same electrolyte are also

reported for comparison. All the polarisation curves exhibit a

cathodic current plateau corresponding to the oxygen reduction

reaction (ORR). Results show that the ORR plateau is higher for

the Al–Cu, Al–Cu–Mg and AA2024 alloys than for pure aluminium

which could be related to enhanced kinetics of the ORR on copper

Fig. 2. (a) TEM micrograph of the Al–Cu model alloy and (b) electron diffraction pattern realised on one of the columnar grains in the [101] zone axis.

Table 1

Aluminium and copper contents of the Al–Cu model alloy for equiaxed grains (points

1–5) reported in Fig. 2a.

at.% 1 2 3 4 5 Mean value Standard deviation

Al 75.7 79.8 73.7 76.4 75.5 76.2 2.0

Cu 24.3 20.2 26.3 23.6 24.5 23.8 2.0



in comparison to the kinetics on aluminium. Comparison of the

cathodic current density for Al–Cu–Mg alloy to that for Al–Cu alloy

confirms this result since the higher copper content in the model

alloy the higher the cathodic current density. Results confirm the

corrosion mechanisms proposed on the AA2024 alloy [10,12,18]:

the ORR takes place preferentially on the copper-rich intermetallic

particles such as S-Al2CuMg phase particles and leads to the local

alkalinisation of the medium and provokes the depassivation of

the aluminium matrix around the particles, which is characterised

by a trenching of the surrounding matrix. Concerning the anodic

domain, it presents, for the Al–Cu alloy, a passive region plateau,

which superimposes with that for pure aluminium, with current

densities values of about 10ÿ6 A/cm2. On the contrary, the anodic

domain for Al–Cu–Mg alloy presents a current peak (ÿ300 mV/

MSE) followed by a passive region. Optical microscopy observa-

tions before and after the current peak in the 10ÿ1 M Na2SO4 elec-

trolyte showed that it may be attributed to local dissolution

phenomena and subsequent repassivation of the Al–Cu–Mg alloy.

Indeed, as shown by Mankowski et al. [32], sulphate ions can be

responsible for pitting corrosion of copper.

A similar current peak (at the same potential of aboutÿ300 mV/

MSE) had been observed previously for the AA2024 alloy in chlo-

ride-containing nitrate solution [9], which was attributed to S-

phase particle dissolution. In the present study, such an anodic

peak was not observed for AA2024 in sulphate solutions and only

a passive plateau was recorded. It could thus be concluded that, in

sulphate solutions, AA2024 is passive and breakdown of the

passivity could locally appear on S-phase particles. However, here,

the anodic currents corresponding to the dissolution of S-phase in

AA2024 do not lead to a passivity breakdown: they are either too

low or the dissolution of S-phase occurred during the cathodic

polarisation.

3.3. Corrosion behaviour of the couple: LEIS measurements

Open circuit potential (OCP) measurements were performed

initially to determine the time necessary for the potential to

Table 2

Aluminium and copper contents of the Al–Cu model alloy for columnar grains (points 6–13) reported in Fig. 2a.

at.% 6 7 8 9 10 11 12 13 Mean value Standard deviation

Al 97.1 97.7 97.2 96.7 97.9 96.9 97.9 97.7 97.4 0.4

Cu 2.9 2.3 2.8 3.3 2.1 3.1 2.1 2.3 2.6 0.4

Table 3

Chemical composition of the 2024 aluminium alloy.

Elements Al Cu Mg Mn Fe Si

wt.% Base 3.8–4.9 1.2–1.8 0.3–0.9 60.5 60.5

Fig. 3. (a) TEM micrograph and (b) electron diffraction pattern of Al–Cu–Mg model alloy and (b) electron diffraction pattern realised on one of the point of the layer.

Table 4

Aluminium, copper and magnesium contents of the Al–Cu–Mg model alloy for the points reported in Fig. 3a.

at.% 1 2 3 4 5 6 7 8 9 Mean value Standard deviation

Al 53.4 52.5 53.2 51.9 53.1 55.6 54 53.2 54.3 53.5 1.0

Cu 21.1 22.7 23 24.6 25.1 18.5 21.8 23.3 21.3 22.4 1.9

Mg 25.5 24.8 23.8 23.5 21.8 25.9 24.2 23.5 24.4 24.2 1.1

Fig. 4. Polarisation curves of Al–Cu and Al–Cu–Mg model alloy in a 10ÿ1 M Na2SO4

solution. The polarisation curves of pure aluminium and AA2024 alloy in a 10ÿ1 M

Na2SO4 solution were reported for comparison. Potential scan rate vb = 1 V/h.



stabilise before undertaking LEIS measurements. Fig. 5 presents the

variation of OCP with time for the individual Al–Cu and Al–Cu–Mg

alloys, and the Al–Cu/Al–Cu–Mg couple. The OCPs of the individual

Al–Cu and Al–Cu–Mg alloys displayed marked changes over the

initial immersion periods (150 min). Subsequently, both OCPs sta-

bilised with values around ÿ0.8 V/MSE for the Al–Cu alloy and

ÿ0.4 V/MSE for the Al–Cu–Mg alloy. Interestingly, during the first

100 min of immersion (dotted vertical line in Fig. 5), the OCP of

the Al–Cu alloy was more positive than that for the Al–Cu–Mg alloy

(Step 1) whereas, after immersion for 100 min, the OCP of the Al–

Cu alloy was more negative than that for the Al–Cu–Mg alloy (Step

2). The OCP of the model couple increased rapidly from ÿ1.8 to

ÿ0.7 V/MSE at the beginning of immersion then stabilised after

60 min.

After OCP stabilisation, local electrochemical impedance spec-

troscopy was performed for different positions on the model cou-

ple. Fig. 6 shows a schematic representation of the model couple

electrode with the position of the probe for the local impedance

measurements. The x-axis origin corresponds to the interface be-

tween Al–Cu–Mg (negative values) and Al–Cu (positive values) al-

loy parts. Electrochemical impedance measurements were

performed for short immersion times (after 60 min of immersion

in the electrolyte) and for long immersion times (after 600 min

of immersion in the electrolyte). It is worthy noticing that, for short

immersion time, Al–Cu is cathodically polarised in the model cou-

ple while, for long immersion times (600 min for example), Al–Cu

is anodically polarised. Moreover, 60 min corresponds to the stabi-

lisation of the couple OCP (Fig. 5). Fig. 7 shows the local electro-

chemical impedance spectra obtained on the Al–Cu–Mg alloy

part (Fig. 7a) and Al–Cu alloy part (Fig. 7b), after immersion for

60 min in the 10ÿ3 M Na2SO4 solution while the corresponding

impedance spectra obtained after immersion for 600 min are given

respectively in Fig. 7c and d. The spectra of the individual Al–Cu–

Mg (Fig. 7a and c) and Al–Cu (Fig. 7b and d) alloys were reported

for comparison. These spectra were plotted after 150 min of

immersion, which corresponds in the stabilisation of the OCP val-

ues of the individual model alloys. For short immersion times,

the spectra of the Al–Cu–Mg part (Fig. 7a) present an inductive

loop and a capacitive loop. The size of the inductive loop is greatest

near the interface of the Al–Cu–Mg/Al–Cu alloy and then decreases

as the distance from the interface increases. This is related to the

geometrical effect due to the equipotential line distribution over

the surface of an embedded electrode, [33–36]. The local imped-

ance spectrum of the individual Al–Cu–Mg alloy shows slightly

lower impedance values than those of the Al–Cu–Mg alloy part

of the couple. Observations of the Al–Cu–Mg alloy electrode sur-

face had revealed pitting corrosion during the initial period of

immersion, in agreement with the low impedance values mea-

sured on this alloy material. The local impedance spectra of the

Al–Cu alloy part (Fig. 7b and d) shows, for the position close to

the interface (x = +1), a capacitive behaviour with two time con-

stants ascribed to the oxygen reduction reaction (charge transfer

process and semi-infinite diffusion). This is in accordance with

the polarisation of the model couple for short immersion times

with Al–Cu which acts as a cathode. When the measurements are

performed far from the interface (x = +4), the impedance response

is similar to that of individual Al–Cu alloy. Such a behaviour corre-

sponds to the galvanic coupling effect between both alloys. Com-

parison of Fig. 7a and b reveals that the impedance values at low

frequencies are higher (1.5 decades) on the Al–Cu alloy part than

on the Al–Cu–Mg alloy part, revealing the capacitive behaviour of

the Al–Cu alloy and the reactive behaviour of the Al–Cu–Mg alloy

when both are coupled. No passivation of the latter alloy was ob-

served and, conversely, dissolution phenomena have been identi-

fied. These results are in agreement with the polarisation curves

plotted for each individual model alloy (Fig. 4). A current peak is

present in the anodic part of the polarisation curve of the Al–Cu–

Mg alloy revealing dissolution phenomena and a passive plateau

on the polarisation curve of the Al–Cu alloy. For long immersion

times, the impedance spectra plotted for Al–Cu–Mg model alloy

showed that there was a decrease of the impedance when the

immersion time increased. This showed that, despite of the inver-

sion of the polarisation of the model couple (Fig. 5), corrosion phe-

nomena went on occurring on Al–Cu–Mg alloy. For Al–Cu alloy, a

strong capacitive behaviour was observed for long immersion

times in agreement with the inversion of the polarisation of the

model couple: Al–Cu model alloy became the anode of the couple

and remained passive as shown by the polarisation curve plotted

for individual Al–Cu model alloy (Fig. 4).

Results thus showed that, when the two alloys were coupled,

the Al–Cu alloy part was polarised cathodically during the first

100 min (Step 1), with the Al–Cu–Mg alloy part being the anode.

Some pits may be formed on the Al–Cu–Mg alloy, which explained

the low impedance values obtained for this alloy after immersion

for 60 min. After immersion for 100 min, (Step 2) the corrosion

potentials of the two individual materials were reversed (Fig. 5).

Thus, the Al–Cu alloy became the anode of the system and passiv-

ated, since it did not develop any pits in the sulphate medium as

shown on the current–potential curves. The Al–Cu–Mg alloy be-

came the cathode of the system. It was assumed that, even if this

alloy was the preferred site for the oxygen reduction reaction,

the anodic component on it was significant, particularly with local

dissolution phenomena. Further, these alloys are covered by a pas-

sive layer at the corrosion potential at the commencement of

immersion. Even though galvanic coupling occurs and oxygen

reduction on copper-rich parts then leads to a rapid depassivation

of the zones due to subsequent alkalinisation. Such corrosion phe-

nomena may be combined with changes in surface chemistry of

the alloys, which could also explain the potential variations with

time (Fig. 5). Optical microscopy observations and SEM character-

isation combined with EDS analyses were conducted to character-

ise the corrosion damage and check the assumptions made

previously about the electrochemical behaviour of both alloys in

the couple.

Fig. 5. Open circuit potentials of Al–Cu alloy, Al–Cu–Mg alloy and the couple in a

10ÿ3 M Na2SO4 solution. The dotted vertical line indicates the transition between

Step 1 (short immersion times) and Step 2 (long immersion times).



Fig. 6. Schematic representation of the different LEIS measurement locations on a model alloy electrode. The distance values are given in millimetres.

Fig. 7. LEIS spectra in Nyquist representation above (a and c) the Al–Cu–Mg alloy part and (b and d) the Al–Cu alloy part of the couple after short immersion time (60 min)

and long immersion time (600 min) in a 10ÿ3 M Na2SO4 solution. An inset, representing a magnification of the spectra in the high-frequency range was added in each graph.

LEIS spectra of individual Al–Cu–Mg and Al–Cu alloy were reported for comparison, for short immersion time (150 min) and long immersion time (600 min).



3.4. Microscopic observations and chemical analysis of the corrosion

damage

Fig. 8 shows a photograph (Fig. 8a) and the corresponding opti-

cal micrograph (Fig. 8b) of the model alloy couple after immersion

for 60 min in the 10ÿ3 M Na2SO4 solution. The couple after immer-

sion for 600 min is presented in Fig. 8c, with magnified images on

each part of the couple displayed in Figs. 8d and e. The large differ-

ences in reflectivity on both parts of the couple did not allow the

simultaneous observation of both parts. Indeed the Al–Cu–Mg al-

loy part appeared corroded while the Al–Cu alloy part appeared al-

most intact (Fig. 8b). Interestingly, the Al–Cu–Mg alloy part was

more corroded close to the interface, revealing the galvanic cou-

pling effect. As explained before, sulphate ions are responsible

for pitting corrosion [32], which is enhanced at locations of higher

galvanic currents, i.e., at the interface between both model alloys.

After 600 min, the Al–Cu–Mg alloy part appeared severely cor-

roded compared with the Al–Cu alloy part. Further, many similarly

sized pits (about 100 lm in diameter) were present on the Al–Cu–

Mg alloy whereas, except for some small pits (about 10 lm in

diameter) that are probably unstable, the Al–Cu alloy appeared

passive. These observations were fully consistent with the assump-

tions made earlier after the analysis of local impedance measure-

ments of the couple and the current–voltage curves for the

individual alloys.

In order to further characterise the phenomena occurring on the

Al–Cu–Mg alloy, chemical analyses were performed. Fig. 9 shows

optical (Fig. 9a) and SEM (Fig. 9b) micrographs of the Al–Cu–Mg al-

loy part presented in Fig. 8 after immersion for 600 min in 10ÿ3 M

Na2SO4 solution. EDS spectra performed on the previous corroded

sample are shown in Fig. 8c. Spectra analysis locations are marked

in Fig. 9b from N°1 (far from the pit) to N°4 (in the pit).

Spectrum N°0 corresponds to analysis performed on the Al–Cu–

Mg alloy before immersion. No significant composition differences

were observed between spectrum N°1 and spectrum N°0; far from

the pit, the Al–Cu–Mg alloy composition did not change after

immersion for 600 min. Further, EDS spectra revealed a gradual

variation of the chemical composition from the S-phase composi-

tion (N°1) to a composition almost exclusively copper and oxygen

(N°4). Indeed, it is revealed that the aluminium and magnesium

contents decreased from spectrum N°1 to spectrum N°4. For spec-

trum N°4, the magnesium peak was absent and the aluminium

peak was very low. The chemical analysis thus showed that the

Al–Cu–Mg alloy had undergone preferential dissolution of alumin-

ium and magnesium in the vicinity of the pit, leading to a strong

copper enrichment. This behaviour is consistent with the phenom-

ena presented to explain S-phase particle reactivity in the AA2024

alloy. A schematic diagram of the corrosion behaviour of the model

couple is presented in Fig. 10. In the initial state, both Al–Cu–Mg

and Al–Cu parts are passivated (Fig. 10a). During immersion, be-

cause of the presence of magnesium, the Al–Cu–Mg alloy had a

more cathodic potential than the Al–Cu alloy. In the couple, the

Al–Cu–Mg alloy part was anodically polarised and localised corro-

sion phenomena occurred, leading to a preferential dissolution of

aluminium and magnesium, which corresponds to the first step

of the diagram (Fig. 10b). This first step resulted in a strong copper

enrichment. The chemical composition change could explain the

observed reversal of the corrosion potentials of the two model al-

loys. In the couple, after immersion for 100 min (Step 2), the Al–Cu

alloy became the anode of the system, but it remained passive in

Fig. 8. Photograph and optical micrographs of the couple interface after (a and b) 60 min and (c–e) 600 min of immersion in 10ÿ3 M Na2SO4 solution. Magnification on each

part of the couple after 600 min of immersion (d and e).



the sulphate medium (Fig. 10c). However, it was assumed that the

pits continued to grow on the Al–Cu–Mg alloy. In Fig. 8, the Al–Cu–

Mg alloy appeared more damaged at the interface with the Al–Cu

alloy part. These observations can be correlated with the changes

observed with the probe position for the impedance spectra per-

formed on the Al–Cu–Mg alloy part of the couple after immersion

for 90 min in sulphate medium. Indeed, the gradual reduction of

the magnitude of the high frequency inductive loop with distance

from the interface had been observed before (Fig. 7). These obser-

vations are a sign of the galvanic coupling phenomenon.

4. Conclusions

As a prerequisite for the simulation of the galvanic coupling, the

individual Al–Cu and Al–Cu–Mg model alloys were shown to be

representative of the corrosion behaviour of the AA2024 alloy.

Anodic and cathodic current densities measured on the Al–Cu–

Mg alloy were about ten times higher than those on the Al–Cu al-

loy; this was attributed to the high copper content of the Al–Cu–

Mg alloy. Thereby, the high copper content increased susceptibility

of the Al–Cu–Mg alloy to pitting corrosion due to the presence of

sulphate ions. An anodic current peak was observed on the Al–

Cu–Mg alloy polarisation curve. This current peak was attributed

to dissolution phenomena, which are totally representative of the

dissolution of the S-phase particles of the AA2024 alloy.

LEIS showed a capacitive behaviour of the Al–Cu alloy part of

the couple while the Al–Cu–Mg alloy part appeared to be the loca-

tion of strong reactivity. While the Al–Cu alloy part remained in a

passive state, the Al–Cu–Mg alloy part underwent significant local-

ised corrosion. The preferential dissolution of magnesium observed

Fig. 9. (a) Optical and (b) SEMmicrograph of the framed pits of the Fig. 8c and d. (c)

EDS spectra at different distances from a pit (point marked 1–4 in b). The spectra

N°0 was performed on the Al–Cu–Mg alloy before immersion.

Fig. 10. Schematic diagram of the corrosion behaviour of the model couple alloy, (a) initial state, (b) Step 1, up to 100 min of immersion in 10ÿ3 MNa2SO4 and (c) Step 2, after

100 min of immersion.



in the commercial AA2024 alloy was highlighted in the magnetron

sputtered couple model alloy.

The results showed that model couples constitute an original

and efficient approach to study corrosion mechanisms involving

galvanic coupling. The study of model alloys used to simulate

events highlighted on the commercial AA2024 alloy was relevant,

although the thin nature of the sputtered layers may limit long

term testing. The macroscopic model systems (centimetre scale),

studied by stationary and transient electrochemical methods, were

shown to be representative of submicron phenomena that occur on

the intermetallic particles of the commercial AA2024 alloy.
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