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Abstract

The corrosion behaviour of 2024 aluminium alloysuiphate solutions was studied; attention
was focused on the influence of coarse intermetAliCuMg patrticles on the corrosion
resistance of the alloy. Model alloys represengati’the aluminium matrix and of ALuMg
coarse intermetallics were synthesized by magnepaitering. Open-circuit potential
measurements, current—potential curve plottinggatdanic coupling tests were performed in
sulphate solutions with or without chlorides. Fertexplanations were deduced from the
study of the passive films grown on model alloysuiphate solutions. The results showed

that model alloys are a powerful tool to study ¢berosion behaviour of aluminium alloys.

Keywords: A. Aluminium; A. Intermetallics; A. Sputtered film€. Passive films; C.

Corrosion

1. Introduction

2. Experimental

2.1. Material

2.2. Electrochemical tests



2.3. Microscopic observations and surface analysis

3. Results and discussion

3.1. Structure and composition of the model alloys

3.2. Electrochemical behaviour of AI-Cu and Al-Cuz-Model alloys

3.3. Study of the passive films grown on Al-Cu &tdCu—Mg model alloys
4. Conclusions

References

1. Introduction
2.

There is significant interest in the corrosion hebtiar of Cu-containing Al alloys,
such as 2024 aluminium alloys (AA 2024), which rena importance for aerospace
applications. AA 2024 is a high-strength alloy ihieh a heterogeneous microstructure is
developed by thermomechanical processing to olgtama mechanical properties. As a
consequence, it is rather susceptible to locak@emsion, such as pitting corrosion, in many
electrolytes. In a previous wofk], we studied the corrosion behaviour of 2024 aliumnmn
alloys in chloride-containing sulphate solutioneeTesults showed that coarse intermetallic
Al,CuMg patrticles were preferential sites for pittilighen the alloy was polarized in
sulphate solutions, these particles were homogeshedissolved and, when chloride ions
were added, pits formed preferentially on the mitallics in certain experimental
conditions, corresponding to the presence of a@ogeposit on and around the
intermetallics, due to the synergetic effect opbalkte and chloride ions towards copper. Other
work, performed in nitrate solutiofig], confirmed that copper and magnesium-rich
intermetallics strongly influenced the corrosioméeour of AA2024. Their reactivity can be
described by a three-step process consisting obgemeous dissolution, copper redeposition
followed by local dissolution of the surroundingtnda Many other authors have discussed
the importance of intermetallic particles as ititia sites for corrosiof3], [4], [5], [6], [7],
[8], [9] and[10]. For example, Schmutz et #] and[10] used atomic force microscopy
(AFM), in situ AFM scratching and Volta potentiabpping to study localized corrosion of
Al alloys. The influence of copper-rich intermeiesl on the corrosion resistance of
aluminium alloys was clearly demonstrated by adkstihnworks but the mechanisms explaining
the dissolution of the intermetallics, the coppeiicghment and the pit nucleation at these sites
are not so obvious even though many works have pedarmed on this topid], [3] and
[11]. Zhu and Van Ooij12] proposed a mechanism slightly different from thaiposed by
the authors of the present paper; they showedhbainodic AICuMg particles dealloyed Al



and Mg during immersion in a neutral 0.6 M sodiumodde solution with the dealloying of
Mg being the most severe. Simultaneously, stroegadiition of the Al matrix surrounding
the coarse particles was also observed. This merhamas similar to that proposed by other
authorg3], [13] and[14]. For Buchheit et a[3], selective dissolution of copper and
magnesium-rich particles led to the formation dighly porous copper-rich layer at the
surface of the alloy. As a consequence, coppeicfgggtcan be pulled from the surface and
redistributed around the particles. It appearsshmatificant work still is needed to really
understand the corrosion behaviour of copper-ricmaium alloys. To go further, many
authors have used micrometer-scale electrocheneichhique$14] and[15]. But,
electrochemical techniques used in the micrometege are often expensive and difficult to
use. To understand the corrosion behaviour of aepple aluminium alloys, another
possibility is to study the electrochemical behaviof model alloys representative of the
different metallurgical phases present. Differeetams can be used to synthesize such model
alloys (different melting techniques but also difiet physical deposition techniques). Thin
films of Al-Cu alloys can be easily obtained usimggnetron sputtering and are useful for
such studie§l6] and[17].

AA 2024 alloy is characterized by an Al matrix caining about 0.02 wt%Cu and two types
of coarse intermetallic particles i.e., Al-38 wt%a6 wt%Mg and Al-27 wt%Cu—

7 wt%Mn-11 wt%Fg2]. Including the fine strengthening particles, theam Cu content of
the matrix is about 4 wt%. The works previously twred showed the detrimental effect of
Al,CuMg coarse particles. Thus, in this study, attenwas focused on the influence of
copper and magnesium-rich particles on the comolse@haviour of 2024 alloy. The
electrochemical behaviour of the aluminium mataxining the strengthening particles and
of copper and magnesium-rich particles was studiéed wt%Cu and Al-55 wt%Cu—

10 wt%Mg model alloys were deposited by magnetpritering. Open circuit potential
(OCP) measurements were performed and polarizatiores plotted in a sulphate solution
with or without chlorides. Galvanic coupling testsre also performed in sulphate solutions.
Taking into account that the nucleation step dfrgjtcorrosion corresponds to passive film
rupture and that galvanic coupling is probably thukcal differences between the passive
film grown on the Al matrix and that on the inteaécs, the passive films formed on the
model alloys were studied in order to relate tleetbchemical behaviour of the model alloys
to the structure and chemical composition of thespa films grown on their surface. Thus,

the alloys were polarized in sulphate solution #redoxide films grown on the surface were



observed by transmission electron microscopy (TEBM) analyzed by electron energy loss

spectroscopy (EELS) and secondary ion mass speetrp($IMS).

2. Experimental

Material

Binary Al-4 wt% Cu alloy and ternary Al-55 wt%Cu-MP6Mg alloys were prepared by
magnetron sputtering with separate high purity a&hium (99.999%), copper (99.99%) and
magnesium (99.99%) targets. The substrates, onithwine alloys were deposited, consisted
of mechanically polished (up topgn diamond paste) 2017 aluminium alloy plates. Tiheya
layers were deposited at a rate of about 5 nm’minreach a final thickness in the
approximate range 150-250 nm determined from treassom electron microscopy (TEM)
measurements. During the synthesis, the chambefinsagvacuated to 2 x Ibmbar, with
sputtering then carried out at 5 x 1énbar in 99.998% argon. The results obtained fer th
model alloys were compared to those obtained dnrar2 thick plate of 2024 T351
aluminium alloy. The T351 treatment consists irusoh heat-treating at 500 °C, water
guenching, straining, and tempering the alloy abrdemperature for 4 days. Its composition
was the following: Al base, Cu 4.54 wt%, Mg 1.524ytMn 0.63 wt%, Fe 0.17 wt%, Zn

0.08 wit%.

Electrochemical tests

The alloys deposited were potentiokinetically pakd in a 0.1 M sodium sulphate electrolyte
(pH = 5.6). Other experiments were performed inlaNd NaSO, + 0.004 M NacCl solution.

A sample area of 2 chwas exposed to a solution in contact with airpam temperature. A
three-electrode electrochemical cell was used dictya platinum grid with a large surface
area as the auxiliary electrode, the referencdrele being a saturated calomel electrode
(SCE) with a Luggin capillary. All potentials qudtare with respect to the SCE reference.
Solutions were prepared by dissolving the saltfistilled water. All chemicals used were
analytical reagent grade. The samples were immenstbeé solution (without further

polishing except for 2024 alloy which was mechalhygaolished down to 4000 grit SiC



paper, ultrasonically cleaned in distilled water @ir dried) and the potential was
immediately scanned at a rate of 15 mV thirom —1000 mV to 1000 mV/SCE. OCP
measurements were also performed in a 0.1 M sodudpihate solution, the samples being
immersed in the electrolyte for 24 h. Further expents consisted in performing some
galvanic coupling tests in a 0.1 M sulphate soluby using the potentiostat in zero
resistance ammeter (ZRA) mode with the auxiliargt seference connections of the
potentiostat connected to a model alloy and the&kiwgrconnection of the potentiostat

connected to another model alloy.

The chemical composition and the structure of gesjve films grown on the model alloys
were also studied. The model alloys were polaraetD00 mV/SCE for 1 hin 0.1 M B&O,

solution to develop the passive films.

2.3. Microscopic observations and surface analysis

Suitable electron transparent sections of freshjyodited alloys and polarized alloys were
examined by TEM using a Philips CM20T instrumerttvenergy dispersive spectroscopy
(EDS) and EELS facilities. Two methods were useprgpare the samples for TEM
observations. In one method, the samples wereddica nominal thickness of about 30 nm
by ultramicrotomy. In the second method, transpasentions were prepared from the thin
films deposited on the substrates: samples werzghin film to thin film, and embedded in
resin in a tube. Then, the resulting sandwich iasdinto sections. The slices were ground
down to about 10Qm thick and a dimple machined in the central regiinal electron
transparency was obtained by ion milling on a @ieaiion polishing system (PIPS(tm),
Gatan) using 5 kV Arions. The composition of the alloys and of thespasfilms were
determined by using EDS and EELS analysis. SIM3yaea were also performed on the
polarized model alloys using a Cameca IMS4F inpitediling mode with an analyzed zone of
30um in diameter. Csions were used for abrasion and the intensityilpsoplotted from the
recombination of Csions with the analyzed chemical elements in otdeeduce the matrix

effect, i.e., to obtain intensity profiles closerthe concentration profiles.

3. Results and discussion




3.1. Structure and composition of the model alloys

Binary Al-Cu alloys and ternary Al-Cu—Mg model giowere synthesized by magnetron
sputtering to be representative respectively otbeninium matrix and of the Al-Cu-Mg
coarse intermetallic particles present in 2024yallo such alloy, Al-Cu—Mg coarse
intermetallic particles can correspond to S-phasgquMg). We determined, in a previous
work, a mean composition corresponding to 38 wt%@ad 16 wt%Mg for Al-Cu—Mg coarse
intermetallic particles present in 2024 all@y. However, we also observed that the copper
content of these intermetallics could vary overidewange from 32 to 48 wt% for a just
polished sample. Moreover, as said previously elpesticles are very reactive and, in some
conditions, a copper enrichment can occur leadirgppper content on the particles of more
than 80 wt%. Thus, the aim in the present work teasbtain a ternary model alloy with
copper and magnesium contents corresponding to eaudd be the composition of copper
and magnesium-rich intermetallics in 2024 allByy. 1 shows the TEM micrographs obtained
on electron transparent sections respectively feCA model alloy Fig. 1a) and for Al-Cu—
Mg model alloys Fig. 1b). Both model alloys consisted of thin films horaogous in
thickness; no defects such as cracks were obseovdtk electrolyte was in contact with the
alloy layer and not with the substrate during tleeteochemical tests. The alloy layers were
about 300 and 500 nm thick for AI-Cu and Al-Cu—Mgdal alloys respectively. TEM
observations also showed that a polygranular streatas observed for Al-Cu model alloy
with columnar grains crossing the whole alloy layére grains were about 60 nm wide and
their length, measured perpendicularly to the satesfalloy layer interface, corresponding to
the model alloy thickness. For the Al-Cu—Mg modklya the morphology of the thin film
was quite different with no grains observed sugggsin amorphous structure. The
diffraction pattern obtained for both model all@gnfirmed these observatiorfsd. 2). For
Al-4 wt%Cu alloy, the diffraction experiments shaiee spotty ring pattern characteristic of a
nano-crystallized structur€i. 2a). The medium grain size was less than 100 nm. The
indexing of the diffraction patterririg. 20) was performed using the aluminium crystal cell
parameters, which showed that the AlI-Cu model allag a copper solid solution in
aluminium @-Al). It is well known that the solubility of coppé aluminium at room
temperature is about 0.02 at%; in this work, ED&lysis was performed from the outer part
of the alloy layer to the substrate/alloy layeenface. It showed that the AlI-Cu model alloy

was homogeneous in chemical composition. For lloy eepresentative of the matrix, the



chemical composition was Al-4 wt%Cu which corregoto Al-2.8at%Cu. Thus,

diffraction experiments showed that a solid soluticas obtained even thoughoaAl + 6-
Al,Cu) 2-phase structure should have been observeddaeg to the equilibrium phase
diagram. This result was probably due to the expental method used for the preparation of
the material. We obtained the same results in @natork[18]. For the Al-Cu—Mg model
alloy, a continuous ring diffraction pattern wasetved which showed that an amorphous
structure was obtained for the alloy which wasgreament with TEM observations. EDS
analysis showed that this model alloy was homogeseelative to its chemical composition
but the copper content was higher in comparisoh thié mean copper content determined by
performing a statistical study on more than 20 Al-llg particles present in 2024 alloy.
However, the composition we determined, i.e., AlwE%Cu—10 wt%Mg, corresponded to
the chemical composition of some Al-Cu—Mg partigessent in 2024 alloy since, as said
previously, there is a significant dispersion ia themical composition of this type of
intermetallics. As a consequence, for the predediswe maintained sputtering conditions
that led to the synthesis of the model alloys desedrabove. Throughout the study, the matrix
containing the strengthening phases was modelddAii4 wt%Cu thin film and the Al-Cu—
Mg intermetallics by an Al-55 wt%Cu-10 wt%Mg moddby. Concerning the amorphous
structure of the latter model alloy, in other sagfi8], we prepared binary Al-Cu alloys by
magnetron sputtering and a nanocrystallized stractuas obtained even with a copper
content higher than 70 wt%. Thus, the amorphouwsstre we obtained for Al-Cu—Mg model
alloy cannot be explained by the high proportiohalioying elements but might be due to the

introduction of a third alloying element in sigiedint proportions.

Fig. 1. TEM micrographs of (a) Al-4 wt.%Cu and &H-55 wt.%Cu—10 wt.%Mg model

alloys.



Fig. 2. Electron diffraction patterns of (a, b) Alwt.%Cu and (c) Al-55 wt.%Cu—
10 wt.%Mg model alloys.
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3.2. Electrochemical behaviour of Al-Cu and Al-Cu—Nj model alloys

Preliminary experiments were performed to complagestectrochemical behaviour of a pure
aluminium thin film deposited on a 2017 Al alloybstrate and of a pure aluminium sheet

(2 mm thick). OCP measurements and current—potentiges plotted in sulphate solutions
showed that there were no differences in the elelimical behaviour of these two samples.
This confirmed that thin films synthesized by magme sputtering can be used to model a

bulk material from an electrochemical point of vigtwvas thus assumed that comparison



between electrochemical tests performed on a balleral (2024 alloy) and those obtained
for the model alloys was relevant. Of course, tloeensimilar the chemical composition and
the crystallographic structure of the model alloyhat of the bulk material, the more
representative the model alloy will F&g. 3shows the OCP measured for Al-Cu and Al—
Cu—Mg model alloys for 24 h in 0.1 M pBO, solution. Results showed that, on immersion,
the OCP strongly increased from cathodic to moreanvalues (—400 mV/SCE) and then,
after 24 h of immersion, stabilized at a potentiaghbout —320 mV/SCE for Al-Cu alloy. For
Al-Cu—Mg model alloy, OCP increased strongly on iension to a more anodic value (about
-150 mV/SCE) than that measured for Al-Cu modelyadind finally stabilized at about
—-200 mV/SCE after 24 h in sulphate solutions.

Fig. 3. Open circuit potential versus time in 0. IN#&SQO, solution for Al-4 wt.%Cu and Al—
55 wt.%Cu-10 wt.%Mg model alloys.

Fig. 4shows the potentiodynamic polarization curvestetbfor both model alloys ina 0.1 M
Na,SO, solution. The potentiokinetic curve plotted for220aluminium alloy is reported for
comparison. For Al-Cu—Mg model alloy, the cathadicrent density was about

5 x 10* A cm 2 close to that measured for 2024 alloy (abouf 20cm ™). In contrast, the
cathodic current density measured for Al-Cu all@swnuch lower, about 5 x T0A cm™.
Thus, the corrosion behaviour of 2024 alloy wasiicantly influenced by the AlI-Cu—Mg
intermetallic particles in the cathodic range iitespf the fact that these coarse intermetallics
only covered about 1% of the total surface aregh®P024 alloy. Al-Cu—Mg intermetallic
particles promoted the cathodic reduction of oxygemch explained the high cathodic
current density measured for 2024 alloy. The cathodrrent densities for the coarse
intermetallics in 2024 alloy were high enough ttedenine the cathodic behaviour of 2024
alloy. The corrosion potential of 2024 alloy wasiar to that measured for Al-Cu—Mg
model alloy withE.or being equal to -50 mV/SCE. This value corresporidetat obtained
with the OCP measurements. This result differethftbat obtained by Dimitrov et 4L9]

who showed that the corrosion potential of agCAIMg alloy sample was more negative than
that of 2024 T3 Al alloy. In Dimitrov’s work, thexperiments were performed in a chloride
solution which might explain the results sincesassl previously, it can be assumed that the
differences in the crystallographic structure obsdrbetween the Al-Cu—Mg alloy obtained
by magnetron sputtering and the bulk one mightoeathe most significant parameter. By

comparison with the corrosion potential measuredfeCu model alloy, the corrosion



potential of AI-Cu—Mg alloy was 150 mV shifted tawa the more positive potentials. This
result was in agreement with the OCP measuremEis3). In the anodic range, the
electrochemical behaviour of 2024 alloy was simtitathat of its matrix since the anodic
current densities measured for 2024 alloys and Alalby were similar and significantly
lower than those measured for the Al-Cu—Mg modeyallhis result suggests that the
passive films formed on the Al-Cu—Mg intermetafiarticles were chemically different and
less protective than those formed on the aluminuetrix. However, the influence of these
particles on the anodic behaviour of 2024 alloyesgppd much lower than in the cathodic

range.

Fig. 4. Potentiodynamic polarization curves of AR20QAl-4 wt.%Cu and Al-55 wt.%Cu—
10 wt.%Mg model alloys in 0.1 M N&O, solution. Potential scan rate: 15 mV ftin
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When chloride ions were present in the sulphateatisois Eig. 5, significant differences

were observed in the anodic range by comparisdm tivé results obtained in sulphate
solutions without chlorides. In the cathodic rarthe, electrochemical behaviour of Al-Cu—
Mg alloy was again similar to that of 2024 alloytlwecathodic current densities higher than
those measured for the AI-Cu model alloy. Buthm @anodic range, the electrochemical
behaviour of 2024 alloy was now similar to thatle Al-Cu—Mg intermetallics and no

longer to that of its matrix. In this potential ggn we showed that, for the Al-Cu model alloy,
representative of the matrix, there was a passplédteau — this plateau was not very well-



defined with a passive current density betweenl®*and 10* A cm ™ — followed by a

strong increase of the anodic current density spording to the formation of pits. The

pitting potential was about —250 mV/SCE and wa#iethiabout 250 mV towards more
anodic potentials by comparison to those measurethé Al-Cu—Mg model alloy and for
2024 alloy. For these two last alloys, no passiplgteau was observed and the pitting
potential was equal to the corrosion potentialsHEriowed that the pitting susceptibility of
2024 alloy is related to the pitting behaviour ¢+Bu—Mg intermetallics, confirming the
results obtained in previous workg. FromFig. 4, it could be assumed that the passive films
formed on Al-Cu—Mg intermetallics was less protextihan those formed on the aluminium
matrix andFig. 5confirmed that, on addition of chloride, pits geftially formed on the

intermetallics.

Fig. 5. Potentiodynamic polarization curves of AB22, Al-4 wt.%Cu and Al-55 wt.%Cu-—
10 wt.%Mg model alloys in 0.1 M N8O, + 0.004 M NaCl solution. Potential scan rate:

15 mV mint.
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Further results were obtained with galvanic couptists between Al-Cu and Al-Cu—-Mg
alloys performed to reproduce the galvanic coupliveg occurs in 2024 allo¥ig. 6 shows
that, at the beginning of the galvanic couplind,t&s-Cu—Mg dissolves while, after 2 min of

immersion in the sulphate solution, it promotesdissolution of the Al-Cu alloy. These



measurements corroborated the results given iliténature[2] and[20]. Brown and
Kobayashi showed that the electrochemical behawbtire Al-Cu—Mg patrticles varied from
anodic to cathodic towards the aluminium matrix ttua variation of their chemical
composition at the surfa¢20]. We observed the same phenomenon when we stingied t
electrochemical behaviour of 2024 alloy in nitratdution[2]. It is therefore clear that the
experiments performed on model alloys obtained bgmetron sputtering were very relevant

to study the corrosion behaviour of commercial ahiom alloys.

Fig. 6. Current density versus time during galvammapling between Al-4 wt.%Cu and Al-
55 wt.%Cu-10 wt.%Mg model alloys in 0.1 M 0, solution.
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3.3. Study of the passive films grown on Al-Cu andl-Cu—Mg model alloys

The results explained above confirm that Al-Cu—kitgiimetallics are preferential sites for
pitting in 2024 aluminium alloy. Thus, to understahe corrosion behaviour of 2024
aluminium alloy, we studied the passive films fochwa AlI-Cu and Al-Cu—Mg model alloys
in order to relate the electrochemical behaviouhefmodel alloys to the structure and
chemical composition of the passive films on tiseirface and to understand the reactivity of
Al-Cu—Mg intermetallics in 2024 alloy. In orderdbtain passive films similar to those
formed during the electrochemical tests (polarmaturves for example), the model alloys
were polarized in a 0.1 M sulphate solution andpibiential was scanned from cathodic to

anodic as for the current—potential curve plot. Waeotential of 1000 mV/SCE was



reached, the sample was maintained at this finginpial for 1 hFig. 7 shows the current
density versus time plotted for both model alloyamtained at 1000 mV/SCE for 1 h in
sulphate solution. For both model alloys, the aurdensity remained constant for 1 h: it was
lower for the AI-Cu model alloy than for the Al-Qug alloy which is in good agreement
with the passive current density measured on tharipation curve ig. 4). The passivated
samples were then observed by THM). 8a shows TEM observations of the passive film
grown on an Al-Cu model alloy polarized in 0.1 M,8&, solution. The oxide film observed
was about 20 nm thick and presented an amorphougigste as shown by the diffraction
experiments. As the passive film observed was rdttie, several analytical techniques were
used to confirm that this external layer observed BM unambiguously was a passive film.
Both SIMS and X-ray photoelectron spectroscopyyasislperformed on the Al-Cu model
alloy before and after polarization in sulphatauioh showed the presence of an oxide layer
on the polarized alloy which was not detected lefmlarization. Further EELS analysis
confirmed this observatioftig. 9 shows the energy loss near edge structure (ELINES of
EELS spectra of the Al K-edge obtained for Al-Cloyabefore and after polarization.
Comparison with the ELNES spectra obtained forrezfee samples of metallic aluminium
and of alumina showed that the aluminium was iretaitic state before polarization. After
polarization, an alumina film was observed at tndase of the model alloy. The central zone
of the thin film seemed to be composed of metallieninium and alumina while, near the
2017 substrate, aluminium was in a metallic staEl.S spectra at the Cuydedge obtained
for polarized Al-Cu model alloy showed that thenaila film was slightly enriched with
copper. The copper content measured in the alufitinavas much lower than that measured
in the Al-Cu alloy. This observation was in goodesggnent with the results obtained by other
authors who observed copper enrichment of oxidesfiiormed on Al-Cu alloys. Habazaki et
al. showed that the copper content in the anobiticfiirmed on a bulk Al-4 wt%Cu alloy
went on decreasing during the anodizing procesgaltie high diffusion rate of Gliions
through the porous alumina filf@1]. More recent studies showed that the anodizing-ef

Cu alloys proceeds in two stad@g]. In the initial stage, a copper-free alumina fitm

formed with copper accumulating near the alloy/exiaterface. In a following stage, when a
sufficient concentration of copper has been acliéweéhe copper-enriched interface, the
copper oxidizes and oxygen generation with the &iiom of bubbles in the alumina film is
observed simultaneously. The authors thus showsdtpper incorporation in aluminium

had a detrimental effect on the anodic film growth.



Fig. 7. Passivity current density versus time ftr4Awt.%Cu and Al-55 wt.%Cu—
10 wt.%Mg model alloys in 0.1 M N8Oy solution.
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Fig. 8. TEM micrographs of (a and b) Al-4 wt.%Cudn) Al-55 wt.%Cu—10 wt.%Mg
model alloys polarized for 1 h in 0.1 M p&O, solution at 1 V/SCE.

Fig. 9. Energy loss near edge structure (ELNES)agfaelectron energy loss spectroscopy
(EELS) spectra of the Al-K-edge for Al-4 wt.%Cu nebdlloy (a) before and (b) aftera 1 h
polarization in 0.1 M Nz5O, solution at 1 V/SCE.
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We also studied the ELNES profiles of the Gg-¢dge Fig. 10shows that copper was
present as metallic copper at the alloy/passive ifiterface and as oxidized copper in the
film by comparison with ELNES profiles obtained feference samples of metallic Cu and
Cu oxides. The ELNES profiles also suggested thdhe outer part of the film, CuO was
found while CyO was detected in the inner part but it would beeseary to check this result
by performing analysis on several polarized motleys. Metallic copper present at the alloy
layer/passive film interface might correspond te topper-enriched layer described
previously but this copper-enriched layer was rustesved in the present work (except with
these analyses) certainly due to the oxide filnmépsio thin due to the low voltage applied

during the polarization.

Fig. 10. Energy loss near edge structure (ELNE8&)gdaelectron energy loss spectroscopy
(EELS) spectra of the Cyk-edge for (a) reference samples and (b) Al-4 wt.%tdel alloy
after a 1 h polarization in 0.1 M BBO, solution at 1 V/SCE.
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Fig. 8 shows TEM observations of the passive film forrmadAl-Cu—Mg model alloys. For
this alloy layer, the passive film was much thicttean that formed on Al-Cu alloy with a
thickness of about 150-200 nm. This allowed therebal composition of the passive film to
be more easily studied. SIMS analyses were perfdmonehe Al-Cu—Mg model alloy before
and after polarization in sulphate solution. Thegles were progressively sputtered to
perform analysis from the outer part of the pas8lueto the inner part of the model alloy.
Fig. 11shows, for the polarized alloy, the profiles ob&al for Al, Cu, Mg and O from
recombination of these elements with” @ss to reduce the matrix effects. The profiles
plotted for Al and O allowed the passive film/mod#by interface to be located. The Cu and
Mg profiles showed that the passive film grown dr@u—Mg alloy was enriched with
copper, as for the AI-Cu model alloy, but also witagnesium. The copper content was
nearly constant through the whole thickness optiesive film while the magnesium content
was found to be much lower in the outer part offiine in comparison with the inner part of
the film. This was explained by the high diffusi@te of magnesium through the alumina
film [23]. EDS analysis confirmed these results showingttieatnagnesium content
decreased from 7 wt.% in the central part of thespe film to 0.3 wt.% in the outer part.
Thus, during the passivation of Al-Cu—Mg alloy, magium was rejected into the electrolyte.
This could explain the electrochemical behaviouAbiCu—Mg alloy when immersed in

sulphate solution: when Al-Cu—Mg alloy was couphath Al-Cu alloy, at the beginning of



the experiment, AlI-Cu—Mg dissolved. During the akpent, the passive film formed on Al-
Cu—Mg alloy chemically evolved with magnesium gointp the solution and the Al-Cu—Mg

alloy then behaving as a cathode by comparisoned\i—Cu alloy.

Fig. 11. Secondary ion mass spectroscopy analysis Al-55 wt.%Cu—10 wt.%Mg model
alloy after a 1 h polarization in 0.1 M p&0, solution at 1 V/SCE.
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For both model alloys, passive films were obseilwgicktheir thicknesses were very different.

It could be suggested that the crystallographiecstire (nanocrystallized or amorphous) of
the alloy layer could significantly influence anodiim growth. However, it is well known

that the oxide films on magnesium alloy are vergkii24]. Thus, it can be assumed that the
incorporation of Mg in the passive film could expl#his difference. Moreover, the results
showed that the films formed on the model alloysesentative of the aluminium matrix on
one hand and of the AI-Cu—Mg intermetallics of 2@H#4y on the other hand were
chemically different and that these chemical déferes can explain the differences observed
in the electrochemical behaviour of the two alloyise presence of magnesium in the passive

film grown on the Al-Cu—Mg model alloy might expfais less protective effect.



4. Conclusions

This work showed that model alloys synthesized lgmnetron sputtering allowed relevant
results to be obtained to study the corrosion hiebawf 2024 aluminium alloy. In sulphate
solutions, the corrosion behaviour of 2024 alloysagnificantly influenced by Al-Cu—-Mg
coarse particles in the cathodic range while, enahodic range, its electrochemical behaviour
was similar to that of its matrix. In the presen€ehloride ions, the pitting susceptibility of
2024 alloy was related to Al-Cu—Mg coarse particlédse results showed that the differences
in the electrochemical behaviour of the aluminiumitmx and of the Al-Cu—Mg coarse
particles present in 2024 aluminium alloy can bateel to the chemical composition of the

passive films grown on their surface.
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