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The corrosion behaviour of 2024 aluminium alloy in sulphate solutions was studied; attention was focused on the influence of coarse intermetallic Al 2 CuMg particles on the corrosion resistance of the alloy. Model alloys representative of the aluminium matrix and of Al 2 CuMg coarse intermetallics were synthesized by magnetron sputtering. Open-circuit potential measurements, current-potential curve plotting and galvanic coupling tests were performed in sulphate solutions with or without chlorides. Further explanations were deduced from the study of the passive films grown on model alloys in sulphate solutions. The results showed that model alloys are a powerful tool to study the corrosion behaviour of aluminium alloys.

Introduction 2.

There is significant interest in the corrosion behaviour of Cu-containing Al alloys, such as 2024 aluminium alloys (AA 2024), which remain of importance for aerospace applications. AA 2024 is a high-strength alloy in which a heterogeneous microstructure is developed by thermomechanical processing to obtain good mechanical properties. As a consequence, it is rather susceptible to localized corrosion, such as pitting corrosion, in many electrolytes. In a previous work [1], we studied the corrosion behaviour of 2024 aluminium alloys in chloride-containing sulphate solutions. The results showed that coarse intermetallic Al 2 CuMg particles were preferential sites for pitting. When the alloy was polarized in sulphate solutions, these particles were homogeneously dissolved and, when chloride ions were added, pits formed preferentially on the intermetallics in certain experimental conditions, corresponding to the presence of a copper deposit on and around the intermetallics, due to the synergetic effect of sulphate and chloride ions towards copper. Other work, performed in nitrate solutions [2], confirmed that copper and magnesium-rich intermetallics strongly influenced the corrosion behaviour of AA2024. Their reactivity can be described by a three-step process consisting of homogeneous dissolution, copper redeposition followed by local dissolution of the surrounding matrix. Many other authors have discussed the importance of intermetallic particles as initiation sites for corrosion [3], [4], [5], [6], [7],

[8], [9] and [10]. For example, Schmutz et al. [9] and [10] used atomic force microscopy (AFM), in situ AFM scratching and Volta potential mapping to study localized corrosion of Al alloys. The influence of copper-rich intermetallics on the corrosion resistance of aluminium alloys was clearly demonstrated by all these works but the mechanisms explaining the dissolution of the intermetallics, the copper enrichment and the pit nucleation at these sites are not so obvious even though many works have been performed on this topic [1], [3] and [11]. Zhu and Van Ooij [12] proposed a mechanism slightly different from that proposed by the authors of the present paper; they showed that the anodic Al 2 CuMg particles dealloyed Al and Mg during immersion in a neutral 0.6 M sodium chloride solution with the dealloying of Mg being the most severe. Simultaneously, strong dissolution of the Al matrix surrounding the coarse particles was also observed. This mechanism was similar to that proposed by other authors [3], [13] and [14]. For Buchheit et al. [3], selective dissolution of copper and magnesium-rich particles led to the formation of a highly porous copper-rich layer at the surface of the alloy. As a consequence, copper particles can be pulled from the surface and redistributed around the particles. It appears that significant work still is needed to really understand the corrosion behaviour of copper-rich aluminium alloys. Taking into account that the nucleation step of pitting corrosion corresponds to passive film rupture and that galvanic coupling is probably due to local differences between the passive film grown on the Al matrix and that on the intermetallics, the passive films formed on the model alloys were studied in order to relate the electrochemical behaviour of the model alloys to the structure and chemical composition of the passive films grown on their surface. Thus, the alloys were polarized in sulphate solution and the oxide films grown on the surface were observed by transmission electron microscopy (TEM) and analyzed by electron energy loss spectroscopy (EELS) and secondary ion mass spectrometry (SIMS). 

Experimental

Electrochemical tests

The alloys deposited were potentiokinetically polarized in a 0.1 M sodium sulphate electrolyte (pH = 5.6). Other experiments were performed in a 0.1 M Na 2 SO 4 + 0.004 M NaCl solution.

A sample area of 2 cm 2 was exposed to a solution in contact with air, at room temperature. A three-electrode electrochemical cell was used including a platinum grid with a large surface area as the auxiliary electrode, the reference electrode being a saturated calomel electrode (SCE) with a Luggin capillary. All potentials quoted are with respect to the SCE reference.

Solutions were prepared by dissolving the salts in distilled water. All chemicals used were analytical reagent grade. The samples were immersed in the solution (without further polishing except for 2024 alloy which was mechanically polished down to 4000 grit SiC paper, ultrasonically cleaned in distilled water, and air dried) and the potential was immediately scanned at a rate of 15 mV min -1 from -1000 mV to 1000 mV/SCE. OCP measurements were also performed in a 0.1 M sodium sulphate solution, the samples being immersed in the electrolyte for 24 h. Further experiments consisted in performing some galvanic coupling tests in a 0.1 M sulphate solution by using the potentiostat in zero resistance ammeter (ZRA) mode with the auxiliary and reference connections of the potentiostat connected to a model alloy and the working connection of the potentiostat connected to another model alloy.

The chemical composition and the structure of the passive films grown on the model alloys were also studied. The model alloys were polarized at 1000 mV/SCE for 1 h in 0.1 M Na 2 SO 4 solution to develop the passive films.

Microscopic observations and surface analysis

Suitable electron transparent sections of freshly deposited alloys and polarized alloys were examined by TEM using a Philips CM20T instrument with energy dispersive spectroscopy (EDS) and EELS facilities. Two methods were used to prepare the samples for TEM observations. In one method, the samples were sliced to a nominal thickness of about 30 nm by ultramicrotomy. In the second method, transparent sections were prepared from the thin films deposited on the substrates: samples were glued thin film to thin film, and embedded in resin in a tube. Then, the resulting sandwich was sliced into sections. The slices were ground down to about 100 µm thick and a dimple machined in the central region. Final electron transparency was obtained by ion milling on a precision ion polishing system (PIPS(tm), Gatan) using 5 kV Ar + ions. The composition of the alloys and of the passive films were determined by using EDS and EELS analysis. SIMS analyses were also performed on the polarized model alloys using a Cameca IMS4F in the profiling mode with an analyzed zone of 30 µm in diameter. Cs + ions were used for abrasion and the intensity profiles plotted from the recombination of Cs + ions with the analyzed chemical elements in order to reduce the matrix effect, i.e., to obtain intensity profiles closer to the concentration profiles. . However, we also observed that the copper content of these intermetallics could vary over a wide range from 32 to 48 wt% for a just polished sample. Moreover, as said previously, these particles are very reactive and, in some conditions, a copper enrichment can occur leading to copper content on the particles of more than 80 wt%. Thus, the aim in the present work was to obtain a ternary model alloy with copper and magnesium contents corresponding to what could be the composition of copper and magnesium-rich intermetallics in 2024 alloy. Fig. 1 shows the TEM micrographs obtained on electron transparent sections respectively for Al-Cu model alloy (Fig. 1a) and for Al-Cu-Mg model alloys (Fig. 1b). Both model alloys consisted of thin films homogeneous in thickness; no defects such as cracks were observed so the electrolyte was in contact with the alloy layer and not with the substrate during the electrochemical tests. The alloy layers were about 300 and 500 nm thick for Al-Cu and Al-Cu-Mg model alloys respectively. TEM observations also showed that a polygranular structure was observed for Al-Cu model alloy with columnar grains crossing the whole alloy layer. The grains were about 60 nm wide and their length, measured perpendicularly to the substrate/alloy layer interface, corresponding to the model alloy thickness. For the Al-Cu-Mg model alloy, the morphology of the thin film was quite different with no grains observed suggesting an amorphous structure. The diffraction pattern obtained for both model alloys confirmed these observations (Fig. 2). For

Results and discussion

Al-4 wt%Cu alloy, the diffraction experiments showed a spotty ring pattern characteristic of a nano-crystallized structure (Fig. 2a). The medium grain size was less than 100 nm. The indexing of the diffraction pattern (Fig. 2b) was performed using the aluminium crystal cell parameters, which showed that the Al-Cu model alloy was a copper solid solution in aluminium (α-Al). It is well known that the solubility of copper in aluminium at room temperature is about 0.02 at%; in this work, EDS analysis was performed from the outer part of the alloy layer to the substrate/alloy layer interface. It showed that the Al-Cu model alloy was homogeneous in chemical composition. For this alloy representative of the matrix, the chemical composition was Al-4 wt%Cu which corresponds to Al-2.8at%Cu. Thus, diffraction experiments showed that a solid solution was obtained even though a (α-Al + θ-Al 2 Cu) 2-phase structure should have been observed according to the equilibrium phase diagram. This result was probably due to the experimental method used for the preparation of the material. We obtained the same results in another work [18]. For the Al-Cu-Mg model alloy, a continuous ring diffraction pattern was observed which showed that an amorphous structure was obtained for the alloy which was in agreement with TEM observations. EDS analysis showed that this model alloy was homogeneous relative to its chemical composition but the copper content was higher in comparison with the mean copper content determined by performing a statistical study on more than 20 Al-Cu-Mg particles present in 2024 alloy.

However, the composition we determined, i. 

Electrochemical behaviour of Al-Cu and Al-Cu-Mg model alloys

Preliminary experiments were performed to compare the electrochemical behaviour of a pure aluminium thin film deposited on a 2017 Al alloy substrate and of a pure aluminium sheet

(2 mm thick). OCP measurements and current-potential curves plotted in sulphate solutions showed that there were no differences in the electrochemical behaviour of these two samples.

This confirmed that thin films synthesized by magnetron sputtering can be used to model a bulk material from an electrochemical point of view; it was thus assumed that comparison between electrochemical tests performed on a bulk material (2024 alloy) and those obtained for the model alloys was relevant. Of course, the more similar the chemical composition and the crystallographic structure of the model alloy to that of the bulk material, the more representative the model alloy will be. Fig. 3 For Al-Cu-Mg model alloy, the cathodic current density was about 5 × 10 -4 A cm -2 close to that measured for 2024 alloy (about 10 -4 A cm -2 ). In contrast, the cathodic current density measured for Al-Cu alloy was much lower, about 5 × 10 -6 A cm -2 .

Thus, the corrosion behaviour of 2024 alloy was significantly influenced by the Al-Cu-Mg intermetallic particles in the cathodic range in spite of the fact that these coarse intermetallics only covered about 1% of the total surface area of the 2024 alloy. Al-Cu-Mg intermetallic particles promoted the cathodic reduction of oxygen, which explained the high cathodic current density measured for 2024 alloy. The cathodic current densities for the coarse intermetallics in 2024 alloy were high enough to determine the cathodic behaviour of 2024 alloy. The corrosion potential of 2024 alloy was similar to that measured for Al-Cu-Mg model alloy with E corr being equal to -50 mV/SCE. This value corresponded to that obtained with the OCP measurements. This result differed from that obtained by Dimitrov et al. [19] who showed that the corrosion potential of an Al 2 CuMg alloy sample was more negative than that of 2024 T3 Al alloy. In Dimitrov's work, the experiments were performed in a chloride solution which might explain the results since, as said previously, it can be assumed that the differences in the crystallographic structure observed between the Al-Cu-Mg alloy obtained by magnetron sputtering and the bulk one might not be the most significant parameter. By comparison with the corrosion potential measured for Al-Cu model alloy, the corrosion potential of Al-Cu-Mg alloy was 150 mV shifted towards the more positive potentials. This result was in agreement with the OCP measurements (Fig. 3). In the anodic range, the electrochemical behaviour of 2024 alloy was similar to that of its matrix since the anodic current densities measured for 2024 alloys and Al-Cu alloy were similar and significantly lower than those measured for the Al-Cu-Mg model alloy. This result suggests that the passive films formed on the Al-Cu-Mg intermetallic particles were chemically different and less protective than those formed on the aluminium matrix. However, the influence of these particles on the anodic behaviour of 2024 alloy appeared much lower than in the cathodic range. When chloride ions were present in the sulphate solutions (Fig. 5), significant differences were observed in the anodic range by comparison with the results obtained in sulphate solutions without chlorides. In the cathodic range, the electrochemical behaviour of Al-Cu-Mg alloy was again similar to that of 2024 alloy with cathodic current densities higher than those measured for the Al-Cu model alloy. But, in the anodic range, the electrochemical behaviour of 2024 alloy was now similar to that of the Al-Cu-Mg intermetallics and no longer to that of its matrix. In this potential range, we showed that, for the Al-Cu model alloy, representative of the matrix, there was a passivity plateau -this plateau was not very well-defined with a passive current density between 5 × 10 -5 and 10 -4 A cm -2 -followed by a strong increase of the anodic current density corresponding to the formation of pits. The pitting potential was about -250 mV/SCE and was shifted about 250 mV towards more anodic potentials by comparison to those measured for the Al-Cu-Mg model alloy and for 2024 alloy. For these two last alloys, no passivity plateau was observed and the pitting potential was equal to the corrosion potential. This showed that the pitting susceptibility of 2024 alloy is related to the pitting behaviour of Al-Cu-Mg intermetallics, confirming the results obtained in previous works [1]. From Fig. 4, it could be assumed that the passive films formed on Al-Cu-Mg intermetallics was less protective than those formed on the aluminium matrix and Fig. 5 confirmed that, on addition of chloride, pits preferentially formed on the intermetallics. Both SIMS and X-ray photoelectron spectroscopy analysis performed on the Al-Cu model alloy before and after polarization in sulphate solution showed the presence of an oxide layer on the polarized alloy which was not detected before polarization. Further EELS analysis confirmed this observation. Fig. 9 shows the energy loss near edge structure (ELNES) part of EELS spectra of the Al K-edge obtained for Al-Cu alloy before and after polarization.

Comparison with the ELNES spectra obtained for reference samples of metallic aluminium and of alumina showed that the aluminium was in a metallic state before polarization. After polarization, an alumina film was observed at the surface of the model alloy. The central zone of the thin film seemed to be composed of metallic aluminium and alumina while, near the 2017 substrate, aluminium was in a metallic state. EELS spectra at the Cu L 23 -edge obtained for polarized Al-Cu model alloy showed that the alumina film was slightly enriched with copper. The copper content measured in the alumina film was much lower than that measured in the Al-Cu alloy. This observation was in good agreement with the results obtained by other authors who observed copper enrichment of oxide films formed on Al-Cu alloys. Habazaki et al. showed that the copper content in the anodic film formed on a bulk Al-4 wt%Cu alloy went on decreasing during the anodizing process due to the high diffusion rate of Cu 2+ ions through the porous alumina film [21]. More recent studies showed that the anodizing of Al-Cu alloys proceeds in two stages [22]. In the initial stage, a copper-free alumina film is formed with copper accumulating near the alloy/oxide interface. In a following stage, when a sufficient concentration of copper has been achieved in the copper-enriched interface, the copper oxidizes and oxygen generation with the formation of bubbles in the alumina film is observed simultaneously. The authors thus showed that copper incorporation in aluminium had a detrimental effect on the anodic film growth. For both model alloys, passive films were observed but their thicknesses were very different.

It could be suggested that the crystallographic structure (nanocrystallized or amorphous) of the alloy layer could significantly influence anodic film growth. However, it is well known that the oxide films on magnesium alloy are very thick [24]. Thus, it can be assumed that the incorporation of Mg in the passive film could explain this difference. Moreover, the results

showed that the films formed on the model alloys representative of the aluminium matrix on one hand and of the Al-Cu-Mg intermetallics of 2024 alloy on the other hand were chemically different and that these chemical differences can explain the differences observed in the electrochemical behaviour of the two alloys. The presence of magnesium in the passive film grown on the Al-Cu-Mg model alloy might explain its less protective effect.

Conclusions

This work showed that model alloys synthesized by magnetron sputtering allowed relevant results to be obtained to study the corrosion behaviour of 2024 aluminium alloy. In sulphate solutions, the corrosion behaviour of 2024 alloy was significantly influenced by Al-Cu-Mg coarse particles in the cathodic range while, in the anodic range, its electrochemical behaviour was similar to that of its matrix. In the presence of chloride ions, the pitting susceptibility of 2024 alloy was related to Al-Cu-Mg coarse particles. The results showed that the differences in the electrochemical behaviour of the aluminium matrix and of the Al-Cu-Mg coarse particles present in 2024 aluminium alloy can be related to the chemical composition of the passive films grown on their surface.
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 1 Structure and composition of the model alloysBinary Al-Cu alloys and ternary Al-Cu-Mg model alloys were synthesized by magnetron sputtering to be representative respectively of the aluminium matrix and of the Al-Cu-Mg coarse intermetallic particles present in 2024 alloy. In such alloy, Al-Cu-Mg coarse intermetallic particles can correspond to S-phase (Al 2 CuMg). We determined, in a previous work, a mean composition corresponding to 38 wt%Cu and 16 wt%Mg for Al-Cu-Mg coarse intermetallic particles present in 2024 alloy[2]

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

Fig. 3 .

 3 Fig. 3. Open circuit potential versus time in 0.1 M Na 2 SO 4 solution for Al-4 wt.%Cu and Al-55 wt.%Cu-10 wt.%Mg model alloys.

Fig. 4 .

 4 Fig. 4. Potentiodynamic polarization curves of AA2024, Al-4 wt.%Cu and Al-55 wt.%Cu-10 wt.%Mg model alloys in 0.1 M Na 2 SO 4 solution. Potential scan rate: 15 mV min -1 .

Fig. 5 .

 5 Fig. 5. Potentiodynamic polarization curves of AA 2024, Al-4 wt.%Cu and Al-55 wt.%Cu-10 wt.%Mg model alloys in 0.1 M Na 2 SO 4 + 0.004 M NaCl solution. Potential scan rate: 15 mV min -1 .

Fig. 7 .

 7 Fig. 7. Passivity current density versus time for Al-4 wt.%Cu and Al-55 wt.%Cu-10 wt.%Mg model alloys in 0.1 M Na 2 SO 4 solution.

Fig. 9 .

 9 Fig. 9. Energy loss near edge structure (ELNES) part of electron energy loss spectroscopy (EELS) spectra of the Al-K-edge for Al-4 wt.%Cu model alloy (a) before and (b) after a 1 h polarization in 0.1 M Na 2 SO 4 solution at 1 V/SCE.

Fig. 10 .

 10 Fig. 10. Energy loss near edge structure (ELNES) part of electron energy loss spectroscopy (EELS) spectra of the CuL 23 -edge for (a) reference samples and (b) Al-4 wt.%Cu model alloy after a 1 h polarization in 0.1 M Na 2 SO 4 solution at 1 V/SCE.

Fig. 8b

  Fig. 8b shows TEM observations of the passive film formed on Al-Cu-Mg model alloys. For this alloy layer, the passive film was much thicker than that formed on Al-Cu alloy with a thickness of about 150-200 nm. This allowed the chemical composition of the passive film to be more easily studied. SIMS analyses were performed on the Al-Cu-Mg model alloy before and after polarization in sulphate solution. The samples were progressively sputtered to perform analysis from the outer part of the passive film to the inner part of the model alloy.

Fig. 11

 11 Fig.11shows, for the polarized alloy, the profiles obtained for Al, Cu, Mg and O from recombination of these elements with Cs + ions to reduce the matrix effects. The profiles plotted for Al and O allowed the passive film/model alloy interface to be located. The Cu and Mg profiles showed that the passive film grown on Al-Cu-Mg alloy was enriched with copper, as for the Al-Cu model alloy, but also with magnesium. The copper content was nearly constant through the whole thickness of the passive film while the magnesium content was found to be much lower in the outer part of the film in comparison with the inner part of the film. This was explained by the high diffusion rate of magnesium through the alumina film[23]. EDS analysis confirmed these results showing that the magnesium content decreased from 7 wt.% in the central part of the passive film to 0.3 wt.% in the outer part.Thus, during the passivation of Al-Cu-Mg alloy, magnesium was rejected into the electrolyte. This could explain the electrochemical behaviour of Al-Cu-Mg alloy when immersed in sulphate solution: when Al-Cu-Mg alloy was coupled with Al-Cu alloy, at the beginning of

Fig. 11 .

 11 Fig. 11. Secondary ion mass spectroscopy analysis of an Al-55 wt.%Cu-10 wt.%Mg model alloy after a 1 h polarization in 0.1 M Na 2 SO 4 solution at 1 V/SCE.

  

  

  

  To go further, many authors have used micrometer-scale electrochemical techniques [14] and [15]. But, electrochemical techniques used in the micrometer range are often expensive and difficult to use. To understand the corrosion behaviour of copper-rich aluminium alloys, another

possibility is to study the electrochemical behaviour of model alloys representative of the different metallurgical phases present. Different means can be used to synthesize such model alloys (different melting techniques but also different physical deposition techniques). Thin films of Al-Cu alloys can be easily obtained using magnetron sputtering and are useful for such studies [16] and [17]. AA 2024 alloy is characterized by an Al matrix containing about 0.02 wt%Cu and two types of coarse intermetallic particles i.e., Al-38 wt%Cu-16 wt%Mg and Al-27 wt%Cu-7 wt%Mn-11 wt%Fe [2]. Including the fine strengthening particles, the mean Cu content of the matrix is about 4 wt%. The works previously mentioned showed the detrimental effect of Al 2 CuMg coarse particles. Thus, in this study, attention was focused on the influence of copper and magnesium-rich particles on the corrosion behaviour of 2024 alloy. The electrochemical behaviour of the aluminium matrix containing the strengthening particles and of copper and magnesium-rich particles was studied; Al-4 wt%Cu and Al-55 wt%Cu-10 wt%Mg model alloys were deposited by magnetron sputtering. Open circuit potential (OCP) measurements were performed and polarization curves plotted in a sulphate solution with or without chlorides. Galvanic coupling tests were also performed in sulphate solutions.

  shows the OCP measured for Al-Cu and Al-

	Cu-Mg model alloys for 24 h in 0.1 M Na 2 SO 4 solution. Results showed that, on immersion,
	the OCP strongly increased from cathodic to more anodic values (-400 mV/SCE) and then,
	after 24 h of immersion, stabilized at a potential of about -320 mV/SCE for Al-Cu alloy. For
	Al-Cu-Mg model alloy, OCP increased strongly on immersion to a more anodic value (about
	-150 mV/SCE) than that measured for Al-Cu model alloy and finally stabilized at about
	-200 mV/SCE after 24 h in sulphate solutions.