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Abstract

:

A standard three-step surface pretreatment employed in the aerospace sector for Al alloys have been investigated prior to the generation of cerium conversion coatings (CeCC) on aluminium-copper alloy 2024. Two pretreatments were analysed, one without final acid etching (Pretreatment 1) and another with this step (Pretreatment 2). Both pretreatments affect the alloy intermetallic phases, playing a key role in the development of the CeCC, and also in the susceptibility to localised corrosion in NaCl medium. Scanning electron microscopy coupled with energy-dispersive X-ray analysis (SEM-EDX) revealed that after Pretreatment 2, Al(Cu,Mg) phases were partially or totally removed through dealloying with their subsequent copper enrichment. Conversely, none of these intermetallic phases were affected when the final acid step was not employed (Pretreatment 1). Meanwhile, Al-Cu-Fe-Mn-(Si) phases, the other major Al–Cu alloys intermetallics, suffers minor changes through the whole pretreatments chain. The protective efficiency of CeCC was evaluated using electrochemical techniques based on linear polarisation (LP) and electrochemical impedance spectroscopy (EIS). Samples with CeCC deposited after the Pretreatment 1 gave higher polarisation resistance and impedance module than CeCC deposited after Pretreatment 2. SEM-EDX and X-ray photoelectron spectroscopy analysis (XPS) indicate that the main factors explaining the corrosion resistance of the coatings is the existence of Al(Cu,Mg) intermetallics in the surface of the alloy, which promote the deposition of a cerium-based coating rich in Ce4+ compounds. These Al(Cu,Mg) intermetallics were kept in the 2024 alloy when acid etching was not employed (Pretreatment 1).
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1. Introduction


Al–Cu alloys, commonly employed in the aerospace industry, offer excellent mechanical properties to weight ratios. Despite their excellent mechanical properties, provided by the alloying elements, these alloys suffer from localised corrosion problems, especially in chloride-containing media. In fact, the intermetallic particles provide sites on the substrate surface where O2 reduction can take place, leading to corrosion such as pitting or filiform corrosion. The principal alloy phases in 2024 are Al(Cu,Mg) and Al-Cu-Fe-Mn-Si [1,2,3,4,5,6,7], with different stoichiometry depending on the author consulted. As a consequence, Al–Cu alloys surfaces are often treated in order to reduce the corrosion extension. There are many surface treatments employed. Among them, chromates have traditionally been employed as inhibitors in closed systems and paints, in Cr-based chemical conversion coatings (CrCC), and in anodising and sealing baths [8,9,10]. However, hexavalent Chromium presents toxicity and carcinogenic properties, being prohibited by REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals) and other regulations. These restrictions have obliged all sectors of industry to re-orientate their operational philosophy towards the use of processes that are not aggressive to the environment [8,11,12,13].



The case of CrCC is especially serious because there is no commercial alternative yet. One of the everlasting candidates for conversion coating replacement are Ce-based compounds (CeCC) [10,14]. However, as stated in an extensive review [15], there are still uncertainties in this technology that limit its commercial use. One of the gaps detected is that relatively little work has been carried out regarding the effect of pretreatments on the Ce coating, even though it is well known that pretreatments alter the morphology and chemistry of the alloy surface, and subsequently affect the deposition process and the properties of the Ce-based layer [16,17,18,19,20].



Authors usually apply their own or borrowed recipes without much scientific support for the choices that are made [15]. Some of the pretreatments found in the literature are commercial products employed in the aerospace sector according to standards developed in this field [20]. One of the most common standard chains of pretreatments, Airbus Specification i+D-P-072 [21], comprises three steps:

	
Turco 6849: a silicate-containing alkaline degreaser, formulated to remove shop soils, marking inks, cosmoline, grease and lube oils from ferrous and non-ferrous alloys. According to the standard, this treatment is used only to avoid contaminating the following two baths.



	
Turco 4215 NC-LT: a free of chromate and silicate alkaline etching, developed for cleaning ferrous and nonferrous alloys by spray, immersion and ultrasonic methods at low temperatures.



	
Turco Smut Go NC: an oxidising acid pickling, formulated to deoxidize and to desmut aluminium alloys by immersion in order to obtain a low surface resistance prior to anodising or conversion coatings.








Although there are studies employing some of these three product as pretreatment before a variety of corrosion preventive treatment, only some of them focus on the changes produced by these products on aluminium alloys, beyond those claimed by the chemical manufacturer. Additionally, as far as the authors are aware, there are no published articles describing the effects of these three consecutive treatments (i + ii + iii) on the CeCC coatings formed on 2024-T3 alloy.



Swain et al. [22] described the employment of Turco 6849 plus Turco Smut Go NC as pretreatment before trivalent chromium process (TCP) on AA2024-T3. It is worth observing that the authors did not mention the concentration of Smut Go employed. The fluoride ions of Smut Go cause alumina layer breakdown and dissolution around Cu-rich alloy phases, increasing surface roughening, pit density and pit depth with increasing treatment time. Dealloying of the Al(CuMg) phases also occurs during deoxidation in Smut Go, giving rise to more noble Cu particles at the bottom of pits.



Guo et al. [23] made also use of Turco 6849 followed by Turco Smut Go NC as pretreatments before TCP formation on AA2024-T3. XPS analyses and SEM observation revealed that alkaline etching by Turco 6849 resulted in a reduction of the amount of contaminant particles. A gentle dissolution of the surface is also reported, although Turco 6849 does not dissolve the characteristic rolling lines and pits on the as received surface. After 5 min of acid desmutting using Smut Go NC, the surface exhibited pits of hundreds of nanometers in diameter or larger over the entire surface. The authors stated that alloy intermetallic phases were totally or partially removed due to the dissolution of aluminium matrix adjacent to them.



R. Viroulaud et al. [24] studied the influence of surface pretreatments again on TCP over 2024-T3 aluminium alloy. They selected Sococlean A 3431 solution (provided by Socomore) as degreaser followed by pickling in Turco Smut Go NC. They concluded that the pickling pretreatment provokes a reduction of Al oxide thickness and a strong metallic copper enrichment at the surface of the 2024 alloy, associated with chemical dissolution of Al–Cu alloy phases.



Pinc et al. [25] studied the deposition of cerium conversion coating after immersion in Turco 4215 NC-LT. The results obtained showed that the surface composition of Al 2024-T3 changed after the immersion. The concentration of magnesium at the surface decreased from 30% down to 20% (at. %) and the oxide thickness slightly decreased from 30 to around 25 nm. The concentration of copper at the surface, however, remained very low, as it was in the non-treated surface. Therefore, an oxide coating, mainly aluminium and magnesium oxides, was present after alkaline cleaning in Turco 4215 NC-LT.



The standard treatment comprising Turco 6849, 4215 NC-LT and Smut Go NC is employed by many subcontractors of Airbus in a number of surface treatment lines, not only in CrCC. Therefore, the industries seek for coating technologies “greener” than chromates but also compatible with the same pretreatments currently approved. Otherwise, the investments required to adapt the protective bath lines must include the pretreatments baths as well. Consequently, a better understanding of the influence of this common standard treatment is of high interest in the aerospace sector in order to design alternative methods to the use of Cr(VI) for the development of conversion layers.



As observed in the short review described above, there is scarce literature devoted to the study of this particular industrial standard pretreatment procedure, and even less devoted to analysing their suitability before cerium conversion coating application.



Within this context, the objective of this paper is to investigate the effect of a standard surface pretreatment for aluminium alloys in the aerospace sector on the 2024-T3 surface and its subsequent influence in the formation of CeCC. In particular, the effect of the application of two pretreatments procedures, was deeply analysed. The first one, so-called Pretreatment 1, involves the use of two consecutive baths (Henkel/Turco 6849 and Henkel/Turco 4215 NC-LT). The second one, Pretreatment 2, includes the three consecutive immersion pretreatments (Henkel/Turco 6849, Henkel/Turco 4215 NC-LT and Henkel/Turco Smut Go NC). Subsequently, the samples after Pretreatments 1 or 2 were treated by immersion in CeCl3·7H2O chemically activated with H2O2. Samples were characterised by means of Scanning Electron Microscopy coupled with Energy-Dispersive X-ray Microanalysis (SEM-EDS), Linear Polarisation curves, (LP) Electrochemical Impedance Spectroscopy (EIS) and X-ray Photoelectron Spectroscopy (XPS).




2. Materials and Methods


Samples of the AA2024-T3 Al–Cu alloy, of 80 mm × 25 mm × 4 mm in size, were prepared. The composition of this alloy, in percentage by mass, is shown in Table 1.



Before the pretreatments, specimens were rinsed with acetone in order to remove adhesive rests coming from a plastic protective film and ink residues. As schematized in Figure 1, two different pretreatments (encoded here as Pretreatment 1 and 2), were carried out following the specification I+D-P-072:



Pretreatment 1 (2 consecutive steps): (i) 7 min stirring alkaline cleaning at 55 °C in 20 vol. % Turco 6849 (pH = 10.9), + (ii) 10 min stirring alkaline degreasing at 50 °C in 40 g/L Turco 4215 NC-LT (pH = 8.9).



Pretreatment 2 (3 consecutive steps): (i) 7 min stirring alkaline cleaning at 55 °C in 20 vol. % Turco 6849 (pH = 10.9), + (ii) 10 min stirring alkaline degreasing at 50 °C in 40 g/L Turco 4215 NC-LT (pH = 8.9), + (iii) 5 min without stirring acid cleaning at room temperature in 220 g/L Smut Go NC (pH = 1.2).



Turco 6849, 4215 NC-LT and Smut Go NC were supplied by Henkel Ibérica, S.A., (Barcelona, Spain). Between each step the samples were rinsed and immersed during 3 min in deionized water with a pH of 5.6 and a resistivity of 15 MΩ. According to the preparation steps, the samples have been codified as Not Treated, Pretreated 1 and Pretreated 2.



CeCC was deposited after Pretreatments 1 and 2. The coating deposition took place in aqueous solution containing 35 mM CeCl3·7H2O (supplied by Alfa Aesar, Karlsruhe, Germany) and 15 mL/L H2O2 30 vol. % (supplied by Panreac Química S.L.U., Barcelona, Spain), at 50 °C during 15 min. The pH value was adjusted to 1.9 employing 1 M HCl. The samples coated after Pretreatments 1 and 2 have been labelled as CeCC-1 and CeCC-2, respectively.



The surface appearance and composition of the samples were studied by scanning electron microscopy (SEM) (Hitachi, Tokio, Japan) at a voltage of 10 or 15 kV and energy-dispersive X-ray analysis (EDX) (Bruker, Billerica, MA, USA) at a voltage of 15 kV using a Hitachi SU 1510 microscope.



Potentionynamic linear polarisation (LP) and electrochemical impedance spectroscopy (EIS) measurements were conducted in three-electrode cells, making use of a PGSTAT302N potentiostat with frequency response analyzer (FRA) (Metrohm Autolab B.V., Utrecht, The Netherlands) controlled by the software NOVA 2.1.2. An Ag/AgCl double junction electrode from Metrohm (0.207 V/SHE, 25 °C) was employed as the reference electrode. The counter electrode was made of graphite for the LP and of platinized titanium for the EIS. The exposed surface of the working electrode was 1 cm2.



Previously to the LP the open circuit potential (OCP) was measured for one hour (this time was experimentally observed to reach potential stabilisation), being the average potential of the last 5 s the value adopted as corrosion potential (Ecorr). LP were carried out from –0.025 V to 1 V vs. Ecorr in samples without CeCC and from −0.25 V to 1 V in CeCC samples, at a rate of 0.17 mV/s. The electrochemical activities of the samples were analysed based on the value of polarisation resistance (Rp) calculated through the Stern-Geary equation [26].



The frequency range of the impedance spectrum studied with EIS measurements corresponds to that in which the responses associated with the alloy phases and the passive film can be identified. It has been established that this range lies between 10−2–105 Hz [27]. The amplitude selected was 10 mV.



X-ray photoelectron spectroscopy (XPS) studies were carried out in a XPS spectrometer, Kratos AXIS Ultra DLD (Kratos Analytical Ltd., Manchester, UK). Samples were successively placed into the vacuum chamber of the spectrometer. Spectra were recorded with monochromatic Al Kα radiation (1486.6 eV) with a selected X-ray power of 150 W. Surface charging effects were compensated by using the kratos coaxial neutralization system. The spectrometer was operated in the constant Analyzer Energy mode, with pass energy of 160 eV for low resolution and wide range survey spectra, and 20 eV for high resolution and narrow core level spectra. XPS spectra were treated with the software CasaXPS version 2.3.18PR1.0 (Casa Software Ltd., Cheshire, UK).




3. Results


3.1. Surface Morphology and Microstructure of Uncoated Samples


The microstructure analysis performed by SEM-EDX has revealed the presence of the main types of intermetallic particles of the alloy AA2024-T3, whose compositions are comparable with those described by Campestrini et al. [28] for alloys of the same group. In the studies reported in References [1,2,3,4,5,6,7], the atomic percentages of the alloying elements that comprise each intermetallic particle have been determined. Firstly, round shaped particles with a diameter of 5–8 μm have been identified, with a composition of Al-Cu-Mg, commonly known as S-Phase, Figure 2 (see white arrows). Although a stoichiometry of Al2CuMg has been classically assigned to this type of phase, it is in fact a mixture of Al2CuMg and small quantities of Al2Cu (θ-Phase) [6,7,29,30]. In the present work, the mixture Al2CuMg/Al2Cu is referred as Al(Cu,Mg). A second group of particles of irregular appearance, whose dimensions range from a few micrometres up to 15 μm, are composed of Al-Cu-Mn-Fe-Si or Al-Cu-Fe-Mn; these are present on the surface as both isolated particles and clusters or clumps of several particles, Figure 2 (see black arrows). The stoichiometry of this second type is more difficult to assign [4,5], but it has been defined as Al-Cu-Mn-Fe-(Si).



Figure 3a depicts SEM image corresponding to the same area shown in Figure 2 after being treated with Pretreatment 1. Major surface morphological changes were not observed with respect to those non-treated (Figure 2). Al(Cu,Mg) and Al-Cu-Mn-Fe-(Si) phases do not show signs of attacks. The EDX analysis of the phases, Figure 3b,c, confirms that there have not been apparent compositional changes.



Conversely, some intermetallic particles have been removed after Pretreatment 2, giving rise to cavities that appear in positions in which there were Al(Cu,Mg) phases, see white arrows in Figure 4a. In other cases, Al(Cu,Mg) particles with sponge appearance after being etched still remain, marked with red arrows in Figure 4a. Microanalysis of these particles, as the one included in Figure 4b, reveal the absence of Mg signal, the increase of Cu peak and the reduction of Al peak. In contrast, Al-Cu-Mn-Fe-(Si) intermetallics were not affected and are still visible in Figure 4a, marked with black arrows, without evidences of compositional changes, Figure 4c.



In order to obtain more detailed information, a semi-quantitative analysis of the EDX spectra acquired on a group of intermetallic particles was performed in samples Not Treated, after Pretreatment 1 and after Pretreatment 2. The averaged results of the analysis of 3 representative particles are included in Figure 5.



Quantification has been calculated assigning 100% to the sum of the percentages found per elements of each phase. In samples after Pretreatment 1, almost no difference in atomic % was observed in the whole set of data. Therefore, alkaline degreasing and alkaline cleaning do not affect the Al(Cu,Mg) neither Al-Cu-Mn-Fe-(Si) morphologies and compositions, Figure 2a and Figure 3a (see white arrows). In samples after Pretreatment 2, significant changes in the atomic % were not observed in the case of Al-Cu-Fe-Mn-(Si), black arrows in Figure 4b. However, intermetallics Al(Cu,Mg) were attacked. Two different effects were observed in the atomic %. Firstly, Al(Cu,Mg) were detached, white arrows in Figure 4a, since the analysis on the place where they were, provide almost 100% of aluminium, confirming that EDX spectra was acquired on the aluminium matrix. Secondly, the quantification of Al(Cu,Mg) with a sponge appearance indicates that the magnesium was reduced to almost zero, with the copper content being increased, and the aluminium remaining unaltered.




3.2. Surface Morphology and Microstructure of Coated Samples


Optical images at 72× of CeCC-1 and CeCC-2 samples, included in Figure 6, allow us to observe two different areas: yellow zones characteristic of cerium coating and grey areas where no coating or a very thin layer is expected to be found. It is clear that sample CeCC-1 has a higher uniformity and coverage than sample CeCC-2.



SEM images shown in Figure 6 are representative areas acquired on samples CeCC-1 (Figure 6c) and CeCC-2 (Figure 6d) using backscattered electrons mode. EDX analysis confirmed that there are three main features in the two kind of samples: areas with the characteristic texture of dried-mud cerium coating, cerium agglomerates over intermetallics and areas apparently free of coating or, at least, with a very thin layer. In addition, it is found that the deposition of the coating proceeds preferentially along lines parallel to rolling marks of the alloy in sample CeCC-2, as observed in Figure 6d.



Figure 7 shows a SEM image at 2500× and two punctual EDS spectra of an agglomerate of cerium in CeCC-1 sample. The EDX results unveil the presence of Al, Cu and Mg along with Ce and O in the center of the agglomerate (red arrow in Figure 7a). Meanwhile, only Ce and O are present in the surrounding area. These results are characteristics of cerium coating formation over Al(Cu,Mg) phases and they are referred to as “cerium island” in the literature [16,31,32]. The number of cerium island texture was higher in the sample CeCC-1.



However, it was not possible to detect by EDX microanalysis cerium agglomerates containing Fe, Mn and Si to confirm the deposition over Al-Cu-Fe-Mn-(Si) intermetallics. This is thought to be associated to the technique limitations, as the Ce layer developed in these particles are relatively thick. In order to verify that Ce can also deposit in these Al-Cu-Fe-Mn-(Si) intermetallic particles, additional samples (encoded as CeCC-1′) were prepared and studied in which CeCC coating was deposited during only 3 min (instead of the 15 min used in CeCC-1). Figure 8 includes two SEM images at 1400× of samples Not Treated and a sample CeCC-1′ deposited for 3 min and two punctual EDX spectra of the structures surrounded by discontinues lines. Spectrum in Figure 8c evidences the fact that the structure studied in Figure 8a) is an Al-Cu-Fe-Mn-(Si) phase. In Figure 8b it can be observed how the CeCC is deposited preferentially on the structure Al-Cu-Fe-Mn-(Si).




3.3. Electrochemical Characterisation by LP of Uncoated and Coated Samples


LP measurements were carried out to assess the electrochemical changes provoked by the pretreatments on the surface of the alloy. Figure 9 presents LP curves for samples Not Treated, Pretreated 1, Pretreated 2, CeCC-1 and CeCC-2 in aerated solution of 0.59 M NaCl. Rp values given in Table 2 are obtained from evaluation of the potentiodynamic polarisation curves.



Due to the absence of coating, all samples suffer from active corrosion phenomena in the NaCl solution, with fluctuating corrosion potential (Ecorr) around −0.53 and −0.57 V vs. Ag/AgCl (0.207 V/SHE). The pitting nucleation potential (Enp) are very close to Ecorr so as for potentials slightly higher than Ecorr the current density increases sharply due to the intense anodic activity taking place in the system. The Rp values of samples Not Treated and Pretreated 1 are of the same order, 955 and 1068 Ω·cm2, demonstrating, hence, the small difference between the surfaces of non-treated samples and the latter.



On the contrary, as can be observed in Figure 9, the effect of the Pretreatment 2 causes a displacement of the cathodic branch toward lower current densities, bringing about a reduction in the activity of the system. The Rp of sample Pretreated 2 grew up to 6407 Ω·cm2.



The linear polarisation curve of CeCC-1 sample showed in Figure 9 displays a corrosion potential of −0.609 V approximately, lower than the sample Not Treated, that it is around −0.543 V. CeCC-1 also has an incipient passive region in the anodic branch from −0.609 V (Ecorr) up to −0.520 V (Enp).



On its part, Ecorr of CeCC-2 keeps very close to Ecorr of sample Not Treated and a slightly displaced to noble potential from Pretreated 2 samples. Furthermore, it can barely be distinguished a very small passive region up to Enp = −0.520 V. It is noticeable that Enp of both coated samples have displaced upwards to −0.520 V compared with their corresponding uncoated samples Pretreated 1 and Pretreated 2.



All CeCC coated samples give curves with cathodic branches shifted 1 or 2 orders of magnitude to lower current densities than uncoated ones, regardless of the pretreatments applied. Notwithstanding, it can be observed in Table 2 that the sample CeCC-1 has lower Jcorr and higher Rp than CeCC-2. The differences are roughly one order of magnitude for both magnitudes. Both coated samples showed clearly improved corrosion protection, their Rp reaching 1.23 × 105 and 1.99 × 104 Ω·cm2 for CeCC-1 and CeCC-2, respectively.




3.4. Electrochemical Characterisation by EIS of Coated Samples


Figure 10 presents the Nyquist diagrams obtained from EIS tests acquired in a solution of 0.59 M NaCl in samples CeCC-1 and CeCC-2. Only one depressed and not fully completed semicircle can be found in each sample, being the semicircle of CeCC-1 higher than that of CeCC-2. The equivalent circuit employed (Randles Circuit) to fit them is shown in Figure 11, where Rs is the resistance of the solution, Rc and CPE are the resistance and the constant phase element (CPE) accounting for the whole coating system, including alumina and cerium compounds. The fitting results included in Table 3 are in good agreement with the Polarisation curve. Rc can be assumed to be an estimation of Rp. Therefore, Rc in sample CeCC-1 is higher than CeCC-2, 19,500 and 12,000 Ω·cm2 respectively. Despite the difference in Rc values is smaller than the difference of Rp calculated from polarisation curves, they are coherent in the sense of higher Rp and Rc values of CeCC-1 sample.




3.5. XPS Characterisation of Coated Samples


The survey XPS spectra of samples CeCC-1 and CeCC-2 are presented in Figure 12. The main elements detected are O, Ce, Al, Cu and C. Table 4 shows the relative content of them calculated from survey spectra in Figure 12.



Figure 13 depicts the high resolution XPS spectra of Ce3d signals. This complex group of peaks comprises two cerium oxidation states, covalence hybridization effects and spin-orbit splitting. It consists of five doublets corresponding to the 3d5/2 and 3d3/2 components. Three doublets, labelled as v–u, v″–u″ and v‴–u‴, can be attributed to Ce4+, whereas the other two doublets, v0–u0 and v′–u′, are due to Ce3+ [33,34,35,36,37,38]. Table 5 summarises the energy of these peaks for CeCC-1 and CeCC-2 samples.



The u‴ peak is isolated from the others and comes exclusively from Ce4+. Therefore, it has been studied by several authors as indicator of the ratio Ce4+/Ce3+ in the CeCC [,33,34,35,36,37,38]. More specifically, the u‴ peak allow the estimation of the Ce4+% through Equation (1), proposed by Shyu et al. [36].


Ce4+%=u‴%14×100



(1)




where u‴ % is percentage of u‴ peak area with respect to the total Ce3d area. The Ce4+% calculated for sample CeCC-1 and CeCC-2 are 107% and 76%. However, it is necessary to remark than the estimated error of this method is in the range of 10% [36].



High resolution XPS spectra of signal Al2p in samples CeCC-1 and CeCC-2 are presented in Figure 14. A first peak at around 75 eV is related to Al-O group. At higher binding energy, there is a peak attributed to Al/O/Ce mixed chemical compounds, at approximately 76.9 eV [35]. It is noticeable that the characteristic signal of Al-Al around 72.6 eV was present in samples Pretreated 1 and Pretreated 2 (not shown) but it is not found after cerium coating treatment.



High resolution XPS spectra of fitted peaks of O1s signals can be observed in Figure 15. The experimental spectrum of CeCC-1 has two peaks partially overlapped. Meanwhile, CeCC-2 has two peaks very close and almost completely overlapped. The signals are fitted to the bonds Ce-OH, Ce-O and Al-O [37]. Signals corresponding to the Ce-OH and Ce-O bonds occur at 532.0 and 529.8 eV, respectively. In addition, the third signal is the smallest and is located at 531.8 eV in CeCC-1 and at 530.7 eV in CeCC-2, associated to the group Al-O. The ratio [Ce]/[Al] have been calculated by assigning the sum of areas of the peaks Ce-OH and Ce-O to [Ce] and the area of Al-O to [Al]. The results indicate a ratio [Ce]/[Al] = 10.4 for CeCC-1 and 33.8 for CeCC-2.





4. Discussion


The characterisation of samples Pretreated 1 and 2 by means of SEM-EDS of Figure 2, Figure 3 and Figure 4 allowed us to monitor the effects of the pretreatments on the main intermetallic particles of the aluminium alloy 2024-T3. Neither Al(Cu,Mg) nor Al-Cu-Fe-Mn-(Si) phases exhibit modification on sample Pretreated 1 when compared to samples Not Treated. Likewise, there are no evident changes in Al-Cu-Fe-Mn-(Si) intermetallics of sample Pretreated 2 after immersion in the acid bath (Smut Go NC).



Regarding Al(Cu,Mg) phases in sample Pretreated 2, the analysis of the cavities left by particles disappeared in sample Pretreated 2 have shown a similar composition to the aluminium matrix, Figure 5. In the case of Al(Cu,Mg) phases with sponge appearance that still remain after Pretreatment 2 present a high reduction in Mg and Al atomic % and an increase in Cu atomic %. These results are in good agreement with other authors [,39,40,41] that describe the dissolution of the phase Al(Cu, Mg) in an oxidant or corrosive medium proceeding with an initial dealloying in Mg, followed by other dealloying in Al which produce an enriching of particles in Cu and a final detachment of the Al(Cu,Mg) particles. The dissolution of Mg and Al are justified by the anodic behaviour of this phase against the aluminium matrix. The anodic reactions are the oxidation of Mg and Al, Equations (2) and (3), while the reduction of oxygen to OH− takes place as the cathodic response, Equation (4).


Mg → Mg2+ + 2e−



(2)






Al → Al3+ + 3e−



(3)






½O2 + H2O + 2e− → 2OH−



(4)






Al2O3 + 2OH− → 2AlO2− + H2O



(5)







When comparing the initial atomic % of the Al(Cu,Mg) particles that became afterwards detached and dealloyed but not detached, shown in Figure 5, it can be found that the former ones have a lower content of aluminium, approximately 60% vs. 70%, and a higher amount of magnesium, 20% vs. 10%, than the latter ones. Meanwhile, the copper content is close to 20% in both cases. These differences are coherent with the dealloying mechanism mentioned above, since it is reasonable that those phases losing less volume in form of Mg2+ remain in their places, and vice versa, those losing a higher amount in form of Mg2+ became detached. According to this, those Al(Cu,Mg) phases that are still on the surface after Pretreatment 2 may had higher proportion of Al2Cu, θ-Phase, than those ending detached.



In addition, it can be noticed that the atomic % of aluminium keep unchanged within samples Not Treated, Pretreated 1 and Pretreated 2. Therefore, according again to the assumed mechanism, either the experimental parameters employed in the bath with Smut Go NC, concentration, temperature and time, are not enough to reach the final stage in which the aluminium is oxidised, or, alternatively, if this stage is already in progress, the intermetallic particles have been removed away from the matrix and they cannot be analysed.



Several authors establish Al(Cu,Mg) as main phase responsible of pitting corrosion of Al-Cu alloys in chloride media due to their anodic behaviour [16,33,34,42], i.e., oxidation of Mg and Al, Equations (1) and (2). The counterpart reduction of oxygen to OH−, Equation (3), provokes the local increase of the pH near the Al(Cu,Mg) and subsequently the dissolution of the alumina layer and the neighbouring aluminium, Equation (4). As a consequence, specimens with less quantity of Al(Cu,Mg) particles, Pretreated 2, are expected to give a potentiodynamic polarisation curve moved to lower current zones than specimens with higher number of Al(Cu,Mg) particles, Not Treated and Pretreated 1. LP curves of samples Not Treated, Pretreated 1 and Pretreated 2 in Figure 9 and their corresponding Rp values of 955 ≃ 1068 < 6407 Ω·cm2 in Table 2 are coherent with this discussion.



It is known that the formation of cerium-based conversion coatings proceeds over and around intermetallic particles, both anodic and cathodic against the aluminium matrix, although via different mechanisms depending on the electrochemical behaviour of the intermetallic [31]. It has been also described that the coating forms on other electrochemically active areas such as grain boundaries or rolling marks made during manufacturing [11,43,44]. In our work, on one hand, microanalysis by SEM-EDS of samples CeCC-1 and CeCC-2 with 15 min and only 3 min of cerium treatment confirmed that Al(Cu,Mg) intermetallic and Al-Cu-Fe-Mn-(Si) phases are seeds for the deposition of the coating, as described in Figure 6, Figure 7 and Figure 8. It was also stated that there are higher number of cerium island formed over intermetallic particles in sample CeCC-1, especially those which consist on an area rich in copper and cerium surrounded by another area rich in cerium due to the CeCC deposition on the intermetallic Al(Cu,Mg). On the other hand, SEM images like Figure 7b suggest preferential deposition along rolling marks direction in the case of sample CeCC-2. The etching of the native alumina by the Smut Go NC solution may expose cathodic areas on the ridges of the rolling marks which promote H2O2 reduction and cerium deposition [45].



When comparing the characterisation results described in the previous paragraph, with the electrochemical behaviour of samples CeCC-1 and CeCC-2 in Figure 9 and Figure 10, it seems reasonable that the changes suffered by Al(Cu,Mg) during Smut Go NC acid treatment influence the formation process of the cerium/alumina coating and its corrosion resistance. Hence, as shown in Table 2 and Table 3, sample CeCC-1 gives higher Rp and higher impedance than sample CeCC-2: 1.23 × 105 vs. 1.99 × 104 Ω·cm2 and 1.8 × 104 vs. 1.2 × 104 Ω·cm2. Furthermore, the optical image of the CeCC-1 is more homogeneous than CeCC-2, Figure 6.



XPS analysis were performed with the aim of further understand the reasons behind the different corrosion performance of the cerium coatings. The first general conclusion obtained from the survey spectra in Figure 12 and composition in Table 4 is that CeCC-1 has a content of cerium two-fold of CeCC-2, 5.98% vs. 2.79% on the surface of the coating. Aluminium and oxygen, however, exhibit very low differences. Copper, although in a very low proportion, seems to be higher in sample CeCC-2, which can be explained for the redeposition on the surface of copper previously etched from the alloy during the treatment in Smut Go NC [31].



The estimation of Ce4+% employing the peak u‴ in the XPS spectra of Ce3d signals, Figure 13, concluded that Ce4+ is predominant in the surface of all coatings obtained, being Ce3+ in lower proportion. This result has been reported by other authors employing H2O2 as oxidant, leading to improvements in the corrosion behaviour of the cerium conversion coatings [18,46]. Ce4+% was higher in CeCC-1 (between 97–100%) than in CeCC-2 (between 66–86%), which is in agreement with the better corrosion behaviour of CeCC-1 in polarisation curve (higher Rp, Table 2) and EIS analysis (higher Rc, Table 3) and with the higher population of intermetallic particles observed by SEM. The oxidant power of H2O2, the presence of intermetallic phases and oxidation of sample in air are the three factors reported in the literature to explain the oxidation of Ce3+ to Ce4+ in these coatings [32,47,48,49]. In our case, the concentration of H2O2 is the same and the samples were prepared and analysed at the same time. Therefore, the different number and type of intermetallics is the fact most likely to explain the different content of Ce4+ and Ce3+.



XPS spectra in Figure 14 also indicate that aluminium/cerium mixed oxide domains together with alumina coexist in both samples CeCC-1 and CeCC-2, since there are peaks associated to Al/Ce/O and Al-O in the signal Al2p. In addition, the absence of Al-Al signal may show that the mixed oxide and alumina forms a coating thick enough to prevent the XPS analysis to reach the bulk of the alloy.



Experimental O1s signals in Figure 15 have different shapes in the spectra of samples CeCC-1 and CeCC-2 due to a displacement of ≃1 eV in the peak fitted for Al-O bond. The difference may be caused by a different chemical environment of Al-O in the two samples. Moreover, the ratio [Ce]/[Al], based on the area of Ce-OH, Ce-O and Al-O, is three times higher for CeCC-2 with respect CeCC-1. In other words, sample CeCC-2 has a major proportion of its total oxygen in form of cerium oxide/hydroxide than sample CeCC-1.




5. Conclusions


A standard surface pretreatment chain of aluminium alloys in the aerospace industry has been studied for the preparation of cerium conversion coatings on aluminium-copper alloy 2024-T3. The results show that the cerium-based coating formed after the employment of only part of the chain (Pretreatment 1) has better corrosion behaviour than applying the whole chain (Pretreatment 2).



Alloy phases have a great influence in the chemical conversion coatings formation on Al–Cu alloys, especially those known as Al(Cu,Mg), a mixture of Al2CuMg and Al2Cu, that have a anodic activity against the matrix. Standard products employed as pretreatments for CrCC in the aerospace industry have different effect on these particles.



SEM-EDX quantification revealed that pretreatment accomplished in two steps employing alkaline degreaser Turco 6849 and alkaline cleaner Turco 4215 NC-LT (Pretreatment 1) have no effect on Al-Cu-Mn-Fe-(Si) and Al(Cu,Mg). However, after including a last acid pickling pretreatment step with Smut Go NC (Pretreatment 2), Al(Cu,Mg) phases are total or partially removed depending on the content of Al2Cu, with distinct dealloying due to selective leaching of magnesium and aluminium.



Polarisation curves results after Pretreatment 2 showed a displacement of the cathodic branch toward lower current densities. These results reveal that both Al(Cu,Mg) phases that still remain on the surface and unaffected Al-Cu-Mn-Fe-(Si) phases work as cathodes, promoting fast anodic dissolution of aluminium.



CeCC deposited after Pretreatment 1 and Pretreatment 2 gave three main features: areas with dried-mud cerium coating over the matrix, cerium island over intermetallic phases and apparently free-coating areas. Samples CeCC-1 have better corrosion behaviour than samples CeCC-2. This result has been associated to a larger population of intermetallic in the surface of sample CeCC-1, which in turn leads to a higher content of cerium in the coating and a higher proportion of Ce4+.



A general concern derived from the results obtained in this investigation is that acid etching step should be avoided if a CeCC is intended to be developed in 2024 alloy.



Once the standard pretreatment chain has been adapted for the deposition of cerium in presence of H2O2, the future work will involve the optimization of the cerium bath parameters, such as cerium salt concentration, pH and/or H2O2 concentration, to finally assess the employment of the whole process as an alternative to chromate-based conversion coatings.
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Figure 1. Sample preparation workflow. 
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Figure 2. (a) Scanning electron microscopy (SEM) image of the main phases identified in alloy AA2024-T3; (b) Energy-dispersive X-ray analysis (EDX) spectrum of Al(Cu,Mg) particle (white arrows); (c) EDX spectrum of Al-Cu-Fe-Mn-(Si) particle (black arrows). 
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Figure 3. (a) SEM image of the main phases identified in alloy AA2024-T3 after Pretreatment 1; (b) EDX spectrum of Al(CuMg) particle (white arrows); (c) EDX spectrum of Al-Cu-Fe-Mn-(Si) particle (black arrows). 
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Figure 4. (a) SEM image of the main phases identified in alloy AA2024-T3 after Pretreatment 2; (b) EDX spectrum of sponge-like Al(Cu,Mg) particle (white arrows); (c) EDX spectrum of Al-Cu-Fe-Mn-(Si) particle (black arrows). 
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Figure 5. Bar plots of semi-quantitative analysis of (a) Al(Cu,Mg) not removed, (b) Al-Cu-Fe-Mn-(Si) and (c) Al(Cu,Mg) removed. 
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Figure 6. Surface morphology of samples. Optical images at 72× of (a) CeCC-1 and (b) CeCC-2. SEM images at 500× of (c) CeCC-1 and (d) CeCC-2. 
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Figure 7. (a) SEM image of a cerium island in sample CeCC-1. (b) EDX spectra in the central area (red) and in the surrounding area (blue). 
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Figure 8. SEM image of Al-Cu-Fe-Mn-(Si) in a CeCC-1′ sample (a) before and (b) after a deposition of cerium during 3 min. (c) EDX spectra acquired over the particle marked in (a) and (b). 
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Figure 9. Potentiodynamic linear polarisation (LP) curves of samples Not Treated, Pretreated 1, Pretreated 2, CeCC-1 and CeCC-2 immersed in NaCl 0.59 M. 
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Figure 10. Nyquist impedance plots of CeCC-1, CeCC-2 and their fitting to the equivalent circuit of Figure 11. 
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Figure 11. Equivalent circuit used for the analysis of electrochemical impedance spectroscopy (EIS) data. 
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Figure 12. Survey X-ray photoelectron spectroscopy (XPS) spectra of (a) CeCC-1 and (b) CeCC-2. 
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Figure 13. XPS spectra of Ce3d. (a) CeCC-1. (b) CeCC-2. 
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Figure 14. XPS spectra of Al2p. (a) CeCC-1. (b) CeCC-2. 
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Figure 15. XPS spectra of O1s. (a) CeCC-1, (b) CeCC-2. 






Figure 15. XPS spectra of O1s. (a) CeCC-1, (b) CeCC-2.



[image: Metals 09 00320 g015]







[image: Table]





Table 1. AA2024-T3 chemical composition (wt. %).
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	Si
	Fe
	Cu
	Mn
	Mg
	Cr
	Zn
	Ti
	Al





	0.07
	0.20
	4.44
	0.58
	1.80
	0.10
	0.25
	0.026
	93.00
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Table 2. Electrochemical parameters calculated from LP curves in Figure 9.
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	Electrochemical Parameters
	Not Treated
	Pretreated 1
	Pretreated 2
	CeCC-1
	CeCC-2





	Ecorr (V)
	−0.543
	−0.535
	−0.549
	−0.609
	−0.537



	Enp (V)
	−0.543
	−0.535
	−0.549
	−0.520
	−0.520



	Jcorr (A·cm−2)
	2.70 × 10−5
	2.45 × 10−5
	4.07 × 10−6
	2.1 × 10−7
	1.31 × 10−6



	Rp (Ω·cm2)
	955
	1068
	6407
	1.23 × 105
	1.99 × 104



	R2
	0.830
	0.766
	0.872
	0.854
	0.867
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Table 3. Values of fitting analysis of the experimental EIS data employing the equivalent.
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	Equivalents Circuit Elements
	CeCC-1
	CeCC-2





	Re (Ω·cm2)
	23.5
	20



	Rc (Ω·cm2)
	18,000
	12,000



	CPE (µΩ−1·Sn·cm−2)
	352
	253



	n
	0.840
	0.861
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Table 4. Surface composition of samples CeCC-1 and CeCC-2 (at. %).
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	Signals
	CeCC-1
	CeCC-2





	O1s
	84.22
	87.76



	Al2p
	9.75
	9.25



	Ce3d
	5.98
	2.79



	Cu2p
	0.05
	0.20
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Table 5. Energy assigned to peaks of Ce3d signals (eV).
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Signals

	
CeCC-1

	
CeCC-2






	
Ce (IV)




	
v–u

	
881.6–901.3

	
881.4–901.4




	
v″–u″

	
887.91–906.3

	
887.9–906.6




	
v‴–u‴

	
895.6–915.6

	
895.3–915.6




	
Ce(III)




	
v0–u0

	
881.1–897.4

	
881.1–897.3




	
v′–u′

	
883.6–901.0

	
883.5–900.3
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