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Abstract

:

Aluminium–magnesium alloys find widespread application in diverse industrial and technological fields owing to their unique characteristics such as lightweight nature, favourable physical and mechanical properties, corrosion resistance and cost-effectiveness. During production, these alloys often undergo various forming processes that significantly affect the morphology and microstructure of their surface layers. Consequently, the surface properties, including corrosion resistance, are notably influenced by these treatments. In this study, the impact of cold rolling on the corrosion behaviour of the 5083 aluminium alloy, which is considered as an important alloy for the aerospace and naval industry, was investigated. The 5083 Al alloy underwent a cold-rolling process, resulting in specimens with reduced average thicknesses of 7% and 15%, respectively. The microstructure of the alloy was examined by using X-ray diffraction, optical and scanning electron microscopy techniques. Furthermore, the corrosion behaviour of both the as-received and cold-rolled aluminium alloy specimens was evaluated through potentiostatic and potentiodynamic corrosion measurements. The experimental results demonstrated that higher cold deformation percentages, within the specified experimental parameters, led to an enhanced corrosion resistance for the alloy. This improvement was primarily attributed to the reduction in grain size induced by recrystallization and to the formation of a passivating aluminium oxide film.
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1. Introduction


Aluminium–magnesium alloys have been widely used in various technological and industrial applications, due to their light weight, good physical and mechanical properties, corrosion resistance and low cost [1]. Among these alloys, 5083 aluminium wrought alloy is considered as one of the most important materials of this series [1]. It consists primarily of aluminium, along with small amounts of magnesium, manganese, chromium and other trace elements. Its unique combination of mechanical properties and corrosion resistance makes it well-suited for the aerospace [2,3] naval [4] and construction [5] industries. Some relevant reports concerning the formability and corrosion behaviour of this alloy are presented below:



Ezuber et al. [6] studied the corrosion behaviour of 5083 and 1100 aluminium alloys in seawater at 23 and 60 °C. These researchers found that the breakdown potential of the two alloys decreased with an increase in test temperature, whereas 1100 aluminium alloy had slightly better corrosion resistance than 5083 aluminium alloy. In addition, they observed that both alloys suffered from pitting corrosion. Aballe et al. [7] investigated the influence of surface finishing on the corrosion behaviour of 5083 aluminium alloy in a 3.5% NaCl aerated solution. The aluminium alloy specimens were polished from 80 to 1200 grit, and their corrosion behaviour was studied by using weight loss, linear polarizations and electrochemical noise measurement (ENM) techniques. They observed that the alloy specimens that were polished up to 80 grit showed greater susceptibility to localised alkaline corrosion than the samples that had been polished up to 1200 grit. The decrease of the corrosion resistance with the increase in polishing was attributed to the number of intermetallic particles exposed per materials surface.



Panagopoulos and Georgiou [8] studied the corrosive wear behaviour of 5083 wrought aluminium alloy in a 3.5% NaCl solution (pH = 5.5). The counterface material was a stainless steel pin. They observed that for a constant value of sliding speed, the increase of applied load resulted in a decrease of the friction coefficient of the tribo-system stainless steel–5083 Al alloy. They also observed that the dominant wear mechanisms of this aluminium alloy were plastic deformation and abrasion. These wear mechanisms coexisted with pitting corrosion phenomena on the surface of the alloy. Zazi et al. [9] investigated the corrosion behaviour of an aluminium 5083–H321 alloy that had undergone annealing at 420 °C for 1 h 30 min, followed by various types of thermo-mechanical treatments. The aim was to see the effect of intermetallic phases on the corrosion of their alloy in 3.5% NaCl solution. They observed that deformation resulted in a significant increase in the density of intermetallics and micropores, which degrade the corrosion resistance. However, by adding intermediate annealing steps that bring about recrystallization, the corrosion behaviour can be controlled.



Li et al. [10] reported on the effect of texturing on the stress corrosion cracking of 5083 aluminium alloy sheets. They found that texturing influenced mainly the stress corrosion properties of the alloy, whereas no significant differences were observed in terms of intergranular corrosion. Specifically, samples dominated by the brass texture had higher stress corrosion cracking resistance compared to low-intensity textures. The different performance was linked to the propagation path of the cracks, which, in the case of brass textures cracks, is more tortuous. Faraji et al. [11] investigated the effect of heating time and rate on the stabilization of the 5083 aluminium alloy sheets. They found that by using an appropriate combination of these two factors, both the mechanical properties and corrosion resistance of this alloy can be improved. This improvement was linked to a fine-grained structuring after thermomechanical processing.



Abdulstaar et al. [12] studied the effect of plastic deformation of both the surface layers and bulk material on the fatigue, corrosion, and corrosion fatigue performance of 5083 aluminium alloys. Plastic deformation of the surface layers was performed by applying ball-burnishing and shot peening methods, whereas, to achieve severe deformation of the bulk alloy, rotary swaging was used. They observed that the mechanical properties and fatigue life were significantly improved after surface and/or bulk deformation, but the ductility was reduced due to work-hardening. In addition, the surface deformation techniques showed higher fatigue life enhancement in air than rotary swaging, attributed to the higher ductility of the bulk region. On the contrary, the selected surface deformation techniques exhibited higher corrosion rates, caused by localised pitting corrosion around the Fe-rich phases. Rotary swaging had a higher corrosion resistance, since the secondary phase size became smaller and more well distributed. When a synergism between electrochemical and mechanical phenomena took place, the surface deformation processes resulted in superior corrosion fatigue performance than the bulk rotary swagging.



Beura et al. [13] studied the influence of mechanical deformation on the corrosion behaviour of 5083-H131 aluminium alloys by combining electrochemical and microstructural characterizations. The deformation of the alloy was performed with forward Taylor anvil experiments. The main research outcome of this work was that significant differences were found in the corrosion performance between the impacted region and the undeformed part. This phenomenon was attributed to the local fragmentation of Fe-based intermetallic particles and to an increase in intragranular misorientation near the deformed area. In particular, the fractured intermetallic colonies were identified as catalysts for corrosion reactions, serving as sites for extensive trenching corrosion.



Recently, some publications [14,15] focused on the effect of additive manufacturing processes on the corrosion behaviour of 5083 aluminium alloys. Zhou et al. [14] reported on the effect of adding 0.7 wt% and 1.0 wt% Zr as an alloying element on the printability and buildability of AA5083 alloys produced by laser powder bed fusing. They found that the addition of Zr reduces cracking and improves grain refinement. These microstructural changes improved the corrosion resistance of alloy in a 3.5 wt% NaCl aqueous solution. Li et al. [15] investigated the corrosion behaviour of 5083 Al-Mg alloys manufactured by additive friction stir deposition. They observed that this additive manufacturing method reduced pitting corrosion sensitivity due to refinement and re-dissolution of Mn-rich secondary phase particles. However, the intergranular corrosion susceptibility of the alloy increased due to exfoliation of the fine equiaxed grains.



To conclude, complex corrosion phenomena can be significantly affected by various factors, such as heat treatment [16], surface treatments [17], forming processes [18], synergism between electrochemical phenomena and mechanical stresses (e.g., stress corrosion cracking) [19,20], etc. It is evident that any change in the microstructure of the surface or near surface layers [21,22,23] (e.g., grain structure, secondary phase composition and distribution, texturing etc.), dislocation density, surface topography, generation of localized stresses and/or micro-defects can have a detrimental effect on the corrosion performance of a material that undergoes any forming process. This has been reported not only for aluminium alloys, but also for other extensively applied materials such as steels [24], magnesium [25] and cobalt-based [26] alloys. Thus, this research investigation focuses on the effect of cold rolling on the corrosion behaviour of 5083 aluminium alloy in a 3.5% NaCl solution. Up to date, there is limited work published on the effect of purely cold rolling on the electrochemical performance of this alloy. In addition, it should be taken into consideration that such aluminium alloys are submitted to various forming treatments before being used in industrial applications. Linking forming processes to technological properties is essential for understanding and optimizing the performance of these alloys.




2. Materials and Methods


The material investigated in this research work was a commercially supplied 5083 aluminium alloy, with the following weight percentage (wt.%) chemical composition: 95.2% Al, 3.5% Mg, 0.5% Mn, 0.3% Si, 0.26% Cr and 0.24% Fe. Sheets of the aluminium alloy, measuring 50 cm × 30 cm × 0.3 cm, underwent a cold rolling process in a Mario Di Maio LS630x350 cold rolling mill (Mario Di Maio, Milan, Italy). The average thickness of the sheers was reduced by 7% and 15%, respectively, in a single pass, at a rolling mill speed of 10 m/min. Specimens of dimensions 5 cm × 2 cm × 0.3–0.25 cm were then prepared for both structural and corrosion studies.



To ensure uniform surface topography, all aluminium alloy specimens underwent polishing using SiC papers with incrementally finer finishes and 3 μm diamond paste. The resulting average roughness (Ra), measured with a Mahr-Perthen Stylus Profilometer (Mahr-Perthen, Göttingen, Germany), was approximately 0.25 μm. Following specimen preparation, a stress relief treatment was applied by annealing the specimens at 200 °C for 2 h, with gradual cooling in an automatic furnace under an Ar inert atmosphere. The chosen annealing temperature of 200 °C was selected to avoid exceeding the recrystallization temperature of aluminium. Microhardness tests were conducted on both the surface and cross-section of the samples using a Shimadju Vickers indenter (Shimadju, Kyoto, Japan), applying a force of 0.15 N for 15 s. Five independent measurements were taken for each presented average value.



Potentiostatic and potentiodynamic corrosion experiments were conducted in a 3.5% NaCl solution at 20 °C using an EG&G Potentiostat-Galvanostat instrument (Princeton Applied Research, Oak Ridge, TN, USA). The reference electrode employed was a Standard Calomel Electrode (SCE), while the cathode used was a Platinum Electrode. The scan rate was set at 0.2 mV/sec, and triplicate tests were performed for each condition. For the analysis of the as-received, cold-rolled, and corroded alloys, a Siemens D 5000 X-ray Diffractometer (XRD) (Bruker, Billerica, MA, USA) with Cu Ka radiation, Cu filter and a graphite monochromator was utilized. Additionally, the surface and microstructure of 5083 aluminium alloy, before and after the cold-rolling process, was evaluated with an optical microscope and a Jeol 6100 Scanning Electron Microscope (SEM) (Jeol, Tokyo, Japan), connected to a Noran TS 5500 Electron Dispersive X-ray Analyzer (EDS) (Thermo Fisher Scientific, Waltham, MA, USA). Grain structuring was revealed through chemical etching with Graff’s reagent (84 mL H2O, 15.5 mL HNO3, 0.5 mL HF, and 3 g Cr2O3) for 90 sec at room temperature. Intermetallic structuring was studied via chemical etching with Keller’s reagent (2 mL HF, 3 mL HCl, 5 mL HNO3, 190 mL H2O) for 15 sec at room temperature. Finally, to evaluate changes in grain size and secondary phase content, before and after the cold-rolling process, optical and SEM images were analysed with Image Pro Plus software (4.5, Media Cybernetics, Rockville, MD, USA).




3. Results and Discussion


The metallographic microstructure of the surface layers in the 5083 aluminium alloy, both prior to and following the thickness reduction and deformation, is illustrated in Figure 1. It is evident from these micrographs that the increase in the percentage of cold rolling resulted in a decrease of the average grain size in the surface layers of the alloy. This reduction can be attributed to grain recrystallization induced by stress during the cold-forming process [27,28].



X-ray diffraction analysis of 5083 alloy, both with and without cold rolling, revealed identical aluminium crystallographic planes, Figure 2. No secondary intermetallic phases were detected, suggesting concentrations below the method’s detection limit [29]. However, it is important to highlight that the relative intensity among these aluminium peaks changed, indicating the development of crystallographic texturing. To evaluate this phenomenon, texture coefficients (TC) were calculated for each orientation, as presented in Table 1 [30]. In accordance with these calculations, texture coefficients exceeding one signify a preferred orientation. Therefore, under the specific cold-rolling conditions, preferred orientations for texture development were observed for crystallographic planes (200) and (220).



To obtain a better understanding of the microstructure of this alloy, scanning electron microscopy and EDS chemical spot analysis techniques were used. Across all instances, a similar microstructure was noticed, with the alloy comprising (1) aluminium solid solution, (2) Mg2Si intermetallic phases and (3) insoluble Si, as indicated in Figure 3.



To quantify the changes in grain size and intermetallic content, post analysis of the optical microscopy and SEM images was conducted with the use of Image Pro Analysis software, Figure 4. The results revealed that the average grain size in the surface and deformed layers decreased from 48 µm in the non-rolled alloy to 40 µm with 7% cold rolling and further to 34 µm with 15% cold rolling for the same alloy. Conversely, the percentage of secondary phases increased, rising from approximately 5% in the as-received alloy to around 6% and 8% for the 7% and 15% cold-rolled samples, respectively.



Microhardness measurements were carried out on both the surface and cross section of the 5083 alloy with and without cold rolling, as shown in Figure 5. It is evident from this figure that the increase of cold deformation resulted in an increase of microhardness of the alloy. Moreover, the depth of strain hardening became more pronounced with a higher deformation percentage (thickness reduction). This phenomenon can be explained by the reduction in grain size and the increase in secondary phases, as illustrated in Figure 4. Notably, grain boundaries act as obstacles to dislocation movement and multiplication, and according to the Hall–Petch theory [31], the smaller the grain diameter, the greater the material’s hardness. Additionally, higher concentration and better distribution of intermetallic phases in the alloy [32] contribute to increased hardness, attributed to precipitation hardening mechanisms [33].



In Figure 6a, typical potentiostatic V(t) corrosion curves are presented for both the as-received and cold-rolled 5083 aluminium alloy specimens. Upon comparison of these curves, it can be observed that the increase in cold deformation (thickness reduction) resulted in a shift of the potentiostatic curves towards more noble corrosion potential values versus the SCE electrode. It is well established that as the corrosion potential of a metallic material becomes more noble, its susceptibility to corrosion decreases. Consequently, the aluminium alloy specimens subjected to 15% cold rolling exhibited the highest corrosion resistance, followed by the specimen with 7% cold rolling and the as-received specimen. Furthermore, all the potentiostatic curves exhibited a similar shape. This observation may be attributed to the fact that the cold-rolling process did not significantly affect the chemical composition of the surface layers of this alloy, indicating minimal impact on micro-segregation phenomena.



To assess the potentiostatic experiments, during the free corrosion experiments the corrosion current density of both the as-received and cold-rolled aluminium alloy specimens was continuously recorded, as shown in Figure 6b. It is apparent from this figure that the increase of the cold-rolling rate has led to lower corrosion current density values, indicating enhanced corrosion resistance of the alloy. These results are in full agreement with the potentiostatic V(t) curves presented previously, in Figure 6a.



This improvement in the corrosion behaviour of the cold-rolled 5083 aluminium alloy, under the specified experimental conditions, can be explained in the following terms:




	
Grain refinement of the alloy. The grain boundaries in metallic materials are believed to play a crucial role in the corrosion process, acting as ‘easy paths’ for the diffusion of halide ions from the corrosive solution to the surface layers and bulk material. In this case, the cold-rolling process contributed to a decrease in the average grain size of the material (as shown in Figure 4). As the average grain size increases, the grain boundaries become enlarged, as indicated in Figure 7. According to Wagner’s metal oxidation theory [34], the oxidation/corrosion process is determined by diffusion mechanisms that take place in the oxide phase (passivating film) and along the grain boundaries of the bulk material. If the grains are enlarged, more ions can diffuse over time. Moreover, a larger grain size results in the extension of individual grain boundaries deeper into the surface layers of the bulk material. Thus, this enlargement of the grain boundaries is thought to accelerate the corrosion process, as halide ions (Cl-) can diffuse more easily from the corrosive solution deeper into the surface layers of the material.








	2.

	
Formation of corrosion products. Another aspect to consider is the generation of corrosion products on the alloy’s surface during corrosion. By utilizing X-ray diffraction (XRD), a structural analysis of the corroded surface layers in both the as-received and cold-rolled specimens was performed and is shown in Figure 8. The primary corrosion product identified was aluminium oxide (Al2O3). Peaks from the aluminium solid solution substrate (Mg dissolved in the Al matrix) were also noticeable. However, a comparison of X-ray diffraction patterns in Figure 8 reveals an increase in aluminium oxide peaks with a higher cold-rolling rate. The formation of aluminium oxides on the alloy’s surface is believed to hinder the diffusion of halide ions and, consequently, the corrosion process.




	3.

	
Crystallographic texturing. The development of crystallographic texturing has been found to impact the corrosion performance of alloys, as observed in magnesium alloys where basal planes exhibit a lower corrosion rate [35]. However, in the case of 5083 aluminium alloy, findings by Li et al. [10] indicate that crystallographic orientation did not considerably influence the corrosion behaviour of this alloy.







For further investigation of the corrosion behaviour of as-received and cold-rolled aluminium alloys, potentiodynamic corrosion experiments were conducted in a 3.5% NaCl solution. Figure 9 presents typical potentiodynamic corrosion graphs. The as-received specimen showed no passivity regions, indicating continuous corrosion along the anodic branch of the potentiodynamic graph. Conversely, specimens with 7% and 15% cold rolling exhibited small passivity areas at −1000 mV vs SCE and −1070 mV vs SCE, extending up to −720 mV vs SCE and −760 mV vs SCE, respectively. During the passivity region, it is believed that the developed aluminium oxide layer dissolves uniformly. However, after this electrochemical process, pitting occurs with subsequent repassivation up to the breakdown potential. Stable pit growth occurs at potentials higher than the breakdown potential [10]. Furthermore, the rolling process appears to have an influence on the breakdown potential of the passive film. According to the work of Szklarska-Smialowska [36], the breakdown potential depends upon the interaction between the halide ions of the corrosive solution and the structural characteristics of the oxide passive film. In this work, the cold deformation of the surface layers has resulted in an increase of micro-defects (vacancies, voids, etc.) at the surface layers of the alloy [37]. The existence of such micro-defects at and/or near the interface between the oxide film and the base material has been reported to affect the electronic properties and breakdown potential of the passive film [38].



Comparing the potentiodynamic corrosion curves for the as-received and cold-rolled aluminium specimens, an increase in cold deformation resulted in a shift of the potentiodynamic curves to lower corrosion current values. Thus, the chosen cold-rolling process improved the corrosion resistance of this alloy. This enhancement is attributed to the grain refinement of the alloy and the formation of a protective aluminium oxide film, as explained earlier. However, the open circuit potential of the cold-rolled specimens was observed to be less noble than that of the as-received specimen. The corrosion current (Icorr) and corrosion potential (Ecorr) of the as-received and cold-rolled aluminium alloy specimens obtained from the potentiodynamic curves in Figure 9 are presented in Table 2.



In Figure 10a, a representative metallographic structure of the corroded surface of 15% cold-rolled 5083 aluminium alloy is presented. It is apparent from this figure that the dominant corrosion mechanism was dissolution–precipitation, as corrosion products were observed to form uniformly throughout the surface of the alloy.



Upon examining the corroded areas, as shown in Figure 10b, extensive pitting corrosion phenomena were identified. This pitting corrosion mechanism can be attributed to the presence of localized galvanic corrosion between the aluminium solid solution and Mg2Si intermetallic phases. According to Yasakau et al. [39], the difference in corrosion potential between the aluminium solid solution and Mg2Si intermetallic phase led to the formation of localized galvanic cells between them, subsequently resulting in the dissolution of the intermetallic phase. The electrochemical reactions that occur at the interface between the alloy and the corrosive solution can be described by the following corrosion mechanism:


Mg2Si + 4H2O → 2Mg(OH)2 +SiH4










SiH4 + mH2O → SiO2nH2O + 4H2↑










Mg2Si + 2H2O → 2Mg+ + SiO2 + 4H+ + 8e−











The dissolution of the Mg2Si intermetallic phase was further validated by conducting localized chemical analyses using the EDS technique. Chemical analyses on area (I) of Figure 10b revealed 97.5 wt. % Al and 2.5 wt. % Mg, shown in Figure 10c. Consequently, the decrease in Mg concentration, coupled with the inability to detect Si, suggests that a portion of the Mg2Si intermetallic phases dissolved during the corrosion process, contributing to the formation of pits.



In addition to the dissolution–precipitation mechanism described earlier, pits can also form due to complex interactions between Cl− halide ions and the surface layers of the aluminium alloy. According to the theory proposed by E. McCafferty [40], chloride ions are adsorbed from the corrosive solution onto the passivating alumina layer and diffuse towards the interface of the alumina and the alloy. The mechanisms of chloride diffusion through the oxide layer have not been fully elucidated [41]. The prevailing theories suggest that chloride ions diffuse through easy paths of the protective layer (e.g., grain boundaries, continuous pores, etc.). However, other researchers [42] propose that corrosive ions move through atomic oxygen vacancies (solid-state diffusion) in the lattice of the protective alumina layer. Earlier theories [42] argued that the diffusion of chloride ions occurs through the local destruction of the protective oxide layer. Another, and perhaps the most prevalent mechanism [43], assumes that chloride ions diffuse through the aluminium protective layer and react with other ions at the interface of the protective layer with the aluminium alloy. Considering that chlorides diffuse through atomic oxygen vacancies in the lattice of the alumina protective layer, complex electrochemical reactions occur [44]. These chemical reactions result in the creation of molecular hydrogen (H2), generating high localized pressures that subsequently rupture the protective layer, forming corrosion pits.




4. Conclusions


This research work focuses on the effect of cold rolling (7% and 15% thickness reduction) on the corrosion behaviour of 5083 aluminium alloys. The selected forming process has led to grain refinement of the alloy due to stress-induced phenomena and to an increase of secondary intermetallic phases. In addition, the development of preferential crystallographic texturing was observed. These structural changes resulted in considerably higher microhardness of the alloy. Furthermore, the selected cold-rolling process also led to an improvement of the corrosion resistance of 5083 aluminium alloy. The increase of corrosion resistance was attributed mainly to the decrease of grain size and structuring, as grain boundaries act as diffusion paths. Finally, in all cases, an alumina layer was formed on the surface of the alloy, whereas the dominant corrosion mechanisms were identified to be dissolution–precipitation and pitting corrosion.
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Figure 1. Optical metallography of surface layers from (a) cross section and (b) surface of as-received 5083 alloy, (c) cross section and (d) surface of 7% cold-rolled 5083 alloy and, (e) cross section and (f) surface of 15% cold-rolled 5083 alloy (Chemical etching Graff’s reagent). 
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Figure 2. Effect of cold rolling on the X-ray diffraction patterns of 5083 Al alloy. 
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Figure 3. SEM image showing an indicative microstructure of as-received 5083 aluminium alloy (chemical etching Keller’s reagent). 
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Figure 4. Effect of cold-rolling percentage on the average grain size and secondary phase content of 5083 Al alloy. 
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Figure 5. Effect of cold rolling on the microhardness profile of 5083 aluminium alloy. 
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Figure 6. Effect of cold-rolling percentage on the evolution of (a) corrosion potential and (b) corrosion current density under free corrosion conditions in 3.5% NaCl solution. 
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Figure 7. Schematic illustration of the increase of grain boundary width with enlargement of grains. 
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Figure 8. X-ray diffraction of corroded 5083 samples having different rolling percentages. 
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Figure 9. Effect of cold rolling on the potentiodynamic corrosion curves of 5083 Al alloy in 3.5% NaCl solution. 
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Figure 10. SEM surface morphology of 15% cold-rolled Al alloy after potentiodynamic corrosion in 3.5% NaCl solution at (a) lower and (b) higher magnification. (c) EDS chemical analysis on area (I) of Figure 9b. 
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Table 1. Effect of cold-rolling percentage on the crystallographic texture coefficient (TC) of 5083 aluminium alloy.
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Crystallographic Planes (hkl)

	
TC






	
As-received

	
111

	
0.218




	
200

	
3.026




	
220

	
1.347




	
311

	
0.23




	
7% Cold-rolled

	
111

	
0.272




	
200

	
2.858




	
220

	
1.295




	
311

	
0.416




	
15% Cold-rolled

	
111

	
0.133




