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Abstract:



The bimodal microstructures of Al6063 consisting of 15, 30, and 45 vol. % coarse-grained (CG) bands within the ultrafine-grained (UFG) matrix were synthesized via blending of high-energy mechanically milled powders with unmilled powders followed by hot powder extrusion. The corrosion behavior of the bimodal specimens was assessed by means of polarization, steady-state cyclic polarization and impedance tests, whereas their microstructural features and corrosion products were examined using optical microscopy (OM), scanning transmission electron microscopy (STEM), field emission scanning electron microscopy (FE-SEM), electron backscattered diffraction (EBSD), energy dispersive spectroscopy (EDS), and X-ray diffraction (XRD) techniques. The bimodal Al6063 containing 15 vol. % CG phase exhibits the highest corrosion resistance among the bimodal microstructures and even superior electrochemical behavior compared with the plain UFG and CG materials in the 3.5% NaCl solution. The enhanced corrosion resistance is attributed to the optimum cathode to anode surface area ratio that gives rise to the formation of an effective galvanic couple between CG areas and the UFG matrix. The operational galvanic coupling leads to the domination of a “self-anodic protection system” on bimodal microstructure and consequently forms a uniform thick protective passive layer over it. In contrast, the 45 vol. % CG bimodal specimen shows the least corrosion resistance due to the catastrophic galvanic corrosion in UFG regions. The observed results for UFG Al6063 suggest that metallurgical tailoring of the grain structure in terms of bimodal microstructures leads to simultaneous enhancement in the electrochemical behavior and mechanical properties of passivable alloys that are usually inversely correlated. The mechanism of self-anodic protection for passivable metals with bimodal microstructures is discussed here for the first time.
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1. Introduction


In recent years, ultrafine-grained (UFG) Al alloys have received incredible attention owing to their excellent mechanical and corrosion properties [1]. There is a significant body of research regarding the effect of grain-size refinement on the corrosion behavior of Al alloys [2,3,4,5,6,7,8,9]. The results of previous investigations clarify that UFG Al alloys show superior resistance to stress corrosion cracking (SCC) and pitting, decreased cathodic kinetics, and higher resistance in mass-loss testing compared with their coarse-grained (CG) counterparts [7,10,11]. The improved corrosion resistance of UFG materials is attributed to their high affinity to passivation resulting from a high density of grain boundaries. Some evidences of passivation were observed in a wide range of UFG Al alloys [4,5]. Increased homogeneous surface energy distribution of UFG materials has been proposed as the main source for the enhanced resistance to pitting [12]. A heightened pit initiation resistance has been reported for UFG Al5052 [13], Al5083 [6], Al6082 [14] subjected to the short-term corrosion testing.



In spite of good corrosion resistance and high strength, the main drawback of UFG materials is their low ductility, which results in the failure at very small strains [15,16,17]. To overcome this issue, several methods have been employed to balance strength and ductility [18,19]. A creative approach developed by Perez et al. [20] is based on the production of a non-uniform grain-size distribution in the UFG Fe-10 wt. % Al alloy to delay the plastic instability and to improve the strain hardening. Lavernia and coworkers [21,22] have fabricated several UFG Al-Mg alloys with bimodal microstructures through consolidation of a mixture of cryomilled nanocrystalline and unmilled powders. The prepared Al-Mg alloys with bimodal grain structures exhibited an exceptional combination of strength and ductility.



The literature survey on the bimodal microstructures indicates that almost all of the studies have been devoted to investigating the role of processing techniques on the microstructural evolutions and mechanical properties of the prepared materials. Nevertheless, the corrosion behavior of bimodal microstructures has been infrequently noticed and requires further attention. To the best of our knowledge, the only related study in this field has been carried out by Mahesh et al. [23] reporting the hot oxidation behavior of bimodal Fe-10Cr-5Ni-2Zr (in wt. %) alloy (as a nonpassivable alloy). The high-temperature oxidation test results indicated that the oxidation resistance of the bimodal microstructure was superior to the microcrystalline alloy but inferior to the nanocrystalline material. Recently, we have prepared UFG Al6063 alloys with bimodal grain-size distributions comprised of UFG and CG regions [24]. The tensile ductility was significantly enhanced (~3%–11% according to the CG phase content) in the bimodal microstructures without a remarkable degradation of strength. In this paper, we investigate the corrosion behavior of Al6063 with bimodal grain-size distributions by means of electrochemical impedance spectroscopy (EIS) and polarization tests. The impressive mechanisms of corrosion in different bimodal samples for the first time are discussed and compared with their plain UFG and CG counterparts.




2. Materials and Methods


2.1. Sample Preparation


Al6063 alloy with bimodal microstructures was prepared using a powder metallurgy route. Planetary ball milling of pre-alloyed Al6063 powders (synthesized through the gas-atomizing method, ~400 nm grain size) for 22.5 h with a rotational speed of 350 rpm was employed for the synthesis of nanocrystalline powders. High-chromium steel balls with diameters of 11 and 19 mm were used as milling media. The as-milled Al6063 powders were mixed with 15, 30, and 45 vol. % of the unmilled powders and then the powder mixtures were consolidated via extrusion at 450 °C with an extrusion ratio of 9:1. The plain CG and UFG Al alloys were also prepared in the same way for comparison means.




2.2. Electrochemical Corrosion Tests


The samples for electrochemical tests were cut from the extrudates along the extrusion direction by electro-discharge machining (EDM). They were mounted in the polyester resin leaving an exposed surface area of ~1 cm2 and then were ground and polished mechanically. The 3.5% NaCl solution (open to air) was used as the corrosive medium at room temperature. All electrochemical experiments were performed by using the Autolab (PGSTAT101, Metrohm, Herisau, Switzerland) in a three-electrode glass cell. A saturated calomel electrode (SCE) Hg/Hg2Cl2 (within a fitted compartment surrounded by the saturated KCl solution with a potential of 0.241 V with respect to the SHE at 25 °C) and a platinum foil served as the reference electrode and counter electrode, respectively. To achieve the stable open-circuit potential (OCP), each corrosion sample was immersed in the solution for 10 min. The potential range was fixed from −250 mV to +250 mV vs. OCP potential with the scan rate of 1 mV·s−1. Similar conditions were also exerted for the potentiostat corrosion studies and corrosion current density (icorr) for various samples was determined using extrapolating the anodic and cathodic Tafel slopes. The steady-state cyclic polarization test was carried out in the potential range −200 to +1100 mV vs. Ecorr with the scan rate of 1 mV·s−1. EIS measurements were performed to compare the impedance behavior of the samples from an initial frequency of 100 kHz to a final frequency of 10 mHz through an AC sine wave with the amplitude of 10 mV. Impedance data were analyzed by using Zview software (version 3.3e, Scribner Associates Inc., Pinehurst, NC, USA). To confirm the reproducibility of all electrochemical results, the experiments were repeated at least three times.




2.3. Characterization


Microstructure of the as-extruded billets was studied by using optical microscope (OM, Olympus, Tokyo, Japan), scanning transmission electron microscope (STEM, Tescan, Kohoutovice, Czech Republic), and field emission scanning electron microscope (FE-SEM, Hitachi, SU-6600, Tokyo, Japan). For OM observations, after metallographic preparation of the samples, they were etched in Keller’s solution (2.5% HNO3, 1.5% HCl, 1% HF, and 95% H2O). STEM samples were prepared by focused ion beam (FIB) milling of the thin foils until perforation using a FIB-SEM (Jeol, JIB-4501 MultiBeam, Tokyo, Japan). The distribution of grains in the microstructure of bimodal alloys were examined using a FE-SEM equipped with a high-resolution electron backscattered diffraction (EBSD) detector. To adopt this purpose, the bimodal specimens were ground mechanically, pre-polished using diamond pastes, and finally polished using fine colloidal silica suspension. The EBSD data processing was performed using the OIM analysis software (version 5.2, EDAX, New York, NY, USA).



After potentiostatic polarization measurements, the surface morphology and chemical composition of the samples were immediately observed by means of FE-SEM equipped with energy dispersive spectroscopy (EDS) detector (Hitachi, SU-6600, Tokyo, Japan). X-ray diffraction (XRD) analysis form corrosion products was performed using a Bruker AXS Advance (D8, Bruker, Billerica, MA, USA) X-ray diffractometer using Cu Kα radiation (λ = 0.1542 nm).





3. Results


The OM micrographs of the extrudates parallel to the extrusion direction are shown in Figure 1. The CG and UFG specimens demonstrated a relatively uniform microstructure including coarse and ultrafine Al grains elongated along the extrusion direction, respectively (Figure 1a,b). The microstructure of bimodal specimens (Figure 1c–e) consisted of light and dark regions in which the former corresponds to the CGs and the latter is attributed to the UFGs. It is clear that the elongated CG regions are embedded in the continuous UFG matrix and their fraction increases as the amount of unmilled particles in the initial powder mixture increases. The schematic illustration of a bimodal microstructure is also shown in Figure 1f, which shows the white CG regions elongated through extrusion direction within the dark UFG matrix.


Figure 1. Optical microscopy (OM) micrographs of the Al6063 specimens prepared through mechanical milling followed by hot extrusion: (a) plain coarse-grained (CG); (b) plain ultrafine-grained (UFG); (c) 15 vol. % CG bimodal; (d) 30 vol. % CG bimodal; (e) 45 vol. % CG bimodal and (f) schematic illustration of the bimodal microstructure.
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In Figure 2, a typical STEM image from the microstructure of bimodal specimens is illustrated in order to distinguish the grain-size distribution at a higher magnification. The interface between CG and UFG regions has been elucidated by a white curve on the STEM image. In the CG region, the large and elongated grains are observed while several fine and equiaxed grains in the order of 200 nm is observed in the UFG region.


Figure 2. Scanning transmission electron microscopy (STEM) image of the bimodal sample at the interface of CG and UFG region.
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Figure 3 exhibits the EBSD color-coded inverse pole figure map of the bimodal specimen containing 30 vol. % CG. The bimodal distribution of the grains in the microstructure can be clearly observed in Figure 3a. For better distinguishing the microstructural features, a CG band within the UFG matrix was highlighted as a black region and is shown in Figure 3b. An elongated CG network structure is observed in the direction parallel to extrusion. The CG band represents a preferential crystallographic direction of (101) which is the favored crystallographic slip direction in the face-centered cubic (FCC) lattice.


Figure 3. (a) Color-coded electron backscattered diffraction (EBSD) map of the 30 vol. % CG bimodal sample and (b) a CG band highlighted within the UFG matrix.



[image: Metals 06 00307 g003]






Nevertheless, there are many dissimilar colors in the EBSD map of the UFG areas revealing the noteworthy differences in the orientation of neighbor grains. The evaluation of the grain-size distribution using EBSD analysis shows that the grain size of the UFG matrix is in the range of 0.08 to 1.2 µm while the CG regions consisted of large grains in the order of several micrometers. In the EBSD map, low-angle grain boundaries (LABs) with misorientation angle between 2° and 15° and high-angle grain boundaries (HABs) with misorientation angle larger than 15° were defined by white and black lines, respectively.



Distribution of misorientation angles exhibited the presence of a large fraction of HABs (~68%) primarily situated around UFGs. Meanwhile, LABs are mainly aggregated within the CG regions. Figure 4 shows the OCP and Tafel curves of CG, UFG and bimodal samples in 3.5% NaCl solution. According to Figure 4a, OCPs of the samples increase as a function of exposure time indicating the growth of a passive oxide film on their surfaces. Furthermore, OCPs exhibit some fluctuations that can be attributed to the frequent formation and breakdown of the oxide layer in some regions. All the OCPs tend to stabilize with immersion time. The 15 vol. % CG bimodal alloy displays the highest OCP value (~−0.8 V vs. SCE) indicating its highest thermodynamic stability among the samples. On the other hand, the bimodal alloy containing 45 vol. % CG shows the lowest OCP value in 3.5% NaCl solution.


Figure 4. (a) Open circuit potentials and (b) polarization curves of CG, UFG and bimodal samples.
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The Tafel plots of the examined plain and bimodal Al6063 alloys are presented in Figure 4b. It is clear that the polarization behavior of all samples is similar. Regarding the electrochemical data given in Table 1, it is apparent that the order of the corrosion potential (Ecorr) of the samples is in a good accordance with their OCPs.



Table 1. Corrosion parameters obtained from Tafel and cyclic polarization curves for CG, UFG and bimodal samples in 3.5% NaCl solution.







	
Sample

	
CG

	
UFG

	
15 vol. % CG

	
30 vol. % CG

	
45 vol. % CG






	
Ecorr (V)

	
−0.98 ± 0.010

	
−1.10 ± 0.010

	
−0.88 ± 0.008

	
−1.25 ± 0.006

	
−1.30 ± 0.006




	
icorr (µA·cm−2)

	
4.91 ± 0.021

	
0.39 ± 0.004

	
0.10 ± 0.002

	
3.69 ± 0.015

	
5.84 ± 0.015




	
CR (μA·cm−2)

	
1.17 ± 0.002

	
0.21 ± 0.004

	
0.13 ± 0.002

	
0.70 ± 0.004

	
1.40 ± 0.005




	
βa (mV)

	
83.87 ± 0.152

	
69.05 ± 1.031

	
73.175 ± 1.270

	
57.052 ± 0.857

	
50.354 ± 1.427




	
βc (mV)

	
114.1 ± 2.678

	
89.76 ± 2.640

	
65.388 ± 4.314

	
93.333 ± 1.036

	
97.276 ± 1.002




	
Epit (V)

	
−0.6 ± 0.003

	
−0.6 ± 0.002

	
−0.37 ± 0.004

	
−0.83 ± 0.006

	
−1.03 ± 0.003




	
Epro (V)

	
−0.93 ± 0.004

	
−0.73 ± 0.004

	
−0.45 ± 0.003

	
−1.03 ± 0.005

	
−1.26 ± 0.003




	
|Epit − Epro| (V)

	
0.27

	
0.13

	
0.08

	
0.2

	
0.23










The UFG sample demonstrates a less noble corrosion potential compared with the CG alloy. The corrosion potential of the bimodal samples shifts negatively by increasing the amount of CG phase; e.g., Ecorr decreases from ~−0.883 V for the 15 vol. % CG bimodal sample to ~−1.302 V for the 45 vol. % CG bimodal alloy. The bimodal sample containing 15 vol. % CG phase, owing to its highest corrosion potential, is the most noble and has the least tendency to corrosion in the corrosive media among various Al6063 microstructures. As is well known, the Ecorr value represents the intersection between the anodic and cathodic kinetics (which in this case can change differently as a result of different grain-size distributions), it is frequently used for general reporting. However, the icorr data represents the kinetic information about reactions. Variations in the value of current density suggests changes of dissolution rate. The polarization results depict that icorr of the UFG sample (~0.389 µA·cm−2) is extremely lower than that of the CG counterpart (~4.911 µA·cm−2) which implies the higher corrosion resistance of the UFG specimen. On the other hand, icorr of the 15 vol. % CG bimodal sample is lower than icorr of the UFG alloy while icorr of the 45 vol. % CG bimodal sample is higher than icorr of the CG material. Nevertheless, the corrosion current density of the bimodal sample containing 30 vol. % CGs is between CG and UFG samples. Thus, the bimodal samples containing 15 and 45 vol. % CG phase have the highest and the lowest corrosion resistance, respectively. The Stern-Geary equation [25] was used to determine the corrosion rate of the samples from polarization data. According to Table 1, the corrosion rate of the samples can be arranged as 45 vol. % CG > CG > 30 vol. % CG > UFG > 15 vol. % CG. Consequently, the 15 vol. % CG bimodal sample has the lowest corrosion rate (~0.130 μA·cm−2) revealing its excellent corrosion resistance in 3.5% NaCl solution. The reduction in the corrosion rate with changing of the content of CGs distributed in the UFG matrix in different bimodal samples appears to be non-monotonic which must be investigated precisely in terms of the metallurgical microstructure impact on the kinetics of corresponding chemical reactions. The steady-state cyclic polarization (CP) behavior was studied in order to interpret the kinetic basis of corrosion improvement and also the passivation and pitting characteristics in bimodal microstructure. Remarkable differences in the polarization behavior of different samples were observed, even though the material has the identical bulk chemistry. In the samples with an enhanced corrosion resistance, the considerable decrease in icorr can either be a result of decreasing the rate of anodic reactions, cathodic reactions, or both.



Figure 5 depicts the CP curves obtained for CG, UFG and bimodal samples in 3.5 wt. % NaCl solution. The pathway of the typical CP scan is shown in Figure 5a for the CG sample, which is the same for the other samples. It is established that the cathodic reaction for metals in near-neutral solutions is usually oxygen reduction, which releases the hydroxide ions into the solution [26,27]. On the other hand, an oxide film can form on the aluminum by the anodic reaction. It is obvious from Figure 5c that the 15 vol. % CG sample shows a wide passive region extending from −0.87 to −0.26 V due to the formation of a thick and strong oxide film on its surface compared to the other samples. The breakdown of the passive film occurs due to the pitting corrosion because of the higher applied potential and the presence of aggressive species (chloride ions) in the solution [28,29]. The pitting corrosion of Al in chloride-containing solutions occurs through one of the two well-known mechanisms [30,31,32,33]. In one mechanism, a salt barrier of AlCl3 forms within the pits and changes to AlCl−4, which disperses to the solution allowing the pitting corrosion to occur. In the other mechanism, the adsorption and reaction of chloride ions with Al (III) in the oxide lattice leads to the formation of oxychloride complexes, like Al(OH)2Cl2. Such a soluble complex decreases the chemical inertness of the natural oxide film and therefore enhances the anodic dissolution of the Al metal. This phenomenon can be observed as an abrupt increase in the current values in the CP curves (Figure 5). In CP curves, the potential at which the current sharply increases is defined as the pitting potential (Epit), and the potential at which the loop closes on the reverse scan is the protection (or repassivation) potential (Epro) [34].


Figure 5. The steady-state cyclic polarization curves of Al6063 alloys: (a) CG; (b) UFG; (c) 15 vol. % CG bimodal; (d) 30 vol. % CG bimodal; (e) 45 vol. % CG bimodal and (f) comparing the cyclic polarization curves for all of the samples.
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The quantitative values for pitting loops for different Al6063 samples are also given in Table 1. Since in all the samples there is a difference between Epro and Epit (they are not identical) and also Epit > Epro, the pitting phenomenon could occur [35,37]. It is well known that the size of the pitting loop is a rough indication of the pitting tendency, i.e., the larger the loop, the greater the tendency to pit [35,36,37]. On the other hand, the difference in the values of Epit and Epro could be an indication of the strength of the passive protective layer over the samples; an alloy with a smaller value of Epit − Epro in CP curves exhibits a higher corrosion resistance [38,39,40,41]. The UFG sample demonstrates a narrower pitting loop and a smaller Epit − Epro compared with the CG sample (Figure 5b and Table 1). The narrowest hysteresis loop together with the highest Epro and the smallest Epit − Epro (0.08 V) is observed for the 15 vol. % CG sample (Figure 5c), signifying the lowest degradation of its passive film in the corrosive media. Alternatively, the 45 vol. % CG sample represents the widest pitting loop and the highest Epit − Epro, which is an indication of its catastrophic pitting corrosion and the formation of a thin and unstable passive layer over its surface. Assessment of the polarization curves in terms of kinetics of anodic and cathodic reactions reveals that the anodic reaction rate (represented by βa in Table 1) has been decreased in the UFG sample compared to the CG sample. Additionally, the rate of cathodic reaction kinetic (represented by βc in Table 1) decreases in the case of UFG sample. This phenomenon can be understood from the Ecorr value of the UFG sample, in which the simultaneous decrease in the anodic and cathodic reaction rates has led to an Ecorr less than the CG sample. Actually, the ennoblement of the UFG sample has been suppressed by the decrease in cathodic reaction rate. Although Ecorr decreases in the UFG sample compared to the CG one, there is a significant reduction in icorr value. The high breakdown potential in the anodic branch of the polarization curve for the UFG sample reveals that the material may possibly be protected by a surface film that requires the influence of increased potential to be broken down. In the bimodal microstructures, the CG regions have been stocked to the UFG matrix and formed a coupled structure consisting of two segments with different electrochemical characteristics. As previously mentioned, the CG structure represents a considerably inert behavior compared to the UFG structure. As a result, the CG regions perform as cathode and the UFG matrix as anode in a bimodal microstructure. According to the electrochemical polarization results, the 15 vol. % CG sample represents the highest corrosion resistance among bimodal samples. This behavior can be described in terms of formation of an effective protective passive layer on this sample as it was proved by electrochemical impedance results.



The CGs (cathode) accelerate the passivation rate of the UFG matrix and form a relatively thick protective layer over aluminum surface in 15 vol. % CG sample. This phenomenon is identical to a local anodizing process, which protects the aluminum surface with a thick passive barrier layer. In other words, the optimum ratio of cathode to anode surface area results in a well-defined self-anodic protection in the 15 vol. % CG sample. From the kinetic point of view, in the case of 15 vol. % CG sample, it was observed that the anodic branch of its polarization curve has been shifted to the lower values compared to the UFG sample. There is also a slight difference in their cathodic reaction rates; in fact, the 15 vol. % CG sample supports relatively higher rates of reduction reactions over a range of potentials (Table 1). This phenomenon is originated from the cathodic processes mostly on the CG regions. Nevertheless, the decrease in anodic reaction rate overwhelms the increase in the cathodic reduction reaction rate, as evidenced by ennoblement in Ecorr by 11.54%. The Ecorr parameter sheds light on which reaction dominates the overall response, which has resulted in a remarkable net decrease in icorr. This finding is electrochemically consistent with the development of a more coherent, uniform and protective film on the Al surface. As the surface area ratio of cathode to anode increases in the coupled metals, a violent localized galvanic corrosion occurs on the anodic areas. Through the galvanic corrosion process in bimodal microstructures, the CG cathodes accelerate the passivation rate of UFG matrix in an uncontrollable manner. Owing to a relatively high current flow through the UFG matrix, the passive layer locally breaks down earlier and aggressive pitting occurs. Depending on the content of CG regions, the degree of corrosion in terms of size and amount of pitting and localized corrosion increases in 30 and 45 vol. % CG bimodal samples. In other words, as the ratio of cathode to anode area on the surface of the bimodal microstructure increases, compared to the plain UFG sample, the anodic corrosion rate increases and cathodic corrosion rate decreases. Increased anodic and decreased cathodic corrosion rates result in an overall decreased Ecorr and icorr in 30 and 45 vol. % CG bimodal samples.



In order to investigate the impedance characteristics at the Al alloy/electrolyte interface and confirming the polarization data, the EIS measurements were carried out. Figure 6 shows the EIS results of the samples including the Nyquist (−Zimaginary vs. Zreal, Figure 6a), Bode phase angle (θ vs. frequency, Figure 6b), and Bode module (|Z| vs. Frequency, Figure 6c) plots together with the simulated equivalent circuit (Figure 6d). It is apparent from Figure 5a that there is no marked difference in the shape of Nyquist plots indicating a relatively similar corrosion mechanism in the various Al6063 samples.


Figure 6. (a) Nyquist; (b) Bode phase angle; (c) Bode module plots of CG, UFG and bimodal samples in 3.5% NaCl solution; and (d) the equivalent circuit used to fit the experimental data of the electrochemical impedance spectroscopy (EIS) test.
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All of the Nyquist plots show one semicircle curve at higher frequencies followed by an ill-defined Warburg tail with an angle of about 45° at lower frequencies due to the superimposing of the passive layer breakdown and reformation processes occuring on the surface of the samples. The representation of all the corrosion reactions only by one loop at high frequencies can be related to the overlapping of several processes’ loops [42]. Indeed, the Nyquist plots show a depressed shape which can be deconvoluted into two capacitive and inductive loops. The capacitive loop appearing at higher frequency values arises from the time constant of the electric double layer and charge transfer resistance. It is known that the capacitive loop depends either on the direct electron transfer at the metal surface or on the electron conduction through the surface film. According to Brett [43,44], the capacitive loop is corresponding to the interfacial reactions, particularly, the oxidation of Al at the metal/oxide/electrolyte interface. The process includes the formation of Al+ ions at the metal/oxide interface and their migration through the oxide/solution interface where they are oxidized to Al3+ [45]. On the other hand, the inductive loop, located at lower frequencies, originates from the adsorption relaxation of intermediates that cover the reaction surface [46]. In fact, the inductive loop is associated with the weakening of the protectability of the passive layer as a result of the anodic dissolution of the alloy [47].



The diameter of the Nyquist semicircles, which denotes the corrosion resistance of a material, altered with the amount of the CG phase in the alloys. Thus, it is obvious from Figure 6a that the corrosion resistance of the UFG alloy is significantly higher than that of its CG counterpart. In addition, the 15 vol. % CG bimodal sample demonstrated the highest corrosion resistance among the various Al6063 microstructures. Indeed, the trend of corrosion resistances obtained from EIS measurements is in a good accordance with the polarization test results. On the other hand, the tail at high frequencies corresponds to the diffusive processes which can be ascribed to the diffusion of chloride ions through the passive film on the Al alloy [48]. Thus, the corrosion process is controlled by the diffusion of ions in addition to the charge transfer. The Warburg arc shrinkage is clearly observable in the Nyquist plot of the 15 vol. % CG bimodal sample (Figure 6a) and can be attributed to the blockage of the pores in the outer coarse layer by the accumulation of corrosion products [49].



The Bode phase angle and module plots (Figure 6b,c) confirm the Nyquist results. The capacitive and inductive loops can be more clearly observed in the Bode phase angle plot (Figure 6b). The maximum and the minimum of the phase angle was approximately 82° and 73° for the bimodal samples with 15 and 45 vol. % CG phase, respectively. Furthermore, the 45 vol. % CG bimodal sample showed a dramatic decrease of the impedance in the capacitive region, indicating the low resistivity in 3.5% NaCl media and several local corrosions on the surface of Al alloy [50]. Considering the Bode-module diagram (Figure 6c), it can be observed that all plots show a descending trend with two slope changes, implying the activation of two distinct corrosion phenomena: the first phenomenon (faradaic effect) appears at high and intermediate frequencies and the second one (adsorption effect) emerges at intermediate and low frequencies. The highest impedance value (~117 kΩ·cm2) was attributed to the 15 vol. % CG bimodal sample revealing its enhanced corrosion resistance against the penetration of attractive active species (chloride ions) among the various Al6063 microstructures.



With an electronic model to verify the mechanistic behavior of the samples, a two-time constant equivalent circuit comprised of a capacitive loop at high frequencies and an inductive loop at low frequencies was used. The simulated equivalent circuit obtained by fitting to the EIS results is illustrated in Figure 6d, in which Rs represents the solution resistance, R1 shows the passive layer resistance and R2 is the charge transfer resistance at substrate/passive layer interface. The Cdl and Cs are the ideal capacitors for passive layer and substrate/passive layer interface, respectively. Indeed, the capacitance shows the amount of electric charge stored on the surface immersed in the electrolyte and is usually used instead of the capacitance or the double layer between the charged metal surface and the solution in electrochemical processes [51]. The capacitive components (Cdl and R1) are mainly attributed to the double-layer capacitance and the inductive components (Cs and R2) usually originate from the dissolution and formation of the corrosion product layer at vulnerable regions. The equivalent circuit parameters are listed in Table 2. It is clear that the values of double-layer capacitance are mostly larger than inductive values in all of the samples indicating the dominance of capacitive behavior in Al6063. On the other hand, the Cdl and Cs values of the UFG alloy are lower than that of the CG material and the lowest capacitance values are obtained for the 15 vol. % CG bimodal sample. This finding can be explained by the effect of the protective layer formed on the surface of Al alloys. The relationship between the effective surface capacitance (Ceff or C) and the protective layer thickness (d) can be generally expressed as [52]:
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(1)




where A is the effective surface area of the electrode, ε is the dielectric constant of the medium and ε0 is the vacuum permittivity. According to Equation (1), the formation of a thick and smooth protective passive layer on the Al surface gives rise to the reduction of capacitance. Thus, the lower capacitance values in the 15 vol. % CG bimodal sample suggests a higher thickness of the oxide layer on it. In contrast, in other bimodal samples, as the amount of CG phase embedded in the UFG matrix increases, the thickness of the passive film decreases. Additionally, the R1 and R2 values of the bimodal alloy containing 15 vol. % CG are also higher than those of plain CG and UFG samples. The charge transfer resistance at the interface of the 15 vol. % CG bimodal sample is approximately 17.8 and 3.2 times higher than the CG and UFG samples, respectively. The corrosion resistance of the 30 vol. % CG bimodal alloy is ~7% of the 15 vol. % CG bimodal material. Furthermore, the bimodal sample containing 45 vol. % CG has a very low corrosion resistance, even less than the plain CG sample. According to the electrochemical results from the 15 vol. % CG sample, it can be concluded that by tailoring the non-chemical factors of the Al it would be possible to adjust the relative anodic and cathodic kinetics of the material and consequently its corrosion properties.



Table 2. EIS parameters obtained by fitting the Nyquist plots (Figure 5a) with the equivalent circuit shown in Figure 5d.







	
Element

	
CG

	
UFG

	
15 vol. % CG

	
30 vol. % CG

	
45 vol. % CG






	
Rs (Ω·cm2)

	
11.76 ± 0.0096

	
10.9 ± 0.0076

	
17.29 ± 0.0106

	
10.55 ± 0.0066

	
9.588 ± 0.0124




	
Cdl (F·cm−2)

	
4.7 × 10−4 ± 1.9 × 10−6

	
7.8 × 10−6 ± 2.1 × 10−8

	
3.9 × 10−6 ± 1.8 × 10−8

	
2.2 × 10−5 ± 2.9 × 10−7

	
8.2 × 10−4 ± 3.1 × 10−6




	
R1 (Ω·cm2)

	
3000 ± 23.6

	
18,200 ± 40.7

	
58,437 ± 45.2

	
8600 ± 25.01

	
2250 ± 33.7




	
Cs (F·cm−2)

	
2.4 × 10−4 ± 2.9 × 10−6

	
5.4×10−6 ± 1.8×10−8

	
2.3 × 10−6 ± 1.64 × 10−8

	
1.2 × 10−5 ± 3.6 × 10−7

	
5.2 × 10−4 ± 2.9 × 10−6




	
R2 (Ω·cm2)

	
3100 ± 13.42

	
17,000 ± 65.75

	
55,000 ± 75.1

	
3900 ± 26.8

	
2650 ± 20.09










The surface morphology of the samples after electrochemical tests were characterized using FE-SEM (Figure 7) with the aim of realizing the corrosion mechanism. Several long and deep cavities appeared on the surface of the CG sample (Figure 7a), which are mainly related to the breakdown of the thin passive layer and drastic attack of the corrosive ions to the Al alloy substrate. Nevertheless, a relatively uniform oxide layer over the surface of the UFG sample was observed (Figure 7b). The surface examination of the 15 vol. % CG bimodal alloy (Figure 7c) indicated a thick and homogeneous protective oxide layer, which is considered the main reason behind its highest corrosion resistance in 3.5% NaCl corrosive media. The surface of the bimodal sample containing 30 vol. % CG showed a less protective passive layer with some deep grooves (Figure 7d). The most catastrophic corrosion occurred in the 45 vol. % CG bimodal sample in which numerous deep cavities and several parts of the detached corrosion products were detected on its surface, as shown in Figure 7e.


Figure 7. Scanning electron microscope (SEM) micrographs of Al6063 alloys after electrochemical tests: (a) CG; (b) UFG; (c) 15 vol. % CG bimodal; (d) 30 vol. % CG bimodal; and (e) 45 vol. % CG bimodal.
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Formation of oxide film over the surface of Al6063 alloys were examined through the distribution of Al and O elements by means of EDS mapping (Figure 8). The EDS map of the CG sample (Figure 8a) showed an extremely attacked surface consisting of deeply corroded cavities (red regions) and the bare metal (green areas).


Figure 8. Energy dispersive spectroscopy (EDS) maps of Al6063 samples after corrosion tests: (a) CG; (b) UFG; (c) 15 vol. % CG bimodal; (d) 30 vol. % CG bimodal; and (e) 45 vol. % CG bimodal.
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The presence of large uncovered regions implies the formation of an unstable and non-uniform passive film, which had been broken and detached from the Al alloy surface. On the other hand, the UFG sample demonstrated a uniform surface that was covered by the protective oxide layer (Figure 8b). The surface of the 15 vol. % CG bimodal sample (Figure 8c) illustrated an attractive pattern consisting of red areas attributed to the CG bands and green regions related to the UFG matrix. To ensure the position of these constituents, the surface area of red and green regions was determined. The surface area of red bands was about 15% of the whole surface area which is in a good accordance with the CG content in the sample. A relatively uniform distribution of red points on the surface of UFG regions entails the existence of a proper passive layer over these areas. The surface of the 30 vol. % CG bimodal sample (Figure 8d) showed a non-uniform oxide layer with some corroded cavities indicating the lower protection capability of the passive layer. The 45 vol. % CG bimodal sample demonstrated a large fraction of green areas (bare metal) which is a caused by dissolution or detachment of passive layer, in addition to several deeply corroded regions.



The complementary information on the type of passive films over the samples was obtained by XRD analysis (Figure 9). The XRD pattern of the UFG Al6063 alloy before the electrochemical test is also shown in Figure 9, in which only Al reflections are detectable. All of the Al6063 samples after electrochemical test exhibited analogous peaks indicating the formation of similar corrosion products. The corrosion products covering the surface of the samples are mainly composed of γ-Al2O3 (JCPDS file card No. 00-004-0880), AlOOH (Boehmite, JCPDS file card No. 01-076-1871), α-Al(OH)3 (Gibbsite, JCPDS file card No. 01-076-1782) and β-Al(OH)3 (Bayerite, JCPDS file card No. 01-077-0250).


Figure 9. X-ray diffraction (XRD) patterns of Al6063 samples after corrosion tests.
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4. Discussion


It is well established that the presence of a passive layer over the surface can prevent the reaction between corroding media and aluminum [53]. Regarding the XRD patterns (Figure 9), AlOOH, Al(OH)3, and γ-Al2O3 were formed over the surface of Al6063 alloys irrespective of the grain structure. Indeed, the surface of the samples is primarily covered by the air-formed oxide film (amorphous γ-alumina) that grows in the exposure to a neutral aqueous solution through the formation of a crystalline hydrated alumina layer [54]. The aluminum oxidation reactions in neutral aqueous solutions (e.g., 3.5% NaCl) can be expressed as followings:


Al + 2 H2O → AlOOH + 3/2 H2



(2)






Al + 3 H2O → Al(OH)3+ 3/2 H2



(3)






Al + 3/2 H2O → 1/2 Al2O3 + 3/2 H2



(4)







All of these reactions are thermodynamically favorable and their products differ in the level of hydration. The boehmite is nucleated at dislocation centers or pores at the surface of the amorphous oxide film [55]. Then, the boehmite film growth occurs by ionic diffusion through the oxide lattice. After thickening the boehmite film to some extent, Al ions escape into the liquid adjoining the surface and hydrate in the solution resulting in the growth and deposition of aluminum hydroxide phases (bayerite and gibbsite) on the outer boehmite surface. It has been suggested that aluminum hydroxide phases continue to thicken until the reaction is inhibited by the film itself [56]. It has been established that the following reactions consecutively occur during the corrosion of Al in chloride solutions which leads to the formation of γ-Al2O3 [57]:


Al0 → Al3+ + 3e−



(5)






Al3+ + H2O → H+ + AlOH2+



(6)






Al3+ + Cl− → AlCl2+



(7)






Al(OH)2+ + Cl− → Al(OH)Cl+



(8)






AlCl2+ + 2H2O → Al(OH)2Cl + 2H+



(9)






Al(OH)Cl+ + H2O → Al(OH)2Cl + H+



(10)






Al(OH)2Cl + H2O → Al(OH)3 + H+ + Cl−



(11)






Al(OH)3 → γ-Al2O3·H2O



(12)







Regarding the electrochemical tests’ results and taking into account the surface morphology and chemical composition of the passive layers, it is obvious that the corrosion behavior of the Al6063 alloy is greatly affected by its grain structure. Considering the plain Al6063 alloys, the polarization and EIS results indicated the higher corrosion resistance of the UFG alloy compared with the CG material (Table 1 and Table 2). Furthermore, a much more uniform protective passive layer was formed on the surface of the UFG sample, as shown in Figure 7b and Figure 8b. The effective role of the grain-size refinement on the enhancement of the corrosion behavior has been previously reported [58,59,60,61]. It has been shown that the ultrafine grains improve the activity of electrons at grain boundaries leading to the decrease in the electron work function [62]. Thus, the surface of the UFG alloy becomes more electrochemically reactive giving rise to the rapid formation of a mechanically strong and stable passive layer. Indeed, the presence of a high density of grain boundaries in the microstructure of the UFG alloy, as it was confirmed by EBSD map (Figure 3a), results in an increased interfacial adherence of the passive film. This phenomenon is mainly attributed to the formation of oxide protrusions penetrating into the grain boundaries, namely “oxide pegs” (the schematic illustration in Figure 10), which can significantly increase the corrosion resistance [63]. Nevertheless, the corrosion of the CG alloy is virtually due to the dissolution and breakdown of the feeble passive layer by chloride ions resulting in the intense localized corrosion, as shown in Figure 7a. As previously mentioned, the 15 vol. % CG bimodal alloy exhibited the highest corrosion resistance compared to the various bimodal microstructures and also plain UFG and CG material. On the other hand, the other bimodal samples containing 30 and 45 vol. % CG represented an inappropriate corrosion resistance (Figure 4, Figure 5 and Figure 6). This phenomenon can only be explained regarding the mechanism of the passive layer formation over the bimodal samples with various CG phase contents. According to the OCP and corrosion potential values (Figure 4), it is clear that the CG microstructure is nobler than the UFG one. As a result, when a bimodal microstructure consisted of CG regions within a UFG matrix is immersed in a corrosive media, a dual (galvanic) potential energy system is formed. In this system, the CG regions (with higher potential energy) act as cathodes and the UFG area operates as anode; accordingly, a micro-galvanic couple is created between CG cathodes and the UFG anode. The different affinities of anodes and cathodes to the corrosion create an electrical potential between them and consequently the anodes (UFG matrix) undergo the corrosion with a higher rate than that of the plain UFG sample. It is known that this accelerated corrosion is beneficial for the metals capable of being passivated [64]. The migration of Al ions through the passive layer and its consequent thickening as well as the reduction of oxygen over the cathodic regions are the main processes which occur in the bimodal samples. The transfer of Al ions occurs through Al vacancies from near the substrate/passive layer into the regions close to the passive layer/solution interface [65]. The cathodic reactions on CG regions are very intense immediately after exposure to the corrosive media. As the immersion time increases, the weakening of the electrical connection between UFG anodic regions and the solution by the corrosion products occurs and their connection is interrupted. Afterwards, the electrochemical potential of UFG passive regions increases to a value near the potential energy of CG bands and, in some places, even further. Owing to the potential energy variations, the role of anode and cathode changes and a metastable passive layer is formed over CG regions in a very short fraction of time. Subsequently, a uniform and continuous passive layer forms on the surface of bimodal sample. However, since the passive layer formed on the CG regions is not very thick and stable, due to the potential energy fluctuations on the surface, it can easily be dissolved. Thus, again the CG bands become exposed to the corrosive media and retrieve their function as cathodes in the microstructure. This phenomenon occurs frequently and the passive film forms and dissolves on CG regions until a well-defined protective film can be formed over them owing to the proper energy differences between passive layer formed on the UFG matrix and CG regions which can be considered as a steady-state condition. Eventually, a protective oxide layer is formed on the surfaces of CG. Additionally, although a protective layer is also formed on the CG regions and the whole surface of the 15 vol. % CG sample becomes appropriately protected, the thickness of the oxide over UFG and CG regions will be different. Clearly, because of higher passivation capability, the oxide layer will be far thicker than that of the CG regions. This phenomenon interpreted from the results is schematically represented in Figure 10.


Figure 10. Schematic illustration of the passive layer formation on a bimodal microstructure; (a) before corrosion; (b) after corrosion; (c) intersection of bimodal sample before corrosion and (d) intersection of bimodal sample after corrosion.
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Owing to the proposed corrosion mechanism, the enhanced corrosion resistance of the 15 vol. % CG bimodal alloy is attributed to the effective galvanic couple developed between CG bands and the UFG matrix. In this sample, the CG bands serve as galvanic cathodes and accelerate the corrosion process of the UFG matrix which gives rise to the formation of a stable, uniform and thick oxide layer over its surface. According to the EDS map (Figure 8c), the intense oxide layers covered the CG bands (denoted by red color) whereas a uniform passive layer is formed over the UFG matrix, verifying the suggested mechanism. Meanwhile, the higher corrosion resistance of this alloy compared with the plain UFG alloy is connected to the higher passivation rate of the bimodal sample as well. Indeed, the anodic protection phenomenon is dominated in the 15 vol. % CG bimodal sample. In spite of the enhanced corrosion resistance of the bimodal alloy containing 15 vol. % CG, the anodic protection became less effective and a catastrophic corrosion occurred in other bimodal samples with a higher amount of the CG phase, which is mainly caused by the galvanic corrosion. As the CG area fraction in a bimodal sample increases over 15 vol. %, the cathodic reactions increase which significantly enhances the rate of the anodic reactions in small areas. It is pertinent to note that cathodic reactions on CG regions increase the alkalinity of the area surrounding them and thus dissolve the passive layer on CG areas [66]. The enforcing of a high current flow on the surface of UFG regions breaks down the passive layer locally and creates several cavities on the surface of the bimodal sample. Additionally, the alkaline dissolution of the passive layer over the cathodic regions diminishes the protective layer of CG areas and accelerates the localized corrosion. Regarding the fact that the rate of penetration at the anode depends on the current density, a large cathode to anode surface area ratio is undesirable due to the concentration of the galvanic current onto a small anodic area and thus quick thickness loss of the dissolving anode [67]. Indeed, the galvanic corrosion is a disadvantageous consequence of a large cathode to anode surface area ratio. With respect to surface areas of CG and UFG regions, a large anode (UFG phase) in contact with a relatively small cathode (CG phase) is usually favorable. Considering that the CG to UFG volume fraction ratio is proportional to the CG to UFG area fraction ratio in the bimodal samples, it can be suggested that the cathode to anode surface area ratio is about 18, 43 and 82% for bimodal samples containing 15, 30 and 45 vol. % CG phase, respectively. Consequently, a large cathode to anode area ratio in the 30 vol. % CG bimodal sample leads to a higher galvanic current flow and significantly accelerates the corrosion of UFG matrix compared with the 15 vol. % CG bimodal alloy. In the meantime, the corrosion over the CG cathodic areas is inhibited, as denoted by green-colored regions in the EDS map (Figure 8d). The high galvanic current locally breaks down the oxide layer and motivates the formation of cavities as well (Figure 8d). Hence, the oxide layer formed over the UFG matrix could not effectively protect the 30 vol. % CG bimodal sample against the corrosive solution and an intense corrosion of the bare metal occurred (red aggregates in Figure 8d). In the case of the 45 vol. % CG bimodal sample, the highest cathode to anode surface area ratio leads to the most severe galvanic corrosion effect and catastrophic corrosion. Indeed, the flow of a high current density in this alloy makes the passive layer over its UFG matrix unstable, thereby leading to the breakdown and detachment of large pieces of the oxide layer in some regions. Thus, the least corrosion resistance amongst the bimodal alloys occurred in the 45 vol. % CG bimodal sample.




5. Conclusions


The corrosion behavior of ultrafine-grained (UFG) Al6063 alloys with bimodal grain-size distributions consisting of elongated coarse-grained (CG) bands within the UFG matrix were studied in 3.5% NaCl solution. The polarization tests revealed that the corrosion potential of the UFG alloy was more negative than the CG material since its corrosion rate was approximately 5.4 times less than its CG counterpart. The improved corrosion resistance of the UFG sample was attributed to the formation of a uniform and thick passive layer on its surface. The electrochemical tests’ results indicated that the corrosion resistance of the 15 vol. % CG bimodal sample was superior to the UFG alloy due to the higher passivation rate and the effective anodic protection phenomenon in the bimodal Al6063. Nevertheless, the bimodal sample containing the 45 vol. % CG phase showed a higher propensity to corrosion compared with the CG alloy due to the catastrophic galvanic corrosion resulting from a large cathode to anode surface area ratio.
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