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The objective of the present research is to study the corrosion susceptibility of two Al-Mg diluted alloys (Al-0.5wt.%Mg and Al-2wt.%Mg) with different grains structures obtained by directional solidification (columnar, equiaxed and columnar-to-equiaxed transition, CET) in 0.5% NaCl solution, at room temperature. The corrosion resistance is analyzed by potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) techniques in both longitudinal and transversal sections of the samples. The columnar grain zone presents higher corrosion resistance than the equiaxed grain zone. In addition, the transversal section shows higher corrosion resistance than the longitudinal section of the samples. Then, the Al-0.5wt.% Mg alloy displays higher corrosion resistance than the Al-2wt.% Mg alloy. The values of the polarization resistance are used as a basic criterion for the evaluation of the corrosion resistance of both alloys. In this way, when the polarization resistance decreases with the increasing in the distance from the base, the grain size, secondary dendritic arm spacings and hardness increases. In addition, when the polarization resistance increases, the critical temperature gradient decreases.
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1 INTRODUCTION
Aluminum and its alloys stand out for two main properties: low density and excellent mechanical strength. These characteristics have led to its use in applications where weight is a determining factor, as it is the case in the transportation, automotive and naval industries (Davis, 1993; Canales et al., 2012; Jayalakshmi et al., 2013). The use of aluminum in these industries dates back to 1899, when Karl Benz presented the first sports car with an aluminum chassis. At the same time, Zeppelin was working on the construction of the first rigid airship using the same material in the frame of the structure. However, the mechanical properties of pure aluminum did not meet the demands required in structural applications, and for that reason, its industrialization did not take place until 1930 with the design of aluminum-based alloys. The incorporation of alloying elements enables a considerable increase in mechanical properties, which in turn, widens its range of applicability (Shu-qing and Xing-fu, 2014; Kaygisiz and Marasli, 2015).
Magnesium is the lightest structural metal. In the automotive industry, it reduces the total weight of the car by 10 percent and saves between 20 and 30 percent on fuel. Other advantages include not only excellent stiffness, specific strength, high electrical and thermal conductivity, but also great protection against electromagnetic interference. It is characterized by an excellent tolerance in the final dimensions of the parts as well as good endings; it also allows parts of small thickness (up to Ø wall = 2 mm), is fully recyclable and is easy to machine; besides, its costs are lower in relation to polymers (Jayalakshmi et al., 2013; Shu-qing and Xing-fu, 2014).
However, application of aluminum casting alloys for structural components requires high strength and suitable high elongations (Totten et al., 2004). In addition, the use of indentation at several scale levels was proposed in order to estimate strengthening kinetics of heat-resistant steel 15Kh2MFA (II) after high-temperature deformation (Maruschak et al., 2012). Recently, the effect of electron beam energy densities on the surface morphology and tensile property of additively manufactured Al-Mg alloy was analyze and it was determined that the crystallization and tensile strength of Al-Mg alloy are optimum at the condition EBED = 10 J/cm2 (Geng et al., 2021a). In another research, the authors demonstrate the tensile properties and fracture mechanism with the analysis of microstructure and phase composition of Al-5.0 Mg alloys. The results achieved from experiments can enrich the information of studies about Al-5.0 Mg alloys produced by WAAM-CMT (Geng et al., 2021b).
Grain size, their morphology, interdendritic distance and distribution of secondary phases are crucial factors affecting mechanical properties of cast parts (Canales et al., 2012; Luna et al., 2013; Shokuhfar and Nejadseyfi, 2014; Krupin´ski et al., 2016). The quality of the microstructure of aluminum alloys mainly depends on the chemical composition, melting process, cooling rates and temperature gradients (Xia et al., 2014; Kro´l et al., 2015; Krupin´ski et al., 2016). Due to those facts, it is important to understand how to control structure forming of aluminum alloys through casting.
Generally, a columnar structure has large grain boundaries, which are sensitive locations for crack initiation. However, it can be used to produce the strong texture and the anisotropic properties for special applications (Liu and To, 2017). In contrast, homogeneous equiaxed grains are commonly desirable for the sake of enhancing resistance to crack propagation (Liu et al., 2018; Zhang et al., 2019; Liu et al., 2020). In addition, columnar-to-equiaxed transition (CET) behavior is determined by the temperature gradient and the solidification rate during the directional solidification process (Ares and Schvezov, 2000; Spittle, 2006; Ares and Schvezov, 2007; Ares et al., 2010; Gueijman et al., 2010; Ares and Schvezov, 2011; Song et al., 2018; Xiang et al., 2019; Zhang et al., 2019; Oliveira et al., 2020). Either an equiaxed or a columnar microstructure can be achieved by selecting appropriate processing parameters, which further determine the mechanical properties of the alloy.
Several researches about the corrosion behavior and the characteristics of films formed (Song et al., 2019; Xu et al., 2021; Chen et al., 2021). Other previous studies evaluated corrosion susceptibility of Al alloys (Smialowska, 1999; Amin et al., 2008; Boag et al., 2010; Osório et al., 2013; Zhou et al., 2015; Yasakau et al., 2018). The influence of the concentration of aggressive ions in the electrolyte on the pitting potential of Al alloys has always been a matter of great interest; therefore, it was extensively studied (Smialowska, 1999; Hui Zhao et al., 2006; Amin et al., 2008; Arrabal et al., 2013; Wang et al., 2014; Yasakau et al., 2018). However, there are previous investigations evaluating the susceptibility to corrosion of directionally solidified aluminum alloys (Ares et al., 2008; Ares and Gassa, 2012; Osório et al., 2013; Ares et al., 2018; Satizabal et al., 2019). It is evident that the results are governed by a complex set of interacting phenomena, and even more when we consider the thermal parameters for obtaining the alloys with the mechanical and electrochemical parameters.
Electrochemical techniques are fast and can be used to obtain instantaneous information on a corrosion process, which cannot be provided by weight loss measurements. Also, impedance techniques, along with the linear polarization technique, are the most commonly used methods for determining corrosion rates. The electrochemical impedance spectroscopy (EIS) technique is a particularly useful method to study electrode kinetics at the corrosion potential. The nature of the corrosion process can be often revealed by an impedance spectrum (Barsoukov and Ross McDonald, 2005).
In previous works, we correlated the effect of several parameters, like thermal, mechanical and electrochemical ones, on the CET macrostructure of different alloys systems (Ares et al., 2008; Ares et al., 2011; Román et al., 2014; Román et al., 2015; Kociubczyk et al., 2015; Ares and Schvezov, 2015; Ares et al., 2016; Rozicki et al., 2018; Kociubzyk et al., 2018; Ares et al., 2018; Ares et al., 2018; Kramer et al., 2016; Méndez et al., 2018; Román et al., 2021). Earlier, we had analyzed the thermal and structural parameters of Al-Mg alloys during the columnar-to equiaxed transition (Al-2wt.%Mg and Al-4wt.%Mg) (Ares et al., 2003a; Ares et al., 2003b; Ares et al., 2004) and the corrosion of Al-Mg alloys exposed to ethanol solutions and bioethanol fuel (Kramer et al., 2017; Gauto et al., 2018; Kramer et al., 2018).
In this investigation, we examined the susceptibility to corrosion of directionally solidified aluminum-magnesium diluted alloys (Al-0.5wt.%Mg and Al-2wt.%Mg) with different grain structures (columnar (C), equiaxed (E) and columnar-to-equiaxed transition, CET), obtained by a directional solidification process, in 0.5 M NaCl solution, at room temperature, using potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) as principal electrochemical techniques.
2 EXPERIMENTAL SECTION
2.1 Directional Solidification
The Al-0.5wt.%Mg and Al-2wt.%Mg alloys were prepared by using commercially pure metals (Chemical composition of Al: 99.93 Al, 0.038 Fe, < 0.001 Pb, 0.033 Si and <0.001 others. Chemical composition of Mg: 99.97 Mg, 0.015 Fe, 0.012 Pb, 0.003 Si and <0.001 others). Then, they were solidified by using a directional solidification device, which consists of a heating unit, and a control system with data acquisition. Data acquisition was carried out by means of six thermocouples connected to a data acquirer, which were placed in the holes of the molds of the specimens with a depth of 0.7 cm and a distance between each one of 2 cm, coinciding with the center of the diameter of the specimen. Thus, allowing the determination of the time-dependent temperature profiles (Ares and Schvezov, 2000; Spittle, 2006; Ares and Schvezov, 2007; Ares et al., 2010; Gueijman et al., 2010; Ares and Schvezov, 2011). Figure 1A shows the experimental setup with a vertical heat extraction system at the bottom of the furnace.
[image: Figure 1]FIGURE 1 | (A) Experimental setup used in directional solidification experiments. (B) The longitudinal (L) and transversal (T) sections of the cylindrical sample.
Prior to solidification, the crucibles and cylindrical molds were prepared with commercial clay. An adapted manual extruder was used to obtain the molds, with an approximate length of 13 cm and an internal diameter of 2.5 cm. Its firings were carried out in a muffle at 300°C for 1 h, then at 600°C for another 1 h and finally at 900°C for 1 h again.
The pure elements were also melted in the muffle, in the crucibles, each one at its respective melting temperature, using 159.44 g of aluminum and 1.61 g of magnesium for the first Al-2wt.%Mg cylindrical sample, and 160.66 g of aluminum and 0.85 g of magnesium for the second Al-0.5wt.%Mg sample, occupying a volume of 40 cm3, respectively. Once melted, they were mixed using a graphite rod, and then, placed in the solidification furnace to obtain the alloy samples. Five alloy samples of each concentration were tested, as it can be seen in Table 1.
TABLE 1 | Cooling velocity in the liquid (V.E.LIQ.) and cooling velocity in the solid (V.E.SOL.), minimum CET position (CET MIN.) and maximum CET position (CET MAX.), critical gradients (GC) and recalescence values (REC.) obtained from the temperature versus time curves.
[image: Table 1]When the specimens were cooled, they were cut in longitudinal direction, devastated with SiC paper up to granulometry #1500, and chemically attacked with Keller reagent (distilled water, 32% hydrochloric acid, 65% nitric acid, 40% hydrofluoric acid) for approximately 3 min at room temperature to reveal the macro and microstructures (Vander Voort, 2004). This made it possible to locate the three defined zones of grain structures by visual observation and optical microscopy, as it can be seen in Figure 2.
[image: Figure 2]FIGURE 2 | Macrostructures: (A) Al-0.5wt.%Mg. (B) Al-2wt.%Mg. Microstructures: (C–E) Al 0.5wt.%Mg. (F–H) to (h) Al-2wt.%Mg.
The position of the CET was located by visual observation and an optical microscopy, and the distance from the chill zone of the sample was measured with a ruler. Also, the grain structure was inspected by visual observation with an Arcano® optical microscopy. The dimensions of the grain sizes obtained from the macrostructures were determined on the basis of ASTM E-112 (Boyer and Gall, 1990) standards with the help of TSView® free image processing software. The equiaxed grain size was measured at equally spaced intervals. The columnar region was divided in a similar way and the width and length of the grains were directly measured.
2.2 Electrochemical Tests
Electrochemical tests were performed on Al-Mg alloys with two compositions: Al-0.5wt.% Mg and Al-2wt.% Mg. Working electrodes were obtained from the longitudinal (L) and transversal (T) sections of the three grain structures zones of the specimens tested: columnar, CET and equiaxed, as can be seen in Figure 1B.
The electrochemical tests were carried out in a three-electrode Pyrex glass cell, using a saturated calomel reference electrode and a platinum wire as a counter electrode. A 0.5 M NaCl solution at room temperature was used as electrolyte. Prior to the tests, nitrogen was bubbled into the solution for at least 10 min to remove dissolved oxygen.
Potentiodynamic polarization curves were performed at a rate of 0.16 mV/s. They started at 300 mV below the corrosion potential. The curves ended when a current value of 1 mA/cm2 was reached. Electrochemical Impedance Spectroscopy tests were performed after a 10 min stabilization period, with a potential amplitude of 10 mVrms, around the open circuit potential. The frequency range of the test was from 105 Hz to 5.10−2 Hz. The linear least squares method was used to analyze the results.
2.3 Microstructures
Before and after the corrosion tests, the samples were analyzed with a FEI Quanta200 SEM together with an EDS detector of the Electron Microscopy and Microanalysis Service (SeMFi-LIMF) (Microscopía Electrónica y Microanálisis (SeMFi-LIMF)—Facultad de Ingeniería, UNLP, Argentina). Secondary dendritic spacings were determined by using an Arcano® metallurgical microscope, employing the linear intercept method with a TSView® free image processing software.
2.4 Microhardness and Hardness Tests
The microhardness measurements of these alloys were done at room temperature, using a Future Tech® microhardness tester (Instituto de Materiales de Misiones (IMAM), Posadas, Misiones, Argentina). The measurements were performed under ASTM E 384-89 standard, using a pressing time of 10 s with a load of 50 gf.
The harness measurements of the same alloys were carried out using a BRIN200C Brinell calibration hardness machine (Comisión Nacional de Energía Atómica (CNEA), Buenos Aires, Argentina) to ISO 6506-3:1999 using a load rating (P/D2) = 5, an application time of 60 s and a sphere diameter of 2.5 mm.
3 RESULTS
3.1 Macrostructures and Microstructures
A number of 10 successful experiments were performed where the transition from columnar-to-equiaxed grain structure was produced. It is noted in Figure 2 that the CET is not sharp, showing a zone where some equiaxed grains co-exist with columnar grains. The size of the transition zone is in the order of up to 1 cm. The CET occurred between 0.6 and 6.2 cm from the bottom of the sample. Typical columnar—to—equiaxed transitions can be observed in Figure 2 for the two alloys tested, Al-0.5wt.%Mg and Al-2wt.%Mg.
Also, Figure 2 shows the microstructure for hypoeutectic composition, in which the presence of two phases is observed: α-Al phase in the case of Al-0.5wt.%Mg (Figures 2C–E) and α-Al plus eutectic phase (α-Al + Mg) for Al-2wt.%Mg (Figures 2F–H). Both phases are well distributed throughout the system. The α-Al, is the light gray (free Mg) zone phase while the eutectic phase is observed as fine needles of Mg (black color) dispersed in a matrix of α-Al.
3.2 Thermal Parameters
3.2.1 Liquidus and Solidus Temperatures
Figures 3A,C indicate the position of each thermocouple in the sample during the experiment. The liquidus, TL, and solidus, TS, temperatures were taken from the heating and cooling curves as usual (Ares and Schvezov, 2000; Ares and Schvezov, 2011; Ares and Schvezov, 2007; Ares et al., 2010; Gueijman et al., 2010). The results, which are shown in Figures 3B,D, are within the predicted values given by the phase diagram for the two alloys tested [52]: TLiquidus (Al-0.5wt.%Mg) = 658°C, TSolidus (Al-0.5wt.%Mg) = 645°C, TLiquidus (Al-2wt.%Mg) = 655°C, TSolidus (Al-2wt.%Mg) = 623°C.
[image: Figure 3]FIGURE 3 | (A) Macrostructure of Al-0.5wt.%Mg alloy indicating the position of the thermocouples during the experiment. (B) Cooling curves of Al-0.5wt.%Mg alloy in each position of the thermocouples. (C) Macrostructure of Al-2wt.%Mg alloy indicating the position of the thermocouples during the experiment. (D) Cooling curves of Al-2. wt.%Mg alloy in each position of the thermocouples.
3.2.2 Cooling Curves
The cooling velocity of the liquid alloy was determined from the temperature versus the time curves at each thermocouple position and by taking the average slope. The temperature versus the time curves for Al-0.5wt%Mg and Al-2wt.%Mg alloys are presented in Figures 3B,D. The cooling velocity in the liquid was calculated from these types of curves and are listed in Table 1 for all the experiments as V.E.LIQ.; velocities of 1.7–2.4°C/s were obtained. The values of cooling velocity in the solid, V.E.SOL., were ranging between 1 and 1.3°C/s. Table 1 also lists the location of the CET zone from the bottom of the sample, which is in the range of CETMIN. to CETMAX. The values of the CETMIN(Al-0.5wt.%Mg) were between 1.7 and 3.7 cm. The values of the CETMAX(Al-0.5wt.%Mg) were between 2.9 and 5.4 cm. Likewise, the values for the CETMIN(Al-2wt.%Mg) were between 0.6 and 3.9 cm and the CETMAX(Al-0.5wt.%Mg) were between 4.7 and 6.2 cm. Comparing the cooling velocities with the distances, which correspond to the length of the columnar zone for all alloys, it is observed that increasing the velocity, increases the length of the columnar grains.
The temperature versus time curves also show that the temperature evolution depends on the structure being formed. During columnar solidification, the temperature decreases steadily and monotonically; on the contrary, in the equiaxed region, and during the transition, there is a recalescence which increases the temperature from a minimum.; the level of recalescence for each experiment is listed in Table 1 as REC (°C).
3.2.3 Temperature Gradients
The temperature gradients, G, were calculated for each pair of neighbour thermocouples as the temperature difference between the thermocouple readings divided by the separation distance between thermocouples. As it is shown in Table 1, the gradients determined at the moment of the CET (which is called the critical temperature gradient, Gc) are negative in most experiments. This negative value is an indication of a reversal in the temperature profiles ahead of the interface, which could be associated to the recalescence due to massive nucleation of equiaxed grains, and previously reported and discussed by the authors for others alloy systems (Ares and Schvezov, 2000; Ares and Schvezov, 2007; Ares et al., 2010; Gueijman et al., 2010; Ares and Schvezov, 2011; Kociubczyk et al., 2015; Ares and Schvezov, 2015; Ares et al., 2016; Kociubzyk et al., 2018; Rozicki et al., 2018). The fact that in some cases the position of the thermocouples is not located at the precise position where the transition occurs, it may prevent the detection of the negative gradients which is believed to occur in all the cases.
3.3 Grain Size and Secondary Dendritic Arm Spacings
The grain size along the samples is affected by the degree of heat extraction, which is higher at the base than at the top of the samples, as it can be seen in Figures 4A,B for both alloys.
[image: Figure 4]FIGURE 4 | Grain size as a function of the length of the sample. (A) Al-0.5wt.%Mg. (B) Al-2wt.%Mg. (C) Al-Mg phase diagram (on the Al side) showing the positions of the Al-0.5wt.%Mg and Al-2wt.%Mg alloys (adapted from Boyer and Gall, 1990). (D) Secondary dendritic arm spacing, λ2, as a function of the length of the sample for Al-2wt.%Mg alloy.
The secondary dendritic arm spacing, λ2, was only possible to measure in Al-2wt.%Mg alloy (Figure 4C adapted from Boyer and Gall, 1990) due to the Al-0.5wt.%Mg, is a solid solution of α-Al.
The behavior of the secondary dendritic arm spacing, λ2, in Al-2wt.%Mg alloys, is also linked to the degree of heat extraction. The values of λ2 are smaller at the base of the samples, as it can be seen in Figure 4D. Otherwise, the dendritic structure is finer at the base of the samples (columnar zone).
3.4 Microhardness and Hardness Tests
First, we analyze microhardness (HV) variations as a function of sample length for both alloys, using load of 50 gf. Figure 5A show the experimental results. It can be seen that Vickers microhardness have greater values in the equiaxed zone than in the columnar and the columnar to equiaxed transition (CET) zones.
[image: Figure 5]FIGURE 5 | (A) Vickers microhardness (HV) and (B) Brinell hardness values versus length of the samples. Al-0.5wt%Mg and Al-2wt.%Mg alloys.
The same behavior is observed with the variation of Brinell hardness (HB) versus sample length (Figure 5B).
Comparing the Vickers microhardness and Brinell hardness values with the literature, we observe that the measured values are within the established for Al-Mg alloys (Totten et al., 2004).
3.5 Electrochemical Tests
3.5.1 Potentiodynamic Polarization Curves
Figures 6A,B shows the curves obtained for the Al-0.5wt.%Mg alloy. Figure 6A corresponds to the longitudinal section and Figure 6B to the transversal section of the samples. For both sections, it is observed that the columnar grain zone presents the noblest corrosion potential value, Ecorr. For the longitudinal section, after reaching Ecorr, a region where the current increases gradually, until reaching the pitting potential, Ep, is observed. The current values reached in this anodic region move towards higher values from the columnar zone to the equiaxed zone of grains. The Ep is equal to −750 mV coincident for the three-grain zones.
[image: Figure 6]FIGURE 6 | Potentiodynamic curves of Al-Mg alloys. (A) Al-0.5wt.% Mg (Longitudinal section). (B) Al-0.5wt.% Mg (Transversal section). (C) Al-2wt.% Mg (Longitudinal section). (D) Al-2wt.% Mg (Transversal section).
The curves obtained for the cross section show a behavior similar to that described above. However, the Ep of the equiaxed grain zone is equal to −734 mV, slightly nobler than that reached by the other samples described.
Figures 6C,D shows the potentiodynamic curves obtained for the alloy Al-2wt.%Mg. As observed in Figure 6A, the longitudinal section also presents a region of gradual increase of the current after Ecorr is reached. This region is well defined for the columnar grain zone and can be considered a region of passivity. The noblest Ecorr corresponds to the CET zone. The difference in Ecorr between the columnar and equiaxed grain zones is not considered significant. Again, the three zones show an Ep around −750 mV.
Figure 6B presents the curves obtained for the transversal section of the Al-2wt.%Mg alloy. The columnar grain zone shows, again, the noblest Ecorr. However, after reaching this potential, a rapid increase in current is observed, associated with the direct dissolution of the material. The corrosion potentials, Ecorr, as well as the corrosion current density, Icorr, of the Al-Mg alloys are listed in Table 2.
TABLE 2 | Fitting corrosion potentials, Ecorr, and corrosion current density, Icorr, of Al-Mg alloys in 0.5 M NaCl.
[image: Table 2]In general, it is observed that, for the same composition, the transversal section presents nobler values of Ecorr. In addition, it was observed that with increasing Mg content, Ecorr increases. This was evident for the transversal section, while in the longitudinal section, this effect was observed only for the equiaxed grain zone.
The micrographs obtained by scanning electron microscopy (SEM) after the polarization tests are shown in Figure 7. From the comparison of Figures 7A,B, corresponding to the longitudinal section of the Al-0.5wt.%Mg alloy, it can be seen that the columnar zone is less affected. In the equiaxed grain zone (Figure 7B) the damage is clearly located in the grain border region. In the transversal section of the Al-0.5wt.%Mg alloy (Figures 7C,D), the corrosion is localized in the α-Al matrix. Figures 7E,F correspond to the Al-2wt.% Mg alloy. Figure 7E shows that the corrosion is located in the dendritic matrix close to the interdendritic boundary. Figure 7F denotes the presence of particles that may correspond to the oxide deposited in the region close to the corrosion affected zone.
[image: Figure 7]FIGURE 7 | SEM micrographs of Al-Mg alloys after corrosion tests: (A) Al-0.5wt.%Mg columnar zone (longitudinal). (B) Al-0.5wt.%Mg equiaxed zone (longitudinal section). (C) Al-0.5wt.%Mg columnar zone (transversal section). (D) Al-0.5wt.%Mg equiaxed zone (transversal section). (E) Al-2wt.%Mg columnar zone (longitudinal section). (F) Al-2wt.%Mg equiaxed zone (longitudinal section).
3.5.2 Electrochemical Impedance Spectroscopy (EIS)
Figure 8 shows the Nyquist diagrams obtained from the EIS measurements of the Al-Mg alloys. As it has been reported in other works on aluminum base alloys in chloride-containing solutions, the analysis of impedance data at frequencies lower than 0.1 Hz is difficult, probably due to the non-stationary nature of the pitting phenomenon (Frankel, 2008; Román et al., 2021). Consequently, we have decided not to consider points at frequencies below 0.05 Hz. The scattering of the data was even more evident for the samples from the equiaxed grain zone, because in those cases we chose to ignore data below 0.1 Hz.
[image: Figure 8]FIGURE 8 | Nyquist diagrams of Al-Mg alloys. (A) Al-0.5wt.% Mg alloy (longitudinal). (B) Al-0.5wt.% Mg alloy (transversal). (C) Al-2wt.%Mg alloy (longitudinal). (D) Al-2wt.%Mg (transversal) alloy.
For all the samples studied, the Nyquist diagram showed a capacitive semicircle at high and medium frequencies. For the same alloy composition, it can be seen that the diameter of such semicircle increases for the cross section of the samples. Ares et al. (Ares et al., 2011) pointed out that the diameter of such semicircle is related to the corrosion resistance. Therefore, it can be deduced that the transversal section of the Al-Mg samples presented higher corrosion resistance than the longitudinal section. The size of the capacitive arcs obtained for the longitudinal section of the Al-2wt.%Mg were notably smaller than the rest of the alloys studied.
Figure 9 displays the Bode diagrams of the alloys studied. The impedance responses were simulated using the equivalent circuit of two nested time constants shown in Figure 10. The use of such a circuit has been reported to explain the behavior of aluminum base alloys as well as Mg base alloys with aluminum coatings (Frankel, 2008; Román et al., 2021; Wei et al., 2021; Ma et al., 2022). RΩ represents the solution resistance. R1 and CPE1 correspond to the pore resistance and the capacitance of the outer porous layer respectively. R2 and CPE2, represent the resistance and the capacitance of the barrier layer (Orazem and Tribollet, 2008; Sekularac and Milosev, 2018; Wei et al., 2021). The deviation from the ideal capacitive behavior due to the inhomogeneous interface, is represented by using CPE with coefficients n1 and n2 (Román et al., 2021; Ma et al., 2022).
[image: Figure 9]FIGURE 9 | Bode diagrams of Al-Mg alloys. (A) Al-0.5wt.% Mg alloy (longitudinal). (B) Al-0.5wt.% Mg alloy (transversal). (C) Al-2wt.% Mg alloy (longitudinal). (D) Al-2wt.% Mg alloy (transversal).
[image: Figure 10]FIGURE 10 | Equivalent circuit used to fit the experimental data.
The parameters of the impedance settings of the samples studied are presented in Table 3. From the summation of the resistances R1 and R2, the values of the polarization resistance Rp were obtained, which can be seen in Figure 11. Higher values of Rp indicate higher corrosion resistance (Ares and Gassa, 2012).
TABLE 3 | Electrochemical impedance spectroscopy fitting parameters.
[image: Table 3][image: Figure 11]FIGURE 11 | Polarization resistance, Rp, of Al-Mg alloys in 0.5 M NaCl solution.
4 DISCUSSION
Figure 11 shows that the corrosion resistance, for the same alloy, decreases from the base to the upper zone of the samples; that is, from the columnar grain zone to the equiaxed grain zone. This behavior coincides with that observed in the polarization curves. Moreover, for the same alloy composition, the transversal section shows better polarization resistance than the longitudinal section. However, the polarization curves seem to show a better corrosion behavior for the longitudinal section. This could be explained by considering the values of the impedance matching parameters shown in Table 3. Comparing the values of n1, corresponding to the CPE1 of the two sections for the same sample, it is observed that the longitudinal section presents values closer to 1 with respect to the transverse zone. This would indicate that the porosity of the oxide formed in the longitudinal section is lower. This behavior could be due to the adhesion of the detached oxide product of the corrosive attack, which can be observed in Figure 7F. In addition, it is evident that the values of the resistance associated to the pores, R1 are higher for the longitudinal section than for the transversal section. This could explain the behavior observed in the potentiodynamic curves. These curves would be reflecting the “performance” of this resistance R1, associated to the pores, but that is not significant in relation to the corrosion resistance of the samples. According to Table 3, the R2 values are higher than the R1 values for all the samples, so that the barrier layer evidently provided the corrosion resistance (Osório et al., 2013). On the other hand, it is clear that as the Mg content increases, for the same grain zone and the same transversal-section, the polarization resistance decreases.
In the case of the correlation of the polarization resistance, Rp, with the secondary dendritic arm spacing for Al-2wt.%Mg alloy; so, when λ2 increases, the polarization resistance, Rp, decreases (Figure 12A).
[image: Figure 12]FIGURE 12 | Polarization resistance, Rp, versus (A) secondary dendritic arm spacing, λ2, for Al-2wt.%Mg alloy, (B) critical temperature gradient, GC, and (C) Brinell hardness, BH, for Al-0.5wt.%Mg and Al-2wt.%Mg alloys.
The values of the polarization resistance, Rp, were correlated with the values of temperature gradient in the liquid at the moment of the CET (critical values), GC, for each concentration, where it is observed that, when GC becomes more negative (Figure 12B), the Rp increases.
Since the microhardness is a very localized parameter, and the hardness allows a deeper understanding of the relationship between the structure and properties of a material (Maruschak et al., 2012), the polarization resistance, Rp, is correlated to the Brinell hardness, HB, in Figure 12C it is possible to observe that when the Brinell hardness, HB, increases the polarization resistance decreases for both alloys.
5 CONCLUSION
Using potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) techniques, allowed us to evaluate the corrosion behavior of Al-0.5wt.% Mg and Al-2wt.% Mg alloys in a 0.5% NaCl solution.
The values of the polarization resistance were used as a basic criterion for the evaluation of the corrosion resistance of both alloys, but do not indicate the protective properties of the films formed on the directionally solidified Al-Mg alloys.
For both compositions of Al-Mg alloys and sections of the samples, the columnar grain zone presents a higher corrosion resistance than that of the equiaxed grain zone.
Considering the polarization resistance values obtained for the EIS tests, it is concluded that the transversal section presents a higher corrosion resistance than the longitudinal section of the samples. In the same sense, the Al-0.5wt.% Mg alloy presents higher corrosion resistance than the Al-2wt.% Mg alloy.
The polarization resistance decreases with 1) the increasing in the distance from the base of the sample, 2) the increasing in grain size and secondary dendritic arm spacing, and 3) the increasing in Brinell hardness and Vickers microhardness.
The polarization resistance increases when the critical temperature gradient decreases.
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leor (HA/CM?)

6.21
8.65
6.04
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