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Abstract

:

High strength Al-Mg alloy is an attractive material that has the characteristic of increasing both strength and elongation by adding more solute Mg. However, there is a limitation in the oxidation issue during the casting process when it contains high amounts of solute Mg. New Al-Mg alloy was developed using Mg+Al2Ca master alloy by making a stable CaO/MgO mixed layer that no significant oxidation occurred. Here, the intergranular corrosion (IGC), electrochemical, and mechanical properties of new Al-Mg alloys fabricated through a combined process of extrusion and cold rolling were studied after the specimens went through artificial aging heat treatment at 200 °C. The results show that the grain size and the volume fraction of anodic β-precipitation (Mg2Al3) forming on the grain boundary influence the intergranular corrosion results. Corrosion potential and current density were achieved by potentiodynamic polarization electrochemical test. The results show that corrosion potential remains irrespective of the manufacturing process, while current density increases with artificial aging treatment. Both hardness and tensile mechanical properties decrease on cold rolled specimens after the heat treatment, while increase in extrusion and annealed specimens.
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1. Introduction


Al-Mg alloys have many outstanding characteristics, such as decent mechanical properties, formability, low cost, corrosion resistance, and electrical conductivity, which leads to a wide range of applications [1,2,3]. Al-Mg alloys are the most widely used solid solution hardening alloys. It is a remarkably intriguing alloy because both strength and ductility increased simultaneously by adding solute Mg atoms. Al-Mg alloys with a high amount of solute Mg cast to reach better mechanical properties [4]. Mg atoms can be added up to 4.5 wt% in Al-Mg alloy because there is an oxidation problem in the casting process owing to the high affinity to oxygen with Mg. To solve the oxidation problem, Mg+Al2Ca master alloy was used instead of using pure Mg master alloy to make the stable CaO/MgO mixed layer [5,6].



Several technologies, such as hot extrusion, cold rolling, and annealing have been studied so far to achieve the high performance of wrought Al-Mg alloys. Hot extrusion is a widely used forming method on aluminum alloy [1]. The thermomechanical process of the new Al-Mg alloy needs to be studied more because many extrusion parameters, such as extrusion speed, ration, and billet temperature affect the properties. Cold rolling is the crucial process in wrought Al-Mg alloys to increase the mechanical properties. In this study, the new process of Al-Mg alloy, which is the combined process of hot extrusion and cold rolling, was developed due to the several benefits at the industrial level. This process needs to be understood well in mass production of wrought high Mg contained Al-Mg alloys because it does not need a huge installment, such as a hot rolling machine at the mass production level. So, the new process of high Mg contained Al-Mg alloy was investigated in this research.



Still, some problems of high Mg contained Al-Mg alloy need to be solved for the application as structural materials, such as intergranular corrosion. Al-Mg alloys are susceptible to intergranular corrosion (IGC) and stress corrosion cracking (SCC) in a harsh environment exposed to 50~200 °C for a long time due to the formation of anodic β-Mg2Al3 precipitation at grain boundaries. This phenomenon caused the electrochemical heterogeneity of the aluminum matrix and grain boundary. IGC causes some grains to detach from the matrix, which leads to sudden destruction [7,8]. Current research generally discussed the relationship between intergranular corrosion susceptibility and a factor of microstructure. This factor can be grain size, grain boundary type, dislocation density, and texture, etc. However, this needs to be understood at once depending on the manufacturing process of Al-Mg alloy [9,10,11,12,13,14].



In this research, wrought Al-Mg alloys fabricated through a combined process of hot extrusion, cold rolling, and annealing have been investigated so far. The specimen with each manufacturing process was sensitized at 200 °C for 45 min. Intergranular corrosion, polarization curve test, and tensile test were conducted to evaluate each manufacturing process. Those properties were investigated by studying the correlation between the experimental results and microstructure. This research can help to develop the novel high strength aluminum plates as light-weight structural materials.




2. Materials and Methods


The billets size with 178 mm diameter and 400 mm length were prepared by continuous casting. The chemical composition of new AlMg6 billet is Mg 6.04 wt%, Ti 0.0614 wt%, Si 0.049 wt%, Fe 0.075 wt%, Ca 0.0186 wt%. The billets were homogenized at 420 °C for 8 h, then hot extruded to a thickness of 12 mm. The extrusion experiment was conducted using a plate extruder with a billet temperature of 420 °C and a die temperature of 420 °C. The extrusion ratio was 21.7. The ram speed kept maintaining 1.0 mm/s during the entire extrusion process. Table 1. shows that the detailed manufacturing process of new Al-6Mg alloy.



Next, the plates were cold rolled to a thickness of 6 mm in 6 passes. The cold-rolled sheets annealed at 350 °C for 3 h, and then another cold rolled to 1 mm in 4 passes. The final annealing condition was 350 °C for 3 h. Test specimens were sensitized by aging at 200 °C for 45 min. The specimens were machined with a dimension of 30 mm × 50 mm with 1 mm to evade the thickness effect depending on a different process. The grain size of the alloys with each manufacturing process was determined using optical microscopy following polishing to a 1-micron diamond suspension followed by electro-etching in Barker’s reagent.



The IGC susceptibility was performed by nitric acid mass loss test (NAMLT, ASTM standard G67-04) [15]. After the test, the specimens were prepared by mechanical polishing, then etched in 10% phosphoric acid at room temperature for the 30 s. An optical microscope (OM, Nikon MA200, Tokyo, Japan) was used to understand the relationship between microstructure and IGC susceptibility. Electrochemical tests were conducted on at least three times from each process of Al-Mg alloy plate by using potentiostat equipment (AMETEK VersaSTAT, Princeton, NJ, USA) in a three-electrode cell filled with 3.5 wt% of NaCl solution. The temperature of the corrosion solution was kept at room temperature. The working electrode was the Al-Mg alloy sheet, the counter electrode was a graphite plate, and the reference electrode was silver/silver chloride (Ag/AgCl). The exposed surface area of the Al-Mg alloy was 1 cm2. All tests were repeated at least five times. Vickers hardness measurements were measured by hardness tester with 2.942 N for 10 s. Each hardness result is the average of 10 individual measurements except maximum and minimum value. The uniaxial tensile test was conducted by the UTS machine for each manufacturing process at least 3 times, respectively. The specimens of tensile tests were machined followed ASTM E8 standard with a 50 mm gauge length.




3. Results


The phase fractions of AlMg6 alloy were computed using J.Mat.Pro (Sente Software Ltd., UK). Equilibrium phase fractions were calculated as a function of temperature in Figure 1. According to the figure below, the anodic β-precipitation fraction increased until the temperature below 275 °C. The temperature of 200 °C for 45 min was selected as the sensitization heat treatment condition in this study. The anodic β-precipitation tends to form at grain boundary occurring on the intergranular corrosion in Al-Mg alloy system.



Figure 2 represents the microstructure image after the method representing precipitation on grain boundary, which shows no precipitation on grain boundary (a), while precipitation was represented by a black line (b). Phosphoric acid is the general method to selectively etch the β-precipitation on grain boundary [3,10].



IGC is a type of corrosion where the grain boundaries of crystallites are more susceptible to corrosion than their matrix so that the formation of micro-galvanic cells between grain boundary and matrix occurs [11]. This phenomenon causes grains detached from the samples, which leads to sudden destruction. Figure 1 shows that the mass loss results of the sensitized Al-Mg specimen with each process. The results show that the mass loss results of each process increased dramatically in sensitization treatments. Figure 3 shows the mass loss results of the specimens E, ES, CR, CRS, A, and AS were measured as 2.65, 46.98, 1.47, 21.91, 5.14, and 39.96 mg/cm2. It shows that cold-rolled specimen shows the best IGC resistance for both as-received and sensitized state compared to extruded and annealed specimen. Specimen A is more susceptible to IGC than specimen E, while specimen ES shows higher IGC susceptibility than specimen AS.



IGC behavior can be explained by several factors, such as the grain size, grain boundary types, and the distribution of anodic precipitation, etc. [10]. How the grain size affects the intergranular corrosion behavior has not been clearly understood yet. Several studies have stated that the microstructure with large grain size has less susceptibility to intergranular corrosion [12,13].



Polarization photomicrographs for each manufacturing process of new Al-6Mg alloy in Figure 4. The grain size of specimen E, ES, CR, CRS, A, and AS was measured as 41.81, 40.31, 19.09, 19.81, 22.03, and 21.81 um, respectively. There is no such difference in grain size as the sensitization heat treatment has been done. In the current research, the susceptibility of IGC in as-received condition shows as follows: specimen CR ≤ E < A. This can be explained because precipitation does not form on the grain boundary much so that the susceptibility of IGC in the as-received condition is low in all cases. On the other hand, the results of IGC susceptibility in sensitized heat treatment follows the order of CRS < AS < ES. By comparing the IGC results of ES and AS, the susceptibility to IGC increases as the grain size increases.



In conclusion, an Al-Mg alloy sheet with large grain size is more susceptible to intergranular corrosion as the sensitization heat treatment is long enough to cover the grain boundary by anodic β-precipitation.



Although the grain size is an important factor for IGC susceptibility, grain boundary type is noteworthy to evaluate the IGC susceptibility. High angle grain boundaries (HAGBs) tend to be more susceptible to IGC than low angle grain boundaries (LAGBs) due to the grain boundary precipitation [14]. As the degree of cold working increases, the fraction of LAGB also increases [15]. Figure 5 represents the attacked microstructure with 10% H3PO4 for 25 min, which is the method for specifically attacked anodic β-precipitation in Al-Mg alloys. This shows that the grain size of ES is bigger than AS so that the susceptibility of IGC follows the same trend. However, it does not follow in the as-received condition. Even the grain size is bigger in E, and the IGC resistance of E shows better in A. It can be concluded that the grain size is the main factor for the IGC rates when the specimen is sensitized, while the grain boundary type tends to be more important for the as-received samples and sensitized cold-rolled samples. The microstructure of the attacked surface for CR and CRS is shown in Figure 5c,d.



Previous studies show that the susceptibility of IGC decreases as the degree of cold rolling reduction ratio increases due to the high-volume fraction of LAGB, which is known as having benefits on IGC susceptibility [15,16,17]. Other researches show that the low coincident site lattice (CSL), which is known as a special grain boundary in previous research, can improve the physical properties of the alloy [10,11,15]. Coincident site lattice describes the degree of coincidence of lattice sites on grain boundaries [18]. Further analysis needs to be discussed later how the special grain boundaries affect intergranular corrosion of Al-Mg alloy by adjusting the volume fraction of the grain boundary in the microstructure. The susceptibility of IGC can be controlled by microstructure evolution depending on the manufacturing process.



To understand the corrosion susceptibility of a new Al-Mg sheets with each process, polarization curve tests were conducted on the specimen in 3.5 wt.% of NaCl solutions [11]. Figure 6a represents potentio-dynamic curves for each process, and the summary of (b) corrosion potential (Ecorr) and (c) current density (icorr) results. Corrosion potential represents how the corrosion initiation is sensitive, and the corrosion density results suggest the corrosion rates.



According to the polarization curve in Figure 6, corrosion potential remained irrespective of both the manufacturing process and sensitization heat treatment. Conversely, the current density results are significantly affected by the process. R.K. Gupta et al. states that low-temperature sensitization tends to lead to increasing the volume fraction of anodic β-precipitation, which results in increased current density value [19]. Compared to the results between specimen E and A, which shows the grain size differences, the latter represents slightly higher current density results. This trend also follows in sensitized samples, which is the specimen ES and AS. Small grain size means increasing the distribution of anodic precipitation on the grain boundary. In Al-Mg alloys, the anodic β-Mg2Al3 precipitation preferably tends to form on the grain boundary [20]. The specimen CR shows the lowest current density results compared to specimen E and A before sensitization heat treatment, while CRS shows the highest current density result among the other process. This can be said that heterogeneous nucleation spots, which are caused by plastic deformation during the cold rolling process, can be acted as increasing current density results of the sensitized cold-rolled specimen.



Figure 7 shows that the variation of Vickers hardness with specimen E, ES, CR, CRS, A, and AS. According to the figure below, the hardness results slightly increase in both extruded and annealed specimens during the sensitization heat treatment explained by the precipitation hardening effect. On the contrary, the hardness results of the cold-rolled specimen show different trends because the age softening effect occurs when the specimen is heated in 200 °C for 45 min. As can be seen in Figure 5d, anodic precipitations form on the grain boundary indeed during the sensitization heat treatment, but the age softening effect dominates in the specimen CR so that the hardness results decrease.



Figure 8 shows the mechanical properties of the new Al-Mg6 alloy with each different process. After sensitization heat treatment, mechanical properties between specimen E and A shows similar values. But, as can be expected in the trend of hardness results, age softening effect dominates in cold-rolled specimens over the precipitation hardening effect. Moreover, the yield strength of A is higher than the yield strength of E. This can be explained as the grain size effect based on the Hall-Petch equation [21].




4. Conclusions


In this work, intergranular corrosion (IGC), electrochemical, and mechanical property tests were conducted for a new Al-6Mg alloy with a newly developed process, which is composed of hot extrusion, cold-rolling, and annealing.








	
IGC resistance increases as the grain size decreases for both specimen E and A without sensitization heat treatment. On the other hand, IGC resistance decreases as the grain size increases due to the anodic precipitation formed at the grain boundary continuously during sensitization heat treatment. In cold-rolled states, the mass loss results show the least among the other process in both as-received and sensitization heat treatment.



	
Polarization curve tests were conducted on a sheet made of Al-Mg alloy for each process to evaluate the electrochemical properties in a neutral solution. The corrosion potential results are irrespective of the process, while the corrosion current density, which is closely related to the electrochemical corrosion rates, was increased as the sensitization heat treatment was done. It can be said that the grain size affects the corrosion current density results. Small grain size results in increasing the distribution of anodic precipitation. The sensitized cold-rolled specimen shows the highest results due to the non-homogeneous nucleation spot resulting in increasing the volume fraction of anodic precipitation.



	
Both hardness and tensile results show that the annealed specimen, which has a small grain size, shows higher than extruded samples. There is no such effect on sensitization heat treatment on tensile results between extruded and annealed state, but hardness results show a little bit increased in both conditions. Instead of the precipitate hardening effect, age softening dominates in the sensitized cold-rolled specimen, resulting in decreasing both hardness and tensile results.
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Figure 1. (a) Calculated equilibrium phase fraction as a function of temperature; (b) close inspection of y-axis (weight percent of equilibrium phase fraction as a function of temperature). 
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Figure 2. The microstructure of the extruded AlMg6 alloy with the specimen of (a) E and (b) ES etched by phosphoric acid etchant. The phase with black line in (b) represents the β-Mg2Al3 precipitation. 
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Figure 3. Nitric acid mass loss test (NAMLT) results of E, ES, CR, CRS, A, and AS. 
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Figure 4. Optical micrographs of (a) E, (b) ES, (c) CR, (d) CRS, (e) A, and (f) AS (electro etching). 
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Figure 5. Microstructure of attacked surface by IGC (a) E, (b) ES, (c) CR, (d) CRS, (e) A, and (f) AS, etched by phosphoric acid for 25 min. 
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Figure 6. Electrochemical property test of Al-6Mg alloy for each manufacturing process. (a) Potentiodynamic polarization curve; (b) corrosion potential (c); current density. 






Figure 6. Electrochemical property test of Al-6Mg alloy for each manufacturing process. (a) Potentiodynamic polarization curve; (b) corrosion potential (c); current density.



[image: Metals 11 00445 g006a][image: Metals 11 00445 g006b]







[image: Metals 11 00445 g007 550] 





Figure 7. Vickers hardness results of Al-6Mg alloy for each manufacturing process. 
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Figure 8. Mechanical properties of Al-6Mg alloy with each manufacturing process. 






Figure 8. Mechanical properties of Al-6Mg alloy with each manufacturing process.



[image: Metals 11 00445 g008]







[image: Table] 





Table 1. Detailed manufacturing process of new Al-6Mg alloy.
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	Specimen
	Detailed Manufacturing Process
	Sensitization





	* E
	Extrusion (12 mm)
	-



	* ES
	Extrusion (12 mm)
	200 °C for 45 min



	* CR
	Extrusion (12 mm)→Cold Rolling (6 mm)→Annealing (350 °C for 3 h)→Cold Rolling (1 mm)
	-



	* CRS
	Extrusion (12 mm)→Cold Rolling (6 mm)→Annealing (350 °C for 3 h)→Cold Rolling (1 mm)
	200 °C for 45 min



	* A
	Extrusion (12 mm)→Cold Rolling (6 mm)→Annealing (350 °C for 3 h)→Cold Rolling (1 mm)→Annealing (350 °C for 3 h)
	-



	* AS
	Extrusion (12 mm)→Cold Rolling (6 mm)→Annealing (350 °C for 3 h)→Cold Rolling (1 mm)→Annealing (350 °C for 3 h)
	200 °C for 45 min







* E: extrusion, CR: cold-rolling, A: annealing, ES: extrusion with sensitization heat treatment, CRS: cold-rolling with sensitization heat treatment, AS: annealing with sensitization heat treatment.
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