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An Al-6Mg-0.4Mn-0.14Sc-0.12Zr alloy with a low Sc content was developed. The mechanical properties and corrosion resistance of the Al-6Mg-0.4Mn-0.14Sc-0.12Zr alloy cold rolling plate which annealed at different temperatures were studied and discussed. Based on OM, SEM, EDS, and TEM techniques, the influence of annealing temperature on the microstructure of the alloy was studied. An Sc-free alloy was also developed as the control group. A comparison between the Sc-containing alloy and the control group was carried out on the mechanical properties and the microstructural characteristics for different processing conditions. In conclusion, when increasing annealing temperature, the corrosion resistance decreases first, and then increases. When annealed at 200°C for 2 h, Al3Mg2 phase is precipitated continuously along the grain boundary, leading to the lowest corrosion resistance. When annealed at 350°C for 2 h, the Al3Mg2 phase is not observed along the grain boundary, leading to a relatively high corrosion resistance. Moreover, the effective pinning of the grain boundaries by Al3(Sc,Zr) particles constrains the recrystallization. As a result, a preferable combination performance of the Sc-containing alloy cold rolling plate can be obtained with the tensile strength of 437 MPa, the yield strength of 318 MPa, the elongation of 14.8%, and the corrosion resistance of 0.029 mm·a−1. The research findings provide theoretical and experimental support for the industrial production of Al-Mg-Mn-Sc-Zr alloys with low Sc content.
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INTRODUCTION

Al-Mg series alloys have advantages, such as a high specific strength, good weldability, and good formability. Therefore, they are widely used in applications of aerospace, automobiles, vessels, etc. (Vargel et al., 2004; Polmear, 2005; Yong-yi et al., 2011; Gupta et al., 2012). Typically, increasing the Mg content improves the strength of Al-Mg alloys (Davis, 2001; Vargel et al., 2004; Polmear, 2005; Gupta et al., 2012). Whereas, there is a limitation for the alloys with a high Mg content. The tensile strength of the alloys gets close to a saturation point, about 440 MPa, in high Mg content of 7 wt% (Hua and Yue-e, 2001). Moreover, the corrosion resistance of the alloy decreases as the Mg content increases. The Al-Mg alloy with 7 wt% Mg content suffers from a low corrosion resistance. Besides, Al-Mg alloys with a high Mg content have a softening issue during annealing process. Some studies verified that Al-Mg alloys with a low Mg content (Mg ≤ 3.5wt%) had superior formability and corrosion resistance, which provided a new way for their development.

It was found that a small amount of Sc and Zr content could dramatically increase the overall performance of the alloys compared with that of the traditional alloys containing only Al and Mg (Pan et al., 2001; Yang et al., 2010; Chen et al., 2012a; Jia et al., 2012). The reason is that Sc and Zr contents not only improve the as-cast microstructure of the alloy, but also increases the recrystallization temperature of the alloy and enhances its sub-grain strengthening. Therefore, new Al-Mg-Sc-Zr series alloys have a higher strength and wider application prospect than the traditional Al-Mg alloys. The research on the processing technologies of Al-Mg-Sc-Zr series alloys has become popular recently (Nie et al., 2008; Du et al., 2010; Zhang et al., 2014; Huang et al., 2015; Vlach et al., 2017a,b; Yan and Hodge, 2017).

In recent years, properties, precipitation characteristics, and strengthening and toughening mechanisms of Al-Mg-Sc-Zr alloys were studied. The characteristics of Al3(Sc,Zr) particles were presented and the strengthening method of Al-Mg series alloys was also illustrated (Nie et al., 2008; Du et al., 2010; Chen et al., 2012b; Vlach et al., 2012, 2015, 2017a,b, 2018; Meng et al., 2013; Buranova et al., 2017; Yan and Hodge, 2017). However, more research should be done on the influence of annealing temperature on both the mechanical properties and corrosion resistance of the Al-Mg-Sc-Zr alloy with low Sc content cold rolling plate and their correlation to their microstructures.

In this research, an Al-6Mg-0.4Mn-0.14Sc-0.12Zr (in mass fraction) alloy was casted with a low Sc (0.14 wt%) content. First, the microstructure of the Al-6Mg-0.4Mn-0.14Sc-0.12Zr alloy under cold rolling conditions was studied. Second, mechanical properties and corrosion resistance were tested on the alloy samples compared with those of the control group, Sc-free alloy, at different annealing temperatures. Their microstructural characterizations were also compared. The influence of Al3(Sc,Zr) and Al3Mg2 particles on the microstructure of the alloy at different annealing temperatures were studied. The research findings provided theoretical and experimental support for the industrial production of Al-Mg-Mn-Sc-Zr alloys with low Sc content.



MATERIALS AND EXPERIMENT PROCEDURE

Two compositions of Al-Mg alloys were casted and tested. The Al-6Mg-0.4Mn-0.14Sc-0.12Zr alloy (Sc-containing alloy) was the main studying material and the Al-6Mg-0.4Mn-0.12Zr alloy (Sc-free alloy) was the control group. In order to simulate industrial casting conditions, large oblate ingots of the alloys were casted in sizes of 300 × 1,500 × 5,000 mm. The ingots were treated by homogenization process and processed by hot rolling. As a result, thick alloy plates were obtained. They were further processed by multi-pass cold rolling to 3.5 mm plates with a 75% cold rolling reduction ratio. The chemical composition of the Sc-containing alloy was tested by photoelectricity spectroscopy, as shown in Table 1.


Table 1. Chemical composition of the casted Sc-containing alloy (wt. %).
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The samples in dimensions of 3.5 × 300 × 300 mm were cut from the large rolling plates of the alloys. Annealing processes were conducted in a Nabertherm furnace. Annealing temperatures of 200, 280, 320, 350, 420, and 550°C and an annealing time of 2 h were selected for annealing of each cold rolled samples. The mechanical properties and microstructures of the prepared samples with two compositions were also tested at different annealing temperatures. The corrosion resistance of the Sc-containing alloy samples was also tested at different annealing temperatures.

An OLYMPUS DSX500 optical microscope (OM) and Tecnai G2 F20 ST transmission electron microscope (TEM) were used to observe and analyze the microstructural characteristics for cold rolled specimens at different annealing temperatures. A scanning electron microscope (SEM) with energy disperse spectroscopy (EDS) capability was also used.

The annealing specimens were grounded, polished, degreased by acetone, rinsed by distilled water, and air dried. The non-working surfaces were sealed by epoxy resin. The polarization curve was tested by an IM6ex electrochemical workstation. The three electrode system was used. Saturated calomel electrode was the reference electrode. The specimen was working electrode. Platinum plate was another working electrode. 3.5% NaCl neutral solution was chosen as the electrolyte.

Intergranular corrosion resistance was tested using ASTMG67 standard. Specific preparation procedure of the specimens was as follow: Cuboid specimens were cut from annealing plates. The dimension of the specimen was 50 mm in rolling direction, 6 mm in width direction, and the thickness of the rolling plate was 3.5 mm. Three specimens were tested for each annealing condition. Before testing, all the cutting surfaces of the specimens were grounded. The specimens were rinsed with distilled water. Subsequently, the specimens were dipped in 3.5% NaOH solution at a temperature of 80°C for 1 min and submerged in high concentration nitric acid for 30 s. Then, the specimens were rinsed with distilled water, dried, and weighed. After the preparation procedure, specimens were submerged in 72% high concentration nitric acid at a temperature of 30°C for 24 h and weighed subsequently.



RESULTS


Mechanical Properties of Sc-Containing and Sc-Free Alloys

Figure 1 presents the influence of annealing temperature on the mechanical properties of the Sc-free alloy and the Sc-containing alloy. As shown in Figure 1A, when increasing the annealing temperature of both the two alloys, the tensile strength and yield strength decreases and the elongation increases. Moreover, at the same annealing temperature (including the cold rolling sample), the tensile strength and yield strength of the Sc-containing alloy are much higher than those of the Sc-free alloy. Besides, when even annealed at a high temperature of 350°C, a relatively high tensile and yield strength of the Sc-containing alloy remained at a relatively high level, which are also much higher than those of the Sc-free alloy. Therefore, adding small amounts of the Sc element effectively increases the strength of the alloy even when annealed at relatively high temperatures. In summary, comprehensively considering the strength and elongation of the alloy, the annealing process of 350°C/2 h is appropriate for the Sc-containing alloy. The tensile strength of 437 MPa and the yield strength of 318 MPa are obtained. Its elongation reaches 14.8%.


[image: Figure 1]
FIGURE 1. Influence of annealing temperature on mechanical properties of Sc-free alloy and Sc-containing alloy. (A) Tensile and yield strengths. (B) Elongation.




Microstructural Observations of Sc-Containing and Sc-Free Alloys

Figure 2 presents the microstructures of the cold rolling plates of both the Sc-free alloy and the Sc-containing alloys annealed at temperatures of 200, 350, and 420°C. The microstructure of the cold rolled Sc-free alloy specimen shows a typical straight fibrous deformation structure, as shown in Figure 2A. In contrast, the microstructure of the cold rolled Sc-containing alloy specimen exhibits a curved fibrous deformation structure, as shown in Figure 2B. The most frequently-occurring directions of the fibrous structures are in angles of 45 or 135° with respect to the rolling direction. These directions are matched well with the typical shear band direction.


[image: Figure 2]
FIGURE 2. Microstructures of the cold rolling plates of the Sc-free alloy and Sc-containing alloy annealed at different temperatures. (A) Sc-free, cold rolled; (B) Sc-containing, cold rolled; (C) Sc-free, 200°C anneal; (D) Sc-containing, 200°C anneal; (E) Sc-free, 350°C anneal; (F) Sc-containing, 350°C anneal; (G) Sc-free, 420°C anneal; (H) Sc-containing, 420°C anneal.


For the Sc-free alloy annealed at a temperature of 200°C for 2 h, some recrystallized grains are clearly observed between the fibrous deformed grains, as shown in Figure 2C. For the Sc-free alloy annealed at a temperature of 350°C for 2 h, the fibrous deformed grains are broadened. The recrystallized grains are also distributed in the microstructure, as shown in Figure 2E. For the Sc-free alloy annealed at 420°C for 2 h, the original fibrous structures are completely consumed by equiaxed recrystallized grains. Some extremely coarse grains are observed, as shown in Figure 2G. However, for Sc-containing alloys annealed at temperatures of 200, 350, and 420°C, the fibrous structures and the shear bands can be observed distinctly. The only small difference is that the fibrous deformed structures are slightly coarsened with increasing annealing temperature, as shown in Figures 2D,F,H. It is verified that a substantial recrystallization does not occur in the microstructures of Sc-containing alloys annealed at temperatures of 200, 350, 420°C.



Intergranular Corrosion Resistance of Sc-Containing Alloy

Figure 3 shows the intergranular corrosion resistance of the Sc-containing alloy annealed at different temperatures using the weight loss method. The cold rolling sample and the samples annealed at temperatures above 280°C have good intergranular corrosion resistance. Their weight losses are <15 mg/mm2. These samples are not sensitive to intergranular corrosion. However, the intergranular corrosion resistance of the alloy reaches the lowest value when annealed at a temperature of 200°C for 2 h. The weight loss of the specimen is around 50 mg/mm2. As the weight loss of the specimen is above 25 mg/mm2, the annealing process of 200°C/2 h is in the sensitive area of the intergranular corrosion.


[image: Figure 3]
FIGURE 3. The intergranular corrosion of the Sc-containing alloy annealed at different temperatures (including cold rolling sample) using the weight loss method.


As shown in Figure 4, polarization curves of the Sc-containing alloy at different annealing temperatures are presented. The polarization corelated parameters listed in Table 2 are obtained from fitting results of the specimens annealed at different temperatures. The corrosion rates in Table 2 are calculated from Equation (1) Cao, 2008:

[image: image]

where, Jcorr is self-corrosion current density from fitting results (μA·cm−2); M is relative atomic mass of aluminum, M = 27; n is the valence of aluminum; and ρ is the density of aluminum, ρ = 2.74 g/cm2.


[image: Figure 4]
FIGURE 4. Polarization curves of the Sc-containing alloy annealed at different temperatures.



Table 2. Fitting results of the polarization curves of the Sc-containing alloy samples annealed at different temperatures.
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As shown in Table 2, when increasing annealing temperature, corrosion potential increases first, and then decreases. When annealed at a temperature of 200°C, the corrosion rate increases to the highest value, 0.486 mm·a−1. When further increasing annealing temperature, the corrosion rate decreases. When annealing temperature increases to 320°C, the annealed specimen has a high corrosion resistance, with the corrosion rate decreasing to 0.029 mm·a−1 and the corrosion potential increasing to −0.858 V.



TEM Observation of the Sc-Containing Alloy

TEM images of the cold rolling sample and the samples annealed at temperatures of 350 and 550°C are shown in Figure 5. Figure 5A shows that high density dislocations are generated under large deformation by the cold rolling process. Dislocation cells are formed by dislocation tangling. When annealed at a temperature of 350°C, the sub-grains are formed by the polygonization process, as shown in Figure 5B. When annealed at a temperature of 550°C, sub-grains are observed in local regions of the microstructure, as shown in Figure 5C. The sub-grains are pinned by dispersedly distributed sphere-shaped particles, Al3(Sc,Zr) (Vlach et al., 2012; Meng et al., 2013; Buranova et al., 2017), as shown in Figure 5D.


[image: Figure 5]
FIGURE 5. TEM images of the Sc-containing alloy annealed at different temperatures. (A) Cold rolling; (B) Annealed at 350°C for 2 h; (C) and (D) Annealed at 550°C for 2 h.


Figure 6 shows the HAADF image from TEM and EDS analysis of the cold rolling plates at an annealing process of 200°C/2 h. The phase that was interruptedly distributed along the grain boundary is analyzed by EDS, which is confirmed to be a Mn-rich phase, as shown in Figures 6F,H. The phase that distributed continuously along the grain boundary is tested by map scanning. The result shows that it is a Mg-rich phase, as shown in Figures 6B–D. Combined with their morphology features from the literature (Ding et al., 2020), the phase that distributed interruptedly along the grain boundary is Al6Mn phase. The phase distributed continuously along the grain boundary is Al3Mg2 (β) phase. Due to a large amount of Al3Mg2 phase distributed along the grain boundary at an annealing process of 200°C/2 h, the intergranular corrosion resistance of the alloy decreases significantly. Besides, the nano-scale sphere-shaped Sc-rich particle is also found close to the grain boundary, as shown in Figure 6E.


[image: Figure 6]
FIGURE 6. HAADF image from TEM and EDS analysis of the Sc-containing cold rolling plates annealed at 200°C for 2 h. (A) HAADF image; (B) zoom in image; (C) detection of Al by map scanning; (D) detection of Mg by map scanning; (E) detection of Sc by map scanning; (F) zoom in image; (G) EDS analysis.


At an annealing process of 200°C/2 h, a large amount of Al3Mg2 (β) phase is precipitated continuously along the grain boundary, as shown in Figure 6A. However, at an annealing process of 350°C/2 h, β phase is not observed and the grain boundary is clear without the continuously distributed phase, as shown in Figure 7. Whereas, the small sphere-shaped particles are distinctly observed in Figure 7. As is shown in Figure 5D, these small sphere-shaped particles are confirmed to be Al3(Sc,Zr) phase (Vlach et al., 2012; Meng et al., 2013; Buranova et al., 2017). As is known, dispersedly distributed Al3(Sc,Zr) particles play the key role of pinning sites to constrain the dislocation slip and grain boundary migration, as shown in Figures 7A,B. As a result, at relatively high annealing temperatures, such as 350°C, the alloy (Sc-containing alloy) still has relatively high tensile strength, as shown in Figure 1A.


[image: Figure 7]
FIGURE 7. HAADF images of the Sc-containing alloy cold rolling plate annealed at 350°C for 2 h. (A) pinning dislocation; (B) pinning grain boundary.





DISCUSSION


The Influence of Annealing Temperature on the Mechanical Properties of the Sc-Containing Alloy

As shown in Figure 5A, during cold rolling, high density dislocation tangling structures can be observed in the TEM image. The reason is that a mass of nano-scaled sphere-shaped Al3(Sc,Zr) particles are dispersed with a size of around 20 nm in the matrix. These large numbers of particles impede dislocation slip. Hence, during the cold rolling process, the work hardening of the alloy plate is obtained, increasing the strength (Du et al., 2010; Vlach et al., 2017a). However, the elongation of the alloy is decreased to 6.6%. Whereas, when increasing annealing temperature, recovery and recrystallization mechanisms occur in deformed microstructure. The tensile strength and yield strength of the alloy decreases, while elongation increases. It is interesting that a mass of Al3(Sc,Zr) particles are dispersed in the matrix. The coherent boundary energy between Al3(Sc,Zr) particles and matrix is low. Thus, these coherent boundaries are stable. As a result, Al3(Sc,Zr) particles can impede dislocation slip and effectively pin the sub-boundary and grain boundary (Vlach et al., 2012; Meng et al., 2013; Buranova et al., 2017). It is difficult for grains to grow even when annealed at high temperatures, as shown in Figure 5C. The dispersedly distributed Al3(Sc,Zr) particles decreases softening rate while recrystallization occurs during the annealing process. In sum, a superior combination of the tensile strength of 437 MPa, the yield strength of 318 MPa, and the elongation of 15% is obtained when annealed at 350°C for 2 h.



The Influence of Annealing Temperature on Intergranular Corrosion Resistance of the Sc-Containing Alloy

The driving force of the corrosion electrochemistry of the alloy is the potential difference between the grain boundary and the matrix of the grain. The chemical potential of the precipitation is different from that of the matrix and depleted zone near the grain boundary. The grain boundary contains defects, impurities, and high concentrations of alloying elements. Hence, the grain boundary is more active than that of the matrix, resulting in its more negative electrode potential. In general, the matrix is considered as the cathode and the grain boundary is considered as the anode. A microbattery system is formed and the intergranular corrosion occurs.

The phases of α(Al), β(Mg2Al3), Al6Mn, and Al3(Sc,Zr) are presented in the alloy, as shown in Figures 5D, 6C–G. As β phase is distributed along the grain boundary, the intergranular corrosion is developing along the grain boundary. Due to the higher electric potential of β phase than that of the Al-Mg-Mn alloy matrix, β phase can be resolved in a corrosive medium in the first place. The corrosion situation of the alloy in a corrosive solution mainly depends on the distribution, size, and amount of β phase (Wang et al., 2012).

Research has verified that an Al alloy with Mg content no more than 3.5% does not exhibit thin layers of intergranular precipitation networks annealed at any temperatures after cold rolling process (Brown, 1972). According to the Al-Mg binary phase diagram, at 200°C, the saturation solubility of Mg in α solid solution is 3.1%. Below 200°C, the saturation solubility of Mg is 3.0%. However, for a high Al-Mg alloy, such as the alloy (6.0% Mg) in this research, thin layers of β phase can be precipitated along the grain boundary during storing for 2–4 years or 200°C/2h annealing. Interestingly, when the alloy with a high Mg content is annealed higher than 280°C, β phase is not observed along the grain boundary. Therefore, the issue of the intergranular β phase precipitation can be resolved.




CONCLUSIONS

(1) An Al-6Mg-0.4Mn-0.14Sc-0.12Zr alloy with a low Sc content is developed. During the cold rolling process of the alloy, a large amount of shear bands is formed. The dislocation density is high in the local shear band region.

(2) At the same annealing temperature, the tensile strength and yield strength of the Sc-containing alloy are much higher than those of the control group, the Sc-free alloy. Adding small amounts of Sc element effectively increases the strength of the annealed alloy.

(3) When increasing the annealing temperature, the strength of the alloy plate slightly decreases and its elongation increases. Nano-sized Al3(Sc,Zr) particles, which are dispersedly precipitated in the matrix, hinder the dislocation slip and the grain boundary migration, and hence, impede recrystallization, leading to the significant increase of recrystallization temperature of the cold rolling plate.

(4) When increasing annealing temperature, the corrosion resistance decreases first, and then increases. When annealed at 200°C for 2 h, Al3Mg2 (β) phase is precipitated continuously along the grain boundary, leading to a potential difference between β phase and the matrix. The lowest corrosion resistance is obtained. When annealed at 350°C for 2 h, the Al3Mg2 phase is not observed along the grain boundary, leading to a relatively high corrosion resistance. Only the Al3(Sc,Zr) particles dispersedly precipitated in the matrix are observed.

(5) When the Al-6Mg-0.4Mn-0.14Sc-0.12Zr alloy cold rolling plate is annealed at 350°C for 2 h, the best combination performance can be obtained with the tensile strength of 437 MPa, the yield strength of 318 MPa, the elongation of 14.8%, and the corrosion resistance of 0.029 mm·a−1. The research findings provide theoretical and experimental support for the industrial production of the Al-Mg-Mn-Sc-Zr alloy with a low Sc content.
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