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Abstract

:

A hot compression test of new Al-6Mg and Al-8Mg alloys was conducted to understand the dynamic recrystallization (DRX) behavior by Mg contents. To investigate the hot workability of Al-Mg with high Mg contents, the hot deformation behavior of Al-6Mg and Al-8Mg alloys was analyzed by a hot compression test in the temperature range of 300–450 °C, and the strain rate range of 10−3–100/s. Subsequently, high-temperature deformation behavior was investigated through the processing map and microstructure observation. In this study, the results have shown that, as the Mg contents increase, the maximum and yield strength increase while rapid flow softening after the peak strain has been observed due to accelerated dynamic recrystallization (DRX). Finally, the increase of Mg contents affects an increase of heat dissipation efficiency to be an indicator of regular deformation.
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1. Introduction


Since the last century, many researchers have investigated a method to improve the fuel efficiency of the automotive industry. In order to improve the fuel efficiency, the weight reduction of vehicles has been considered as one of the methods. Al alloys are considered good substitutes for conventional materials, such as steel, due to its much lighter weight. Specifically, 5xxx series (Al-Mg) alloys have decent properties for structural materials [1,2]. For example, Al-Mg alloys have high strength, corrosion resistance, ductility, and lightweight. As the early stage of weight reduction research for the vehicle, cast parts such as engine blocks in automobiles were replaced first. Gradually, the substitution has been expanded to other parts such as bumpers, hoods, fenders, roofs, and doors [3,4]. However, Al-Mg alloys typically exhibit relatively poor formability than steel because of their plastic anisotropy, high stacking fault energy, and negative strain rate sensitivity (nSRS), which causes instability during low temperature deformation [5,6,7]. High Mg content in Al alloys is not easily fabricated by conventional manufacturing processes because of their accelerated oxidation rate and high deformation resistance at elevated temperatures. Furthermore, in general, Mg solutes in Al-Mg alloys are distributed not uniformly, so that the strain anisotropy occurs [8,9]. In order to overcome these difficulties, several Al-Mg with high Mg hot working technics have been investigated in past years [10,11,12]. Nevertheless, the optimum hot working conditions of Al-6Mg and Al-8Mg have not been investigated and discussed sufficiently.



Hot deformation behavior of metals is determined by several parameters, such as temperature, strain rate, deformation mode, and flow stress [13,14,15]. In addition, as suggested by Prasad et al. [16], the heat dissipation efficiency is the ratio of the energy consumed for material deformation over the total input energy during the deformation. Comprehensively, Prasad has proposed that the heat dissipation efficiency does not significantly change with the strain. However, as the amount of thermal restoration, like dynamic recovery and dynamic recrystallization, varies with the strain level. The flow behavior can be changed during hot working processes. The Mg content effect also needs to be considered to interpret the hot working properties of Al-Mg alloys. Therefore, the two different Al-6Mg and Al-8Mg alloys are investigated in this study.



In particular, the hot deformation behavior of the two Al-Mg alloys is estimated by analyzing flow curves, heat dissipation efficiency, and microstructures. The processing map derived by flow stress-strain curves is used to obtain the heat dissipation efficiency. Then, in order to interpret the flow data and processing map, the microstructure of each deformed alloy is observed by an optical microscope (OM) and electrical backscattered diffraction (EBSD).




2. Materials and Methods


2.1. Manufacturing Al Alloys for Specimens


In this study, the Al-Mg binary alloys (6, 8 wt% Mg) were cast as 7-inch billets by the direct chill casting method. In this casting method, Mg-Al2Ca ingots, which show outstanding oxidation resistance when replacing conventional Mg ingots to fabricate Al-Mg alloys, were used, and these alloys were cast in a 5-ton scale using mass production equipment. The chemical composition of all alloys investigated in this study was analyzed by a spark optical emission spectroscopy (SPECTROMAXx, Spectro, Ameteck, Berwyn, PA, USA) and the chemical data are given in Table 1. The as-cast billets were homogenized by a two-step heat treatment: first 420 °C for 8 h, and then 490 °C for 8 h.




2.2. Compressive Test


Compressive tests of Al-6Mg and Al-8Mg alloys were conducted to estimate their hot workabilities. The specimens for compressive tests were 15 mm in height and 10 mm in gauge radius. The Gleeble 3500 (Dynamic Systems Inc., Poestenkill, NY, USA) was utilized for this compressive test. The hot compressive tests were performed at several high temperatures (300, 350, 400, and 450 °C) and various strain rates (10−3, 10−2, 10−1, and 100/s). Strain was used by calculating the engineering strain obtained by measuring between anvils as the true strain. Flow curves in this study were given as the plot between true stress and true strain. Compression tests were finished when the total engineering strain reaches 0.6 (the same as 0.9 in the true strain). The heating rate was set to 10 °C/s. Then, the furnace temperature was maintained for 180 s to obtain the temperature homogeneity over the whole sample and the furnace. Additionally, the reproducibility of data was checked by repeating the same experiments at least three times. The original hot compression data were modified by compensating adiabatic deformation heating to remove the effect of excessive flow softening.




2.3. Observing Microstructure


Optical microscope (OM, MA 200, Nikon, Japan) is used to observe the microstructure of as-cast billet and deformed specimens by a compressive test. The microstructure observation by using OM is conducted after electro-etching samples with Barker’s reagent (5 mL HBF4, 200 mL distilled water) under a condition of 25 V for 70 s at room temperature by using a Lectropol 5 machine (Struers, Kobenhavn, Denmark). In order to evaluate not only macro scale microstructures, but also sub-micron scale microstructures, such as dislocations, stored energy, and restoration, the EBSD method is applied by using the Field emission scanning electron microscope (FE-SEM, QUANTA 200F, FEI, Hillsboro, OR, USA). A sufficiently large area (at least larger than 1 mm × 1 mm) was observed in those OM and EBSD analyses to secure the reliability of data. The obtained EBSD data was analyzed using TSL OIM software (EDAX-AMETEK, Berwyn, PA, USA). The FE-SEM sample preparation was performed by polishing samples with SiC papers (from #800 to #4000), and then electro-polished under the condition of 35 V for 30–60 s at −20 °C in 2% perchloric acid based on an ethanol solvent.





3. Results


3.1. Flow Stress-Strain Curves Behavior


Figure 1 shows flow stress-strain curves of Al-6Mg and Al-8Mg alloys at various strain rates and temperatures. As the temperature increases, and strain rate decreases, the flow stress decreases. When the two Al-Mg alloys are compared at the same working condition, as the Mg contents increases, the peak stress increases. However, in Figure 1, when the compressive test is conducted at the temperatures above 350 °C in the range of low strains, the flow stress drop occurs. Beyond the peak strain, the increase in stress is not shown, but the stress does not change or decrease. Moreover, in the Al-8Mg alloy (higher Mg content), this phenomenon becomes more evident than the Al-6Mg alloy.




3.2. Processing Maps


The compressive test results are analyzed using the dynamic materials model suggested by Prasad [16]. This model proposes a power dissipation factor (η), which can help evaluate the energy conversion efficiency of deformed specimens. Under the hot deformation conditions, the input power to the specimens can be described as a sum of G and J. G is the term representing the energy conversion into heat and J is the dissipated energy contributing to microstructural change [17,18].


  P = G + J =   ∫  0 ε  σ d  ε ˙  +   ∫  0 α    ε ˙  d σ   



(1)




where σ is the flow stress, έ is the strain rate, ε is the strain, and α is an exponent. The strain rate sensitivity can be adopted by m, which is derived from the relationship between G and J.


  m =   d J   d G   =     ε d σ  ˙   σ   



(2)







G and J are derived and expressed by the stress, strain, strain rate, and m value.


  G =   ∫  0  ε ˙   σ d  ε ˙  =   σ  ε ˙    1 + m    



(3)






  J =   ∫  0 σ  ε d σ =   m σ  ε ˙    1 + m    



(4)







In the ideal condition of maximum power dissipation, m is 1, and the maximum value of J is half of P. Therefore, η, which is the power dissipation efficiency, is defined by Equation (5). This equation means the dissipated energy efficiency. In other words, since the η value is high, the conducted power is well distributed, and the hot deformation is stable.


  η =  J   J  m a x     =   2 m   m + 1    



(5)







Ziegler has researched the stability of material in hot deformation, and suggested the equation that expresses the stability region [19].


    d J   d  ε ˙    >  J  ε ˙     o r     d ln J   d ln  ε ˙    > 1  



(6)







Using Equations (1), (4) and (6), the Ziegler parameter (ξ), which indicates the stability of plasticity, is defined below.


  ln J = ln  (   m  m + 1    )  + ln σ + ln  ε ˙   



(7)






    d ln J   d ln  ε ˙    =   d ln  (  m / m + 1  )    d ln  ε ˙    +   d ln σ   d ln  ε ˙    + 1  



(8)






  ξ  (  ε ˙  )  =   ∂ ln ( m / m + 1 )   ∂ ln  ε ˙    + m > 0  



(9)







Figure 2 plots several processing maps of Al-6Mg and Al-8Mg of this study, which describe η and ξ distribution. In Figure 2a,b, both Al-6Mg and Al-8Mg show the highest power dissipation efficiency at 400 °C and 10−3/s. When focusing on the Mg content effect, the maximum η value appears higher in the Al-8Mg (Figure 2b) than the Al-6Mg (Figure 2a). Not only the maximum η value, the η values in Figure 2b are generally larger than those in Figure 2a under the same hot working conditions. In both Al-8Mg and Al-6Mg processing maps, the power dissipation efficiency typically improved by increasing the deformation temperature and by decreasing the strain rate. The area covered by the blue dashes represents the plastic instability region where ξ maintains the negative value, and the other non-dashed areas indicate where ξ is positive. The results in Figure 2 may indicate that the flow stability in the Al-Mg alloy can be improved by adding more Mg content in the Al alloys since the dashed area is smaller in Figure 2a,b.




3.3. Microstructure


Figure 3 is the polarized OM and EBSD observation results of the microstructure after homogenization of the two alloys (non-deformed). In both alloys, equiaxed grains are observed. The average grain size measured using EBSD and the values are 155.02 ± 49.34 μm for Al-6Mg and 125.75 ± 35.10 μm for Al-8Mg. Figure 4 shows the deformed microstructures of Al-6Mg (Figure 4a,c) and those of Al-8Mg (Figure 4b,d) at 300 °C, 100/s, where the plastic instability occurred, and 400 °C and 10−3/s, where the η values are the highest in the processing maps in Figure 2. In the hot working condition of 300 °C, 100/s, in both alloys (Figure 4a,b), shear bands are developed as the form of narrow bands. Moreover, while only the deformation band is observed inside the grain in Al-6Mg, whereas, in Al-8Mg, not only deformation bands formation inside the grain, but also some recrystallizations at grain boundaries are found. Now, in Figure 4c,d, the microstructures where the highest η value is obtained in both alloys are given. It is observed that dynamic recrystallization is formed at 400 °C and 10−3/s, where the energy dissipation efficiency is high in the two Al-Mg alloys.



Figure 5 shows several kernel average misorientation (KAM) maps of Al-6Mg (Figure 5a,b) and Al-8Mg (Figure 5c,d). Similar to Figure 4, the KAM maps under the instability region are given in Figure 5a,c for Al-6Mg and Al-8Mg alloys, respectively. The KAM maps of maximum η conditions are suggested in Figure 5b for Al-6Mg and Figure 5d for Al-8Mg. In Figure 5a,c, it is clearly shown that the high local strain is present inside grains of both Al-6Mg and Al-8Mg alloys. This suggests that dynamic restoration rarely occurred under the instability condition in both alloys. When the two different Al-Mg alloys are compared, in this instability region, no remarkable difference is found in the KAM maps. The KAM maps under the highest η value conditions show the evidently smaller local strain (or absence of local strains) inside grains, as present in Figure 5b (Al-6Mg) and 5d (Al-8Mg). The dynamic recrystallization behavior observed in Figure 4c,d can provide one plausible explanation for this low local strain distribution in Figure 5b,d. When the two Al-Mg alloys are compared in the maximum power dissipation efficiency region, it appears that Al-8Mg may have some wider local strain area, where green local strains are widely observed. However, as the deformation temperature increases and the strain rate decreases, it is shown that grains of a relatively similar size are uniformly distributed, and it is clear that the gradient of the KAM value is relatively decreased. However, the higher the Mg content is, the less the decrease in the gradient of the KAM value is when observed by comparing Figure 5b,d. Remarkably, in Figure 5d, it is observed that a portion with a high KAM value is concentrated inside a specific grain. However, such a phenomenon is not observed in Figure 5b.



Figure 6 and Table 2 show the grain orientation spread (GOS) map and results for each compression condition. GOS is a value obtained by averaging the orientation difference between adjacent EBSD data points in one identical grain, so that it can provide local strain information like the case of KAM data in Figure 5. In other words, the GOS value represents the degree of average dispersion of the misorientation within one grain [20,21]. Therefore, some low GOS values can be obtained if some restoration, such as recrystallization and recovery, occurred in the chosen grain. In order to calculate GOS, it is required to determine individual grain boundaries, and, in this study, 15° is set to the misorientation to define a grain boundary. As the compression conditions changed from 300 °C, 100/s to 400°C, 10−3/s, the average GOS value of Al-6Mg decreased from 1.724 to 0.582. Additionally, in the case of Al-8Mg, the average GOS value decreased from 1.631 to 1.08 in the two deformation conditions. Moreover, the fraction of low GOS region (GOS < 3°) increases from 0.031 to 0.231 in the Al-6Mg by changing from the instability region to the highest η region. In the case of Al-8Mg alloy, the fraction where GOS < 3° increases from 0.026 (instability region) to 0.278 (maximum η region).





4. Discussion


In Figure 1, generally, as the processing temperature increases, the stress decreases. This phenomenon is generally shown in material processing because the dislocation glide becomes easier at higher temperatures and lower stresses [22,23,24]. The easy dislocation glide enables the energy required for deformation to be lower as the flow softening behavior occurs. After yielding, at a high temperature (upper than 350 °C), the softening of flow stress is shown, whether Mg contents are 6 or 8Mg, as present in Figure 4 and Figure 6. Dynamic recrystallization may explain this flow stress drop in the flow curves in Figure 1. As Mg contents increase, this phenomenon becomes evident, which can be partially supported by the higher low GOS fraction area in Al-8Mg in Table 2. The Mg content in Al alloys seems to be deeply related to dynamic recrystallization (DRX) mechanisms. The increase in Mg contents in Al alloys not only leads to the strengthening of Al alloys by a solid-solution strengthening mechanism, but it appears to accelerate the DRX rate [25].



The effect of Mg content on recrystallization can also be observed on the processing map (Figure 2). The power dissipation efficiency is an indicator of whether the input energy is adequately converted to material deformation or microstructure evolution. In general, as DRX is activated, the power dissipation efficiency increases by consuming strain localization, or stored strain energies in the material [15,26,27]. Therefore, it is anticipated that the efficiency generally increases by increasing hot working temperatures as dynamic restoration is expedited at elevated temperatures. In addition, there is a general tendency that reduction in the power dissipation efficiency is promoted by non-uniform deformation under faster strain rate conditions, as present in Figure 2 and Figure 4 with the deformation band formations.



Furthermore, as shown in Figure 4, the amount of DRX is larger in the Al-8Mg alloy than the Al-6Mg alloy under the maximum η condition. This phenomenon may influence the change in energy dissipation efficiency and the development in the instability region in the processing map. The processing maps show the highest processing efficiency between 350–400 °C in the two alloys with the evolution of dynamic recrystallization.



The DRX behavior appears to affect the flow behavior of Al-Mg alloys at elevated temperatures. First, the DRX evolution was observed in the 400 °C deformed samples by using OM and EBSD (Figure 4c,d and Figure 6b,d). However, no evidence of DRX formation was shown in the compression tested samples at 300 °C (Figure 4a,b and Figure 6a,c). With coincident to these results, while the 300 °C flow curves in Figure 1 did not exhibit a peak stress and subsequent flow drop, the 400 °C flow curves showed some flow drop after the peak strain. Additionally, the degree of flow drop was larger in the Al-8Mg than in the Al-6Mg at temperatures above 400 °C. This suggests a considerable energy absorption that occurred in the 400 °C deformed samples to initiate DRX, whereas DRX was rarely activated in the 300 °C tested samples. The stored energy absorption during the compression tests at 400 °C is also clearly shown in the KAM maps in Figure 5.



The GOS maps support this argument as well (Figure 6 and Table 2). Specifically, the fraction of the low GOS value area is much larger in the 400 °C conditions when compared to the 300 °C conditions. Since the GOS value indicates the degree of local micro-strains inside each grain, it has been generally accepted that the low GOS value area (below 2° or 3°) represents the restored region by recovery and recrystallization. In other words, it may simply say that the low GOS value area indicates the DRX fraction of the deformed samples in Figure 6. Therefore, in Table 2, the DRX was formed slightly more in Al-8Mg than in Al-6Mg at 400 °C. However, when the 300 °C data of the two Al-Mg alloys are compared in Table 2, it is noted that both the average GOS value and the low GOS fraction were comparable between the two different Al-Mg alloys at 300 °C. This may suggest that the Mg content effect is not important for microstructure evolution in Al-Mg alloys when the deformation condition does not allow DRX to be activated. In the DRX activated region (400 °C deformation condition) in Table 2, the average GOS value was higher in the Al-8Mg alloy than the Al-6Mg alloy, which proposes that the generated local micro-strain remains more in the higher Mg-contained Al alloy after the hot deformation despite its larger DRX fraction. It is believed that dynamic recovery becomes substantial as the Mg content decrease in Al-Mg alloys, so that faster local strain reduction occurs in the low-Mg level Al alloy.



Hence, in hot deformation of Al-Mg alloys, the Mg content seems to have opposite effects on the dynamic restoration behaviors, namely dynamic recovery and dynamic recrystallization under hot working conditions where dynamic restoration mechanisms are activated. Since Mg solutes in the Al matrix hinder the movements of dislocations and let strain energies be accumulated easily, the degree of stored energy more rapidly increases by adding more Mg content in Al alloys [28]. This expedited energy storage leads to the faster DRX formation. However, since dislocation movements are disturbed by Mg atoms, the decrease of Mg content in the Al matrix appears to provoke a mutual interaction between dislocations, such as dislocation annihilation, so that dynamic recovery becomes dominant as the Mg content decreases.




5. Conclusions


In this study, the high-temperature compression behaviors of new Al-Mg alloys with high Mg content (Al-6Mg and Al-8Mg) were investigated through processing maps and a microstructure observation. These findings led to the following conclusions.



	
The flow curves show that the maximum strength increased as the Mg content increased. In addition, a rapid softening behavior of flow stress was observed after the yield point at a temperature of 350 °C or higher. Dynamic recrystallization may explain this phenomenon.



	
According to the results of the processing maps, it is observed that, as the Mg content increases, the maximum power dissipation efficiency increases, whereas the plastic instability region area decreases. The level of power dissipation efficiency increases with the activation of dynamic restoration, especially dynamic recrystallization (DRX). It appears that the inhomogeneous deformation is suppressed by the acceleration of DRX in the Mg content under the dynamic restoration-activated conditions. Deformation band formation is evident in the region where the plastic instability occurs with a low power dissipation efficiency.



	
The kernel average misorientation map visually indicates that the remaining local strain is much smaller in the maximum power dissipation condition than the low condition in both Al-6Mg and Al-8Mg alloys. The accumulated local strains during hot deformation of the maximum efficiency region appears to lead to the DRX formation.



	
In a grain misorientation spread (GOS) analysis, both the average GOS value and the low GOS value fraction (<3°) are used. While the Mg content does not affect the microstructure evolution when dynamic restorations are not activated, it seems that the higher Mg concentration in Al-Mg alloy boosts the DRX rate and retards dynamic recovery by inhibiting dislocation movements.



	
Further research needs to be done by comparing the plastic deformation behavior and processing map results for each temperature and strain rate domain to reach high reliability in mass-scale products. This research might help design lightweight automotive components, such as aluminum forged parts (such as arm, rod, knuckle, axle, etc.).










Author Contributions


Conceptualization, N.-S.K. and B.-H.K.; methodology, N.-S.K.; software, N.-S.K., S.-Y.Y.; validation, K.-H.C., S.-Y.Y.; formal analysis, N.-S.K., S.-Y.Y., and B.-H.K.; investigation, N.-S.K.; resources, N.-S.K., Y.-O.Y., B.-H.K., and S.K.K.; data curation, N.-S.K., S.-Y.Y.; writing—original draft preparation, N.-S.K.; writing—review and editing, S.-H.H., Y.-O.Y., and H.-K.L.; visualization, N.-S.K.; supervision, S.K.K., S.-K.H.; project administration, B.-H.K.; funding acquisition, S.K.K. All authors have read and agreed to the published version of the manuscript.




Funding


The APC was funded by Korea Institute of Industrial Technology, Internal Budget.




Data Availability Statement


Data available in a publicly accessible repository.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wen, W.; Zhao, Y.; Morris, J.G. The Effect of Mg Precipitation on the Mechanical Properties of 5xxx Aluminum Alloys. Mater. Sci. Eng. A 2005, 392, 136–144. [Google Scholar] [CrossRef]

	



Milovanoff, A.; Kim, H.C.; De Kleine, R.; Wallington, T.J.; Posen, I.D.; MacLean, H.L. A Dynamic Fleet Model of U.S Light-Duty Vehicle Lightweighting and Associated Greenhouse Gas Emissions from 2016 to 2050. Environ. Sci. Technol. 2019, 53, 2199–2208. [Google Scholar] [CrossRef]

	



Cantor, B.; Grant, P.; Johnston, C. Automotive Engineering: Lightweight, Functional, and Novel Materials; CRC Press: Boca Raton, FL, USA, 2008; ISBN 9781420011906. [Google Scholar]

	



Shore, D.; Kestens, L.A.I.; Sidor, J.; Van Houtte, P.; Van Bael, A. Process Parameter Influence on Texture Heterogeneity in Asymmetric Rolling of Aluminium Sheet Alloys. Int. J. Mater. Form. 2018, 11, 297–309. [Google Scholar] [CrossRef]

	



Verdier, M.; Janecek, M.; Bréchet, Y.; Guyot, P. Microstructural Evolution during Recovery in Al–2.5% Mg Alloys. Mater. Sci. Eng. A 1998, 248, 187–197. [Google Scholar] [CrossRef]

	



Curtin, W.A.; Olmsted, D.L.; Hector, L.G. A Predictive Mechanism for Dynamic Strain Ageing in Aluminium–Magnesium Alloys. Nat. Mater. 2006, 5, 875–880. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, H.H.; Vu, H.C. Forming Limit Prediction of Anisotropic Aluminum Magnesium Alloy Sheet AA5052-H32 Using Micromechanical Damage Model. J. Mater. Eng. Perform. 2020, 29, 4677–4691. [Google Scholar] [CrossRef]

	



Feng, F.; Li, J.; Chen, R.; Yuan, P.; Su, H.; Zhang, Q.; Huang, P.; Zheng, Z. Effect of Die Geometry on the Formability of 5052 Aluminum Alloy in Electromagnetic Impaction Deformation. Materials 2018, 11, 1379. [Google Scholar] [CrossRef]

	



Silva, M.P.; Talbot, D.E.J. Oxidation of Liquid Aluminum—Magnesium Alloys. In Essential Readings in Light Metals: Cast Shop for Aluminum Production; Grandfield, J.F., Eskin, D.G., Eds.; Springer International Publishing: Cham, Switzerland, 2016; Volume 3, pp. 137–142. ISBN 9783319482286. [Google Scholar]

	



Ha, S.-H.; Yoon, Y.-O.; Kim, B.-H.; Lee, T.-W.; Lim, S.-H.; Kim, S.K. Precipitation of Oxide Particles in Surface Mixed Layer of Al–Mg Alloys with a Trace of Ca During Oxidation. J. Nanosci. Nanotechnol. 2017, 17, 8232–8235. [Google Scholar] [CrossRef]

	



Kim, B.-H.; Ha, S.-H.; Yoon, Y.-O.; Lim, H.-K.; Kim, S.K.; Kim, D.-H. Effect of Ca Addition on Selective Oxidation of Al3Mg2 Phase in Al-5 mass% Mg Alloy. Mater. Lett. 2018, 228, 108–111. [Google Scholar] [CrossRef]

	



Ha, S.-H.; Yoon, Y.-O.; Kim, B.-H.; Lim, H.-K.; Lee, T.-W.; Lim, S.-H.; Kim, S.K. Oxide Scale Behavior and Surface Protection of Al–Mg Alloys Containing a Trace of Ca. Int. J. Met. 2019, 13, 121–129. [Google Scholar] [CrossRef]

	



Jenab, A.; Karimi Taheri, A. Experimental Investigation of the Hot Deformation Behavior of AA7075: Development and Comparison of Flow Localization Parameter and Dynamic Material Model Processing Maps. Int. J. Mech. Sci. 2014, 78, 97–105. [Google Scholar] [CrossRef]

	



Jin, N.; Zhang, H.; Han, Y.; Wu, W.; Chen, J. Hot Deformation Behavior of 7150 Aluminum Alloy during Compression at Elevated Temperature. Mater. Charact. 2009, 60, 530–536. [Google Scholar] [CrossRef]

	



Ding, S.; Khan, S.A.; Yanagimoto, J. Flow Behavior and Dynamic Recrystallization Mechanism of A5083 Aluminum Alloys with Different Initial Microstructures during Hot Compression. Mater. Sci. Eng. A 2020, 787, 139522. [Google Scholar] [CrossRef]

	



Prasad, Y.V.R.K.; Gegel, H.L.; Doraivelu, S.M.; Malas, J.C.; Morgan, J.T.; Lark, K.A.; Barker, D.R. Modeling of Dynamic Material Behavior in Hot Deformation: Forging of Ti-6242. Metall. Trans. A 1984, 15, 1883–1892. [Google Scholar] [CrossRef]

	



Malas, J.C.; Seetharaman, V. Using Material Behavior Models to Develop Process Control Strategies. JOM 1992, 44, 8–13. [Google Scholar] [CrossRef]

	



Ravichandran, N.; Prasad, Y.V.R.K. Dynamic Recrystallization during Hot Deformation of Aluminum: A Study Using Processing Maps. Metall. Trans. A 1991, 22, 2339–2348. [Google Scholar] [CrossRef]

	



Ziegler, H. Progress in Solid Mechanics; Springer: Berlin/Heidelberg, Germany, 1963; pp. 63–193. [Google Scholar]

	



Field, D.P.; Bradford, L.T.; Nowell, M.M.; Lillo, T.M. The Role of Annealing Twins during Recrystallization of Cu. Acta Mater. 2007, 55, 4233–4241. [Google Scholar] [CrossRef]

	



Shen, X.; Song, W.; Sevsek, S.; Ma, Y.; Hüter, C.; Spatschek, R.; Bleck, W. Influence of Microstructural Morphology on Hydrogen Embrittlement in a Medium-Mn Steel Fe-12Mn-3Al-0.05C. Metals 2019, 9, 929. [Google Scholar] [CrossRef]

	



Sakai, T.; Belyakov, A.; Kaibyshev, R.; Miura, H.; Jonas, J.J. Dynamic and Post-Dynamic Recrystallization under Hot, Cold and Severe Plastic Deformation Conditions. Prog. Mater. Sci. 2014, 60, 130–207. [Google Scholar] [CrossRef]

	



Valdes-Tabernero, M.A.; Sancho-Cadenas, R.; Sabirov, I.; Murashkin, M.Y.; Ovid’ko, I.A.; Galvez, F. Effect of SPD Processing on Mechanical Behavior and Dynamic Strain Aging of an Al-Mg Alloy in Various Deformation Modes and Wide Strain Rate Range. Mater. Sci. Eng. A 2017, 696, 348–359. [Google Scholar] [CrossRef]

	



Kaibyshev, R.; Musin, F.; Lesuer, D.R.; Nieh, T.G. Superplastic Behavior of an Al–Mg Alloy at Elevated Temperatures. Mater. Sci. Eng. A 2003, 342, 169–177. [Google Scholar] [CrossRef]

	



Rupp, R.E.; Weldon, A.J.; Watt, T.J.; Perez-Bustamante, R.; Takata, K.; Taleff, E.M. Recrystallization in Al-Mg Alloys after Hot Compression. In Light Metals; Williams, E., Ed.; Springer International Publishing: Cham, Switzerland, 2016; pp. 163–167. ISBN 9783319482514. [Google Scholar]

	



Miura, H.; Sakai, T.; Hamaji, H.; Jonas, J.J. Preferential Nucleation of Dynamic Recrystallization at Triple Junctions. Scr. Mater. 2004, 50, 65–69. [Google Scholar] [CrossRef]

	



Zhou, P.; Deng, L.; Zhang, M.; Gong, P.; Wang, X. Characterization of Hot Workability of 5052 Aluminum Alloy Based on Activation Energy-Processing Map. J. Mater. Eng. Perform. 2019, 28, 6209–6218. [Google Scholar] [CrossRef]

	



Du, N.; Qi, Y.; Krajewski, P.E.; Bower, A.F. The Effect of Solute Atoms on Aluminum Grain Boundary Sliding at Elevated Temperature. Metall. Mater. Trans. A 2011, 42, 651–659. [Google Scholar] [CrossRef]








[image: Metals 11 00288 g001 550] 





Figure 1. Flow curves of (a–d) Al-6Mg and (e–h) Al-8Mg obtained various temperatures and strain rates. 
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Figure 2. Processing map of (a) Al-6Mg and (b) Al-8Mg with 0.2 of a strain. The dashed area represents the instability region. 
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Figure 3. Grain structure of homogenized initial microstructure for (a) Al-6Mg, (b) Al-8Mg by an optical microscope, and (c)Al-6Mg, and (d)Al-8Mg by an EBSD IPF map. 
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Figure 4. Optical micrographs of the as hot compressed microstructures in the (a) Al-6Mg and (b) Al-8Mg of 300 °C–100/s and (c) Al-6Mg and (d) Al-8Mg of 400 °C–10−3/s at a strain of 0.8. 
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Figure 5. KAM maps of the (a) Al-6Mg, 300 °C, 100/s, (b) Al-6Mg, 400 °C, 10−3/s, (c) Al-8Mg, 300 °C, 100/s, (d) Al-8Mg, 400 °C, 10−3/s. 
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Figure 6. GOS maps of the (a) Al-6Mg, 300 °C, 100/s, (b) Al-6Mg, 400 °C, 10−3/s, (c) Al-8Mg, 300 °C, 100/s, and (d) Al-8Mg, 400 °C, 10−3/s. The green grains have average GOS under 3°. 
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Table 1. Chemical composition (wt%) of Al-6Mg and Al-8Mg.
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	Alloy
	Mg
	Ti
	Ca
	Al





	Al-6Mg
	6.22
	0.03
	0.06
	Bal.



	Al-8Mg
	7.82
	0.03
	0.08
	Bal.
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Table 2. Grain orientation spread value for each compression condition.
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	Process Conditions
	GOS Value
	GOS < 3° Fraction





	(a) Al-6Mg, 300 °C, 100/s
	1.724
	0.031



	(b) Al-6Mg, 400 °C, 10−3/s
	0.582
	0.231



	(c) Al-8Mg, 300 °C, 100/s
	1.631
	0.026



	(d) Al-8Mg, 400 °C, 10−3/s
	1.080
	0.278
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