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Abstract

:

For the purpose of applying a modified 5083 alloy (New 5083M alloy) with high Mg content in various automotive sheet parts, the stretch forming behavior of the 5083M alloy was studied in tensile mode at a wide range of processing conditions. The tensile tests were conducted by using a tensile test machine under the temperature ranges of 100–400 °C and the strain rate ranges of 0.001–1 s−1. The test results showed that the 5083M alloy has superior mechanical properties to that of the commercial 5083 alloy at elevated temperatures. The microstructure before and after the stretch forming was analyzed using optical microscope (OM) equipped with a polarizing filter and electron backscattered diffraction (EBSD) unit. Deformed microstructure was observed under low temperature conditions and dynamic recrystallized microstructure under high temperature conditions. However, regardless of microstructure evolution, developed deformation textures were distributed in orientation distribution functions (ODF) images. In addition, at high temperature and low strain rate condition, complex shaped cavities which were detrimental to mechanical properties appeared at the grain boundary and grain triple junction. Based on the test results data, a constitutive equation predicting the deformation behavior of the 5083M alloy was derived. The calculated curves by the constitutive equation were compared with the measured curves by experiment and agreed well.
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1. Introduction


In recent years, due to the stringent regulations in weight reduction of automotive and the rapid growth of the electric vehicle market, the demand for aluminum alloy sheet is drastically increasing. Aluminum alloys used as structural sheet parts in automotive are mainly 5xxx and 6xxx series alloys. Among them, 5xxx series alloy (Al-Mg alloy) has good mechanical properties, formability, corrosion resistance, and weldability. Therefore, this alloy has usually been used as body-in-white and door-inner panel requiring complex shape [1,2].



One of the main strengthening mechanisms of 5xxx series alloy is solid solution hardening with Mg element [2]. Therefore, if Mg content increases, mechanical properties are improved. Unfortunately, because of the severe oxidation tendency of Mg, which reduces the quality of molten metal during casting, Mg content has been limited to 4.9% or less in commercial 5xxx series alloys. According to a recent study, however, the use of Mg + Al2Ca master alloy in the casting process is effective in reducing oxidation of Mg [3,4,5]. Thanks to this, research on Al-xMg (x > 4.9%) alloys having superior mechanical properties has been actively conducted.



Among the major alloying elements, addition of Mg lowers the stacking fault energy (SFE) of aluminum [6]. Therefore, 5xxx series alloys have lower SFE than pure aluminum. It is generally known that in order to increase strength, a decrease in ductility is inevitable. However, if the SFE is lowered, the deformation mechanism changes from cross-slip to operation of the slip system by dislocation pile-up as the distance between partial dislocations increases [7,8]. Therefore, strength and ductility, which have negative correlation with each other, tend to increase simultaneously. This phenomenon also contributes to better mechanical properties of Al-xMg (x > 4.9%) alloys than that of commercial 5xxx series alloys. In addition, change of SFE has an effect on the recrystallization behavior [9]. In the case of alloys with high SFE, mainly dynamic recovery occurs as dynamic restoration mechanism, but when SFE is lowered, dynamic recrystallization is more dominant. As a result, the addition of more Mg affects not only the mechanical properties but also the microstructure evolution.



One of the important characteristics for using 5xxx series alloys as automotive sheet parts is formability. In general, cold forming of 5xxx series alloys is known to be more difficult than that of steel alloys because of poor plasticity and severe springback at room temperature. To overcome this, research has been focused on forming processes at elevated temperatures. In this forming environment, 5xxx series alloys exhibit improved formability and reduced springback [10,11,12,13].



Until now, there has been a lot of research on forming 5xxx series alloys at elevated temperatures, but most of them have studied the deformation behavior in compression mode. However, since sheet forming and deformation in the tensile mode show similar behavior, tensile tests are often used to predict the sheet formability [14,15,16]. Additionally, the factors (e.g., strain hardening index and strain rate sensitivity exponent), which are known as having a substantial effect on sheet formability, can be obtained from tensile test results. Unfortunately, although there are several studies conducted in the tensile mode, those focused on the superplasticity of 5xxx series alloys with fine grain structure. Consequently, studies on the stretch forming behavior of 5xxx series alloys in tensile mode for commercial grade sheet are needed.



In this article, the stretch forming behavior of Al-xMg (x > 4.9%) alloys was studied in tensile mode for application to various parts of automotive production. This alloy was named as the modified 5083 alloy (5083M alloy) from the 5083 alloy which has the highest Mg content among 5xxx series alloys. Tensile tests are conducted under temperature conditions of 100–400 °C and strain rate conditions of 0.001–1 s−1. In order to confirm the superior mechanical properties of the 5083M alloy, tensile test results were compared with those previously reported for the commercial 5083 alloy. Additionally, microstructure evolution under a wide range of forming conditions was analyzed through optical microscope (OM) and electron backscattered diffraction (EBSD) machine. Finally, for the purpose of applying it to a variety of simulations, a constitutive equation that can predict the deformation behavior of the 5083M alloy was derived from tensile test results data [17].




2. Materials and Methods


Table 1 showed the chemical compositions of the 5083M alloy with the commercial 5083 alloy. The slab of 5083M alloy was cast using high-purity aluminum ingot, Mg master alloy including Al2Ca, which was used for inhibiting Mg oxidation for the quality of molten metal, and Al-Ti mother alloy with induction furnace in the laboratory [18,19]. The slab was homogenized at 430 °C for 24 h to eliminate segregation. Hot rolling was performed from 20 to 8 mm (reduction ratio = 60%) at 430 °C, followed by cold rolling from 8 to 2.8 mm in thickness (reduction ratio = 65%). The roll diameter of the rolling machine was 162 mm and roll speed was 1.7 mpm.



Tensile test specimens with a gauge length of 8 mm, 3 mm in width, and 2.8 mm in thickness were machined along the rolling direction of the 5083M alloy sheet. The gauge length was chosen to be 8 mm to prevent the specimen from going out of the heating zone of the chamber due to high elongation under high temperature conditions. Figure 1 displays the geometry of the tensile test specimen. Tensile tests were carried out by a Shimadzu universal testing machine (AGS-X Series, Shimadzu co., Japan) equipped with an environmental chamber. Test temperatures were selected as 100, 200, 300, and 400 °C. The strain rate conditions were chosen as 0.001, 0.01, 0.1, and 1 s−1 considering quick-plastic forming (0.001–0.1 s−1) and hot stamping (0.1 s−1 or more) process among the sheet forming processes of aluminum alloy [1]. Each condition was tested three times. After the chamber reached the test temperature, the specimen was held isothermally for 20 min in the chamber before the test. The original raw engineering stress–strain data was processed to true stress–strain data for calculating the constitutive equation.



The tested specimen was cut near the gauge section and TD plane was mechanically ground by SiC paper. For observing grain shape and size distribution, the polished specimen was electrolytic etched with Barker’s reagent (5 mL HBF4, 200 mL distilled water) at 25 V for 90 s and observed using OM (MA200, Nikon, Japan) equipped with a polarizing filter. For analyzing inverse pole figure (IPF) map and texture, the polished specimen was electro-polished in solution (2% perchloric acid, 98% ethanol) at −15 °C and 25 V for 15 s using Lectropol-5 electro-polishing machine (Struers, Copenhagen, Denmark). In addition, the polished specimen was etched with Keller etchant (95 mL H2O, 2.5 mL HNO3, 1.5 mL HCl, 0.5 mL HF) for 60 s to observe the shape and distribution of the cavities that appeared during the tests. Furthermore, the etched specimen was observed through QUANTA 200F FE-SEM (FEI, Hillsboro, OR, USA) with EDAX Hikari EBSD detector. Obtained EBSD data was analyzed using EDAX OIM Analysis software.




3. Results and Discussion


3.1. Mechanical Properties


3.1.1. Stress–Strain Curves of the 5083M Alloy in Tension Mode


Figure 2 shows the engineering stress–strain curves of the 5083M alloy for the tensile tests at the range of temperature of 100–400 °C and strain rate of 0.001–1 s−1. The true stress–strain curves given in Figure 3 were calculated from the engineering stress–strain data. From Figure 3, it can be seen that the deformation behavior of the 5083M alloy is sensitive to temperature and strain rate conditions. The deformation behavior at elevated temperature is complicated because the strain hardening effect due to the increase in dislocation density and the softening effect due to the dynamic restoration act in combination. At low temperature and high strain rate conditions, where the strain hardening effect is dominant, dislocation multiplication is faster than dislocation annihilation. Therefore, the strain hardening region was observed before the peak stress point. At intermediate temperature and strain rate conditions where the strain hardening effect and the softening effect are balanced, dislocation multiplication and dislocation annihilation occur at the same rate [20]. Therefore, the steady-state region where the stress is constant as the true strain increases appeared in the true stress–strain curves. At high temperature and low strain rate conditions where the softening effect is dominant, the softening region appeared immediately after the elastic deformation region. This is because not only is dislocation annihilation faster than dislocation multiplication, but dynamic recrystallization where the microstructure changes to remove accumulated energy also occurs. Figure 4 exhibits the effect of temperature and strain rate on peak stress and true strain more simply. From this, it can be seen that the increase in temperature decreases the peak stress and increases the true strain. This is because an increase in temperature increases the mobility of the dislocations, vacancies, and grain boundaries [17]. Additionally, the driving force of dynamic recrystallization increases with increasing temperature. On the other hand, increasing the strain rate increases the peak stress and decreases the true strain. This is because, under high strain rate conditions, the time for the material to deform is short and there is not enough time for the dynamic restoration to occur. Unlike the overall trend, however, it was noted that true strain only decreased under 400 °C and 0.001 s−1 condition. As detailed in Section 3.2.2, this is because defects caused under high temperature and low strain rate conditions appeared at grain boundary and grain triple junction during deformation.




3.1.2. Comparison with the Commercial 5083 Alloy


Figure 5 shows true stress, true strain, and strain rate sensitivity exponents of the 5083M alloy and the commercial 5083 alloys cited in the literature [21,22]. The compared commercial 5083 alloys were selected from commercially available sheets produced in the mass production process. In order to show the mechanical properties level of the 5083M alloy at elevated temperature, it was compared with that of the commercial 5083 alloys. The 5083 alloy is one of the representative 5xxx series alloys and has good mechanical properties among 5xxx series alloys because its Mg content is as high as about 4.9%. Through Figure 5a,b, it can be seen that at elevated temperature, the 5083M alloy shows better mechanical properties than the commercial 5083 alloys in both true stress and true strain. As mentioned in the introduction, it is due to the effect of the stacking fault energy (SFE) as well as the solid-solution hardening. As more and more magnesium is added to aluminum, the SFE of aluminum alloy becomes lower and lower. As the SFE is lowered, the distance between the partial dislocations decomposed from the perfect dislocation increases. This phenomenon makes it difficult for cross slip to occur. Therefore, plastic deformation occurs not by cross slip, but by the operation of the slip system caused by dislocation pile-up. For this reason, when the SFE of the alloy is lowered, not only the strength increases, but also the ductility increases due to the improved potential of uniform deformation [8]. Strain rate sensitivity component (m) of two alloys under the various temperature conditions is compared in Figure 5c (The process of determining the m value of the 5083M alloy will be discussed later in Section 3.3.2). m is an index showing how much a material can resist necking, so it is one of the important material parameters that enables prediction of the formability of a material [23,24]. The graphs showed that the 5083M alloy had a higher m-value at temperatures above 300 °C. This means that the 5083M alloy may have better formability than the commercial 5083 alloy under high temperature conditions. In the case of conditions below 300 °C, however, there are no m-values for the commercial 5083 alloy measured around 100 and 200 °C. Therefore, additional data is required for accurate comparison.





3.2. Metallurgical Evolution


3.2.1. Microstructure of the 5083M Alloy


Figure 6 displays the microstructure of as-cold rolled 5083M alloy before the stretch forming. The optical image shows typical deformed grain structure of as-cold rolled sheet. Elliptical grains were elongated in the rolling direction and subgrain structure like deformation band was observed inside many grains. In addition, there were shear bands which were inclined in the rolling direction and passing through some grains, indicating that the 5083M alloy was severely plastic deformed.



The microstructure photographs taken near the gauge section of tested specimens under the strain rate of 0.001 s−1 and the temperature range of temperature of 100–400 °C are given in Figure 7a–d. Under 100 °C and 200 °C conditions (Figure 7a,b), elliptical grains appeared as in Figure 6, indicating that deformed grain structure remained. The microstructure of 100 °C condition was similar to that of as-cold rolled 5083M alloy in terms of grain size and shape. Under the 200 °C condition, grains were more elongated in the rolling direction. Under 300 °C and 400 °C conditions (Figure 7c,d), however, equiaxed grains were observed instead of elliptical grains. Under 300 °C condition, the microstructure consisted of fine equiaxed grains (~10 μm), which means that dynamic recrystallization occurred during stretch forming. Additionally, it is shown that the vestiges of elliptical grains partially remained as a string of equiaxed grains of similar color. Likewise, equiaxed grains were observed under the 400 °C condition, but the grain size was much larger than that of the 300 °C condition. Through these microstructure photographs, it can be seen that dynamic recrystallization of the 5083M alloy started around the 300 °C condition and grain growth after dynamic recrystallization occurred around the 400 °C condition.



Figure 8 shows EBSD inverse pole figure (IPF) map and image quality (IQ) map images of specimens tested under several stretch forming conditions. For observing the effect of temperature on the dynamic restoration mechanism, the 300 °C condition where dynamic recrystallization of the 5083M alloy starts and the 200 °C condition for comparison were selected. Additionally, for checking the effect of strain rate, the highest strain rate condition of 1 s−1 and the lowest strain rate condition of 0.001 s−1 under 300 °C condition were chosen. As shown in Figure 8b, the microstructure of 200 °C and 0.001 s−1 condition was composed of elongated elliptical grains in Figure 8a. In addition, It was observed that subgrain structure strongly developed in the most grains and deformation bands appeared in some grains. These developed subgrain structure and deformation band indicate that the deformed microstructure generated during cold rolling still remained after stretch forming. The microstructure of 300 °C and 1 s−1 condition in Figure 8b shows different microstructure evolution from that of 200 °C and 0.001 s−1 condition. The shape of grains was close to the equiaxed shape and the size of grains was smaller than that of 200 °C and 0.001 s−1 condition. In the case of 300 °C and 0.001 s−1 condition, the microstructure was composed of very small equiaxed grains, and little subgrain structure was observed inside the grains. Furthermore, the streaks of similar oriented (similar colored) grains appeared in some area. Although dynamic recrystallization was observed in both 300 °C and 1 s−1 condition and 300 °C and 0.001 s−1 condition, the grain size of two conditions was different. This is because the lower the strain rate, the greater the degree to which recrystallization occurs under the same temperature condition. For this reason, the microstructure deformed at a lower strain rate condition has a finer grain structure [25,26].



Figure 9 shows orientation distribution functions (ODF) sections images at φ2 = 0°, 45°, and 65° where typical deformation and recrystallization textures distribution of aluminum alloys is observed. Through the ODF images, it was found that the texture distribution of three conditions was similar to each other although texture intensity was different. The 200 °C and 0.001 s−1 condition (Figure 9a), which had a typical deformed microstructure in Figure 8a, showed developed β-fiber textures (S, copper, and brass texture), which are representative deformation textures of aluminum alloys [27,28]. However, the 300 °C and 1 s−1 condition (Figure 9b) and 300 °C and 0.001 s−1 condition (Figure 9c) that exhibited the recrystallized microstructure in Figure 8b,c also showed developed deformation textures similar to the 200 °C and 0.001 s−1 condition. The texture intensity of the two conditions was weakened compared to the 200 °C and 0.001 s−1 condition and the recrystallization texture partially appeared. The phenomenon that deformation texture remains even after dynamic recrystallization and the phenomenon that the vestiges of elliptical deformed grains are found in the recrystallized microstructure mainly occur in alloys whose dynamic recrystallization mechanism is geometric dynamic recrystallization (GDRX). Unlike discontinuous dynamic recrystallization (DDRX), which is caused by a nucleation stage and a grain growth stage, GDRX is generated by the movement of grain boundaries. Therefore, deformation texture is maintained even after recrystallization and streaks composed of similar oriented fine grains were observed in recrystallized microstructure [9,20].




3.2.2. Cavities


Figure 10 displays the cavities which appeared during stretch forming under high temperature and low strain rate conditions. It is noted that in the microstructure of the 300 °C and 0.001 s−1 condition (Figure 10a) and the 400 °C and 0.01 s−1 condition (Figure 10b), the cavities were arranged in a line along the rolling direction. In the case of the 400 °C and 0.001 s−1 condition (Figure 10c), however, not only small cavities arranged in a row, but also cavities with complex shape were randomly distributed. Through the etched microstructure image of the 400 °C and 0.001 s−1 condition shown in Figure 11, it can be seen that the cavities with complex shape were distributed at the grain boundary and grain triple junction. It is known that cavities arranged in a row are caused by the concentration of stress around particles lying along the rolling direction [29,30]. On the other hand, cavities with complex shape appeared due to a different reason. It is generally known that grain boundary sliding operates as a deformation mechanism for aluminum alloys under high temperature and low strain rate conditions [1,31,32]. As the grain boundaries slide during deformation, space is created in the grain boundary and grain triple junction. These spaces appear as cavities with complex shapes as shown in Figure 11 [30,33]. For this reason, the cavities were observed at grain boundaries and grain triple junctions in the microstructure of the 400 °C and 0.001 s−1 condition. These cavities have a detrimental effect on mechanical properties. The cause of the true strain reduction under the 400 °C and 0.001 s−1 condition mentioned in Section 3.1.1 can be explained by the cavities observed in the microstructure.





3.3. Constitutive Equation


There are some methods to express the phenomenon that flow stress increases as strain increases due to the strain hardening effect with a constitutive equation. In the most commonly known equation, flow stress is described as the relationship between the true strain and the strain hardening index as follows:


  σ =  ε n   



(1)







Based on this formula, Fields and Backofen designed a new equation to take the effect of temperature and strain rate on deformation behavior into account [17].


  σ = K  ε n    ε ˙  m   



(2)




where, K is the strength coefficient, n is the strain hardening index, and m is the strain rate sensitivity exponent. The strain hardening index and strain rate sensitivity exponent are meaningful factors, which can be gained from tensile test result, to make it possible to indirectly estimate the formability of sheets [34]. In this article, the flow stress–strain curves of the 5083M alloy were analyzed through this Fields–Backofen equation for the purpose of predicting the deformation behavior of the 5083M alloy.



3.3.1. n-Value


Linear regression of true stress–strain data was conducted to derive strain hardening index n from Equation (2) according to:


  n =       d log σ   d log ε    |     ε ˙  , T    



(3)







A variation of n-value as a function of various strain rates and temperature conditions is given in Figure 12. The n-value showed the linear relationship with logarithmic strain rate and the reciprocal of temperature. According to this relationship, an equation was obtained: [34,35]


  n = A log  ε ˙  + B / T    ( K )  + C  



(4)







At a fixed temperature, the n-value can be expressed as Equation (5).


  n = A log  ε ˙  + D  



(5)







The parameter A is the slope of lines in the n-  log  ε ˙    graph in Figure 12a. Table 2 shows values of A at different deformation temperatures. From Table 2, mean value of A can be obtained as 0.03265. The parameter D can be calculated as Equation (6) from Equations (4) and (5).


  D = B / T    ( K )  + C  



(6)







In Equation (6), parameter B is the slope of lines and parameter C is the y-axis intercept of the lines in the D-1/T graph. The relationship between parameter D and the reciprocal of temperature was plotted in Figure 13. The values of B and C are shown in Table 3. From Table 3, mean value of B and C can be calculated as 182.38930 and −0.22647, respectively. In conclusion, the  n -value according to various temperatures and strain rates can be expressed as one equation as follows:


  n = − 0.22647 + 0.03265 log  ε ˙  + 182.38930 / T  












3.3.2. m-Value


Generally, the strain rate sensitivity exponent m is obtained through separate tests like strain change test under various temperatures and strain rates [36]. In this study, however, m-values were calculated from true stress–strain data by the formula derived from Equation (2) as follows:


  m =       d log σ   d log  ε ˙     |    ε , T    



(7)







Figure 14 shows the variation of logarithmic true stress against logarithmic strain rate at different temperatures. True stress values were selected at true strain of 0.1, 0.14, and 0.18 under respective test conditions. It is noted that at same temperature,   log σ  −  log  ε ˙    plots display the linear relationship. The slopes of the lines in Figure 14 represent m-values at each temperature. Table 4 shows the m-values of the 5083M alloy at 100 °C, 200 °C, 300 °C, and 400 °C. From Table 4, It is can be seen that the m-value increases with increasing temperature. The relationship between m-value and temperature was plotted by polynomial fitting in Figure 15. The equation expressing the relationship between m-value and temperature is as follows:


  m = 0.00484 − 4.11753 ⋅   10   − 4   ⋅ T + 1.08375 ⋅   10  6  ⋅  T 2   



(8)








3.3.3. K-Value


The relationship of the strength coefficient K with strain rate and temperature can be seen in Figure 16. R on the Figure 16 is correlation coefficients showing the relationship between two variables. Similar to the n-value, K-value also shows the linear relationship with logarithmic strain rate and the reciprocal of temperature. Therefore, K-value can be expressed as follows.


  K = A log  ε ˙  + B / T  ( K )  + C  



(9)







In the same procedure as n-value, the parameter A can be derived from in the K-  log   ε ˙     graph in Figure 16a. Table 5 exhibits values of A at respective deformation temperatures. Calculated mean A value was 25.89153. Using Equation (6), the parameters B and C can be gained from the D-1/T graph given in Figure 17. Table 6 shows values of B and C at different strain rate conditions. From Table 6, mean values of B and C were obtained as 4.98590 and −576.42960. Therefore, the equation calculated for K-value is as follows.


  K = − 576.42960 + 25.89153 log  ε ˙  + 4.98580 / T  



(10)








3.3.4. Validation of the Constitutive Equation


Through the above procedures, the equations expressing the deformation behavior of the 5083M alloy were calculated based on the Field–Backofen equation as follows.


   {          σ = K  ε n    ε ˙  m          n = − 0.22647 + 0.03265 log  ε ˙  + 182.38930 / T         m = 0.00484 − 4.11753 ⋅   10   − 4   ⋅ T + 1.08375 ⋅   10  6  ⋅  T 2            K = − 576.42960 + 25.89153 log  ε ˙  + 4.98580 / T          



(11)







Figure 18 displays the predicted flow stress–strain curves calculated from Equation (11) with the measured flow stress–strain curves from experiments. Due to limitation of the Field–Backofen equation which is based on deformation mechanism controlled by dislocation glide, the calculated curves did not predict the softening region where deformation occurs by the mechanism controlled by dislocation climb [37]. Therefore, calculated curves mainly predicted the strain hardening region of measured curves dominated by dislocation glide well. For evaluating the constitutive equation, the coefficient of determination (   R 2   ), which is one of the statistical methods, was calculated. The    R 2   -value has a value between 0 and 1. The closer the    R 2   -value is to 1, the higher the accuracy of the calculated curve. The coefficient of determination is expressed by the following equation.


   R 2  =    (      ∑   i = 1  N   (   E i  −  E ¯   )   (   P i  −  P ¯   )      ∑   i = 1  N     (   E i  −  E ¯   )   2    ∑   i = 1  N     (   P i  −  P ¯   )   2     )   2   



(12)




where    E i    is the experimental stress and    P i    is the calculated stress.   E ¯   and   P ¯   are the mean values. Figure 19 shows    R 2   -values at respective deformation conditions during the uniform plastic deformation region. From Figure 19, it can be seen that the calculated curves agreed well with the measured curves in low temperature and high strain rate conditions, but not in high temperature and low strain rate conditions.






4. Conclusions


	
The 5083M alloy showed a tendency of decreasing peak stress and increasing true strain with increasing temperature and decreasing strain rate. Compared with the commercial 5083 alloy, the 5083M alloy had higher strength and ductility at elevated temperatures. The strain rate sensitivity exponent of the 5083M alloy was also higher, so it is predicted to have better formability.



	
In the 5083M alloy, dynamic recrystallization occurred under the deformation temperature condition of 300 °C or higher, and dynamic restoration occurred by dynamic recovery (DRV) at temperatures below that. At the lowest strain rate condition among the 300 °C conditions, it was observed that the fine equiaxed grains were uniformly distributed, and that the deformation texture remained regardless of the fully recrystallized microstructure.



	
After the stretch forming at 400 °C and 0.001 s−1 condition, cavities with complex shapes were observed at grain boundaries and grain triple junctions. These cavities were formed by grain boundary sliding which operates as deformation mechanism under the high temperature and low strain rate conditions. As a result, the formation of the cavities resulted in a decrease in ductility under the 400 °C and 0.001 s−1 condition.



	
From the results of stretch forming conducted under various process conditions, a constitutive equation for predicting the deformation behavior of the 5083M alloy was derived. The calculated curves were in good agreement with the measured curves in low temperature and high strain rate conditions. However, due to the limitation of the Field–Backofen equation, the strain hardening region was predicted well, but the softening region was not. Future work needs to be done for predicting the softening region using the modified Fields–Backofen equation containing softening parameters.



	
The superior mechanical properties of the 5083M alloy over the commercial 5083 alloy may provide more effective weight reduction in the automotive industry. In addition, the better ductility will make it possible to apply the 5083M alloy to more complex shaped parts such as inner panels of moving modules (e.g., door, hood, trunk lid, etc.).
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Figure 1. (a) Geometry and (b) picture of the tensile specimen (length unit: mm) (TD = Transverse Direction, RD = Rolling Direction). 
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Figure 2. Engineering stress–strain curves of the 5083M alloy at temperatures of 100–400 °C and at the strain rates of (a) 1 s−1, (b) 0.1 s−1, (c) 0.01 s−1, and (d) 0.001 s−1 with the picture of tested specimens (100 °C, 200 °C, 300 °C, and 400 °C conditions from the top). 
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Figure 3. Flow stress–strain curves of the 5083M alloy at temperature of 100–400 °C and at the strain rate of (a) 1 s−1, (b) 0.1 s−1, (c) 0.01 s−1, and (d) 0.001 s−1. 
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Figure 4. Variation of (a) peak stress and (b) true strain with the deformation temperature at different strain rate conditions. 
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Figure 5. Comparison of mechanical properties and strain rate sensitivity exponent of the 5083M alloy with commercial 5083 alloys under the strain rate condition of 0.1 s−1. (a) True strain, (b) true stress, and (c) strain rate sensitivity exponent (m-value). 
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Figure 6. Polarized optical image of as-cold rolled 5083M alloy. 
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Figure 7. Polarized optical images of specimens tested at 0.001 s−1 and (a) 100 °C, (b) 200 °C, (c) 300 °C, and (d) 400 °C. 
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Figure 8. Electron backscattered diffraction (EBSD) inverse pole figure (IPF) maps and overlapped image quality (IQ) map (top left, black line–high angle grain boundaries, blue line–low angle grain boundaries) of specimens tested at (a) 200 °C and 0.001 s−1, (b) 300 °C and 1 s−1, and (c) 300 °C and 0.001 s−1. (ND = Normal Direction). 
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Figure 9. Orientation distribution functions (ODF) images of specimens tested at (a) 200 °C and 0.001 s−1, (b) 300 °C and 1 s−1, and (c) 300 °C and 0.001 s−1. 
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Figure 10. Cavity distribution of specimens tested at (a) 300 °C and 0.001 s−1, (b) 400 °C and 0.01 s−1, and (c) 400 °C and 0.001 s−1. 
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Figure 11. Etched microstructure of specimen tested at 400 °C and 0.001 s−1. 






Figure 11. Etched microstructure of specimen tested at 400 °C and 0.001 s−1.



[image: Metals 11 00410 g011]







[image: Metals 11 00410 g012 550] 





Figure 12. Relationship between n-value and (a) logarithmic strain rate and (b) reciprocal of temperature. 
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Figure 13. Relationship between parameter D and reciprocal of temperature. 
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Figure 14. Relationship between logarithmic true stress and logarithmic strain rate. 
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Figure 15. Relationship between m-value and temperature. 
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Figure 16. Relationship between K-value and (a) logarithmic strain rate and (b) reciprocal of temperature. 
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Figure 17. Relationship between parameter D and reciprocal of temperature. 
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Figure 18. Comparison between calculated and experimented flow stress–strain curves at temperature of 100–400 °C and at the strain rate of (a) 1 s−1, (b) 0.1 s−1, (c) 0.01 s−1, and (d) 0.001 s−1. (the dotted lines are calculated curves). 
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Figure 19.    R 2   -values at different deformation conditions. 
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Table 1. Chemical compositions of the 5083M alloy and commercial 5083 alloy.
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	Alloy
	Si
	Fe
	Mg
	Ti
	Al





	5083M alloy
	0.1
	0.2
	6.0
	0.01
	Bal.



	Commercial 5083 alloy
	0.4–0.7
	0.4
	4.0–4.9
	0.15
	Bal.
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Table 2. Values of A at different deformation temperature.
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	Temperature (°C)
	A





	100
	0.00146



	200
	0.03768



	300
	0.08190



	400
	0.00328
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Table 3. Values of B and C at different strain rate conditions.
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	Strain Rate (s–1)
	B
	C





	1
	106.53624
	−0.06496



	0.1
	217.12627
	−0.30150



	0.01
	189.16917
	−0.22690



	0.001
	216.72551
	−0.31252
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Table 4. m-values of the 5083M alloy at temperatures of 100–400 °C.
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	Temperature (°C)
	m-Value





	100
	0.00239



	200
	0.05147



	300
	0.12580



	400
	0.21823
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Table 5. Values of A at different deformation temperature.
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	Temperature (°C)
	A





	100
	52.35672



	200
	31.06404



	300
	11.31608



	400
	8.82928
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Table 6. Values of B and C at different strain rate conditions.
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	Strain Rate (s–1)
	B
	C





	1
	559,474.49203
	−710.28342



	0.1
	510,270.09992
	−587.19311



	0.01
	486,071.28817
	−541.91309



	0.001
	438,505.99469
	−466.32879
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