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Abstract

:

Magnesium-6 wt.% aluminum (Mg-6Al) alloy plates with a 6-millimeter thickness were processed from an initial 12-millimeter thickness by differential speed rolling (DSR), with a 0.76-millimeter thickness reduction per pass using a speed ratio of 2, preheating temperature of 315 °C, and roll temperature of 265 °C. The effects of annealing temperature of 250, 275, and 300 °C with a corresponding holding time of 15 min on the microstructure, texture, and mechanical properties were investigated. Key results show that dynamic recrystallization (DRX) occurred during the roll processing, resulting in a greatly reduced grain size. In addition, the basal pole of the as-rolled plate was inclined to the rolling direction (RD) by ~20°, due to the shear strain introduced during DSR. Subsequent annealing caused grain growth, eliminated the basal pole inclination towards the RD, and slightly increased the pole intensity. Compared with the as-rolled plate, the average of the ultimate tensile strength (UTS) and the yield strength (YS) of the annealed plates decreased, while the average elongation at fracture (εf) increased. With the annealing temperature of 275 °C, the plate achieved a good combination of mechanical properties with UTS, YS, and εf being 292.1 MPa, 185.0 MPa, and 24.9%, respectively. These results suggest that post-roll annealing is an effective way to improve the mechanical response of this Mg alloy processed by DSR.
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1. Introduction


Magnesium (Mg) alloys have a great potential for use as structural materials, particularly in automotive and aerospace industrial applications, owing to their low density and high specific strength [1,2]. However, due to the hexagonal close-packed (HCP) crystal structure, wrought Mg alloys exhibit poor formability at room temperature. Currently, their formability can be greatly enhanced through grain refinement and texture control with proper thermoplastic deformation processing, such as extrusion [3], equal channel angular extrusion (ECAE) [4], equal speed rolling (ESR), and differential speed rolling (DSR) [5,6,7]. DSR is carried out at different rotational speeds for the upper and lower rolls, so that a shear strain can be introduced during the thickness reduction process, leading to different inclinations of the basal pole of the processed plate material from those processed by conventional rolling [8], thus enhancing their formability [9,10].



Generally, the DSR method is used in materials’ processing to impart high-strength through grain refinement and to control the as-deformed texture [11]. Kim et al. [12] revealed that in copper, a sub-micrometer grain size of 820 nm could be achieved after a 65% thickness reduction using single-pass rolling via DSR with a speed ratio of 3. Gong et al. [13] reported that for ZK60 alloys, the elongation of a DSR-processed plate with a speed ratio of 1.5 was 69.2% higher than that of an ESR-processed plate. Huang et al. [14] obtained a superior combination of high strength (tensile strength: 329 MPa) and high ductility (fracture elongation: 25%) in DSR-processed AZ80 alloy plates, which was much improved compared to the case of ESR-processed equivalents under the same thickness reduction per pass. In recent years, extensive works on various Mg alloys, especially those containing Al and Zn additions—e.g., AZ31 [9,15,16,17], AZ91 [18], AM31 [19,20], and ZK60 [21,22,23] alloys—demonstrated that DSR processing has a great impact on the texture and mechanical properties of these materials. It was established that a basal texture weakening effect with higher speed ratios was attributed to extensive tension twinning that occurred during DSR processing, which was not found in ESR materials. Consequently, DSR-processed Mg alloy plates are characterized not only by more refined microstructures but also by exceptionally high strengths combined with enhanced plasticity [24]. Therefore, DSR processing is considered to be one of the most effective techniques for the processing of Mg materials.



However, through such plastic deformation processing, the as-processed Mg alloy plates will still have general issues, such as a non-homogeneous microstructure, internal stresses, or strain hardening, which will considerably influence the subsequent processing steps. Post-annealing treatment is a commonly used way to release the residual stresses and reduce the work-hardening capacity by static recrystallization. Studies on AZ31 by Qing et al. [25] and Kim et al. [26] showed that the fracture elongation of the annealed plates was 52.1% higher than that of the as-rolled plate. Chen and Yang et al. [27,28] reported that enhanced ductility can be obtained through control of the annealing temperature and holding time. Yoshihara et al. [29] showed that careful selection of the appropriate annealing conditions was beneficial in eliminating the internal stresses and decreasing work-hardening, finally resulting in the improved formability of Mg alloys.



The aim of this paper was to investigate the effect of different annealing temperatures on the microstructure, texture evolution, and mechanical properties of the DSR-processed Mg-6Al alloy plates. The results will help to elucidate key aspects of the deformation process and to understand how much improvement in mechanical properties for the materials processed by DSR could be obtained after optimized heat treatment.




2. Materials and Methods


The Mg-6Al (wt. %) alloy used in this study was fabricated by melting high-purity Mg (99.97%, US Magnesium, Salt Lake, UT, USA) and Al (99.999%, Alfa Aesar, Ward Hill, MA, USA) at 730 °C and casting the melt into a preheated permanent steel mold in an argon-filled glove box, as we performed previously for other Mg-based alloys [30]. Specifically, pure Mg was melted at 730 °C followed by the addition of pure Al, held for 10 min, and then mechanically stirred for 15 min to homogenize the melt. This, in turn, was followed by extra dwelling at 690 °C for 1 h. Before casting, the temperature of the melt was raised to 730 °C. The melt was cast through a magnesia foam filter (15 pores per inch) into a steel book mold preheated to 250 °C. Plates with dimensions of 60 mm (length) × 50 mm (width) × 12 mm (thickness) were cut from the as-cast ingots as starting materials. In order to improve the uniformity of the microstructure, the as-cast plates were homogenized at 385 °C × 6 h + 430 °C × 15 h and then quenched in water.



The diameters of the upper and lower rolls were identical (100 mm) and the speed ratio between the upper and the lower rolls was set as 2. The rolls were maintained at a constant temperature of 265 °C by resistance-heating elements that were embedded inside the rolls. No lubrication was applied during rolling. The plates were first preheated to 315 °C for 5 min and then fed between the rolls with a thickness reduction of 0.76 mm per pass. The plates were then reheated for 5 min and rotated 180° around the rolling direction (RD) for each subsequent pass, which is considered to be the most effective route to obtain an equiaxed, homogeneous, and fine-grained microstructure [31] due to the cross-shear strain being exerted. It is worth noting that instead of using a constant thickness reduction ratio (i.e., constant compressive strain) per pass, a constant thickness reduction per pass was used in this effort. After about 8 passes, a 50% total thickness reduction of the plates was achieved. These plates were then used for the heat treatment experiments performed at 250, 275, and 300 °C for a fixed 15 min.



Microstructural analyses were performed on the normal plane (ND plane), as illustrated in Figure 1. The metallographic samples were prepared by a standard mechanical grinding procedure with SiC papers from 30 to 1 μm grit size and finally polished with a 0.05-micrometer grit Al2O3 suspension. The polished samples were then etched using 10% nitric acid in isopropanol. Microstructural features were characterized using optical microscopy (OM, AxioCam MRC5, Zeiss, Jena, German), scanning electron microscopy (SEM, Hitachi, SU8000, Tokyo, Japan), and energy-dispersive X-ray spectroscopy (EDS). Next, electron backscatter diffraction (EBSD, Symmetry, High Wycombe, UK) was carried out on the ND plane for measurements of the grain size and texture. The samples for EBSD were first polished in the same manner as those for OM, followed by further polishing with an ion mill (Fischione, Model1061 SEM Mill, Export, USA) for 25 min with the parameters of 3 kV and 3° tilt. Lastly, the tensile mechanical properties of the plates were evaluated using an Instron 5569 universal testing machine with a strain rate of 1 × 10−2 s−1. The tensile samples were cut from the rolled plates at 0° (RD), 45°, and 90° (transverse direction, TD) (as seen in Figure 1). Testing was repeated with three specimens prepared for each condition.




3. Results


3.1. Microstructure


3.1.1. Microstructure of the Starting Material


Figure 2 shows the starting Mg-6Al alloy plate after homogenization. As shown in the optical micrograph in Figure 2a, the alloy was fully homogenized and the grain boundaries were clearly visible. The grain size determined by the linear interception method was in the range of 300~400 μm. Figure 2b shows the corresponding SEM micrograph. It is clearly seen that the second phase was almost dissolved into the Mg matrix, leaving only limited sporadic bright particles distributed along the grain boundaries. Figure 3 shows an EDS mapping of the alloy, and the calculated chemical composition is listed in Table 1, which shows that the weight percentage of the Al element in the selected area is 6.14 wt.%, which is close to the nominal composition (6 wt.%).




3.1.2. Microstructure of the Rolled and Annealed Materials


Figure 4 presents SEM images of the as-rolled plate and that which annealed at 300 °C. As can be seen, numerous spherical second-phase particles with a size smaller than 0.5 μm were observed at the grain boundaries and inside grains. It is worth noting that after annealing at 300 °C (Figure 4b), the second-phase particles still exist. The reason for this may be that it takes at least approximately 40 h to achieve the complete dissolution of the second phase due to the low diffusion rate of Al atoms in the Mg matrix for Mg-Al alloys [32]. In this study, annealing at 300 °C for 15 min was not sufficient for full dissolution of the Al atoms in the Mg matrix. EDS analysis was used to identify the second-phase precipitates, as seen in Figure 5a. According to the Mg and Al elemental maps (Figure 5b,c, respectively), the second-phase precipitates (<1 μm) consisted of high concentrations of Al. The corresponding EDS point analysis results (Figure 5d) reveal that the composition of the second phase is very close to the weight fraction of Mg17Al12, so the second phase could be considered the Mg17Al12 intermetallic phase according to the Mg-Al phase diagram [33].



Figure 6 shows the EBSD inverse pole figure (IPF) maps on the ND plane of the as-rolled and annealed plates. The different colors represent different orientations of the grains. The near-identically colored grains indicate that the mismatch in orientation between these grains is insignificant. Firstly, the microstructure of the as-rolled plate (Figure 6a) was greatly refined compared to that in the homogenized state (Figure 2a), indicating the occurrence of dynamic recrystallization (DRX). Beer et al. [34] and Samman et al. [35] reported that dislocations accumulate near grain boundaries and rearrange through cross-slip and climb during hot deformation processing, which then form into low-angle grain boundaries. In turn, these low-angle grain boundaries can be further transformed into high-angle grain boundaries by continuously absorbing new dislocations, which then form into new DRXed grains. Secondly, as seen in Figure 6b, annealing of the as-rolled plate resulted in equiaxial grains, indicating that homogeneous nucleation and grain growth occurred during static recrystallization (SRX). Especially for the plates annealed at 275 (Figure 6c) and 300 °C (Figure 6d), there was remarkable grain growth. The grain size distributions of the as-rolled and annealed plates obtained from post-EBSD analysis are also shown as histograms adjacent to the micrographs. The average grain size of the as-rolled plate was 9.1 μm, while for the plates annealed at 250, 275, and 300 °C, average grain sizes of 12.1, 24.8, and 36.6 μm were observed, respectively.





3.2. Texture Evolution


Figure 7 shows the pole figures of the as-rolled and annealed plates. It can be seen that all the plates displayed a strong basal texture, indicating that the c-axis was approximately along the normal direction. Moreover, it can be noticed that the basal texture of the as-rolled plate was tilted towards the RD by ~20°. However, there was a change in the basal texture inclination for the annealed plates. It decreased to ~10°. The maximum pole intensity of the as-rolled plate was about 9.42. After annealing at 250, 275, and 300 °C, there was a slight increase in pole intensities, which were about 11.90, 11.03, and 11.73, respectively.




3.3. Mechanical Properties


Figure 8a–c show the engineering in-plain stress-strain curves of the as-rolled and annealed plates in tensile directions of 0°, 45°, and 90° relative to the RD; the ultimate tensile strength (UTS) and fracture elongation (ε) are also shown in Figure 8d. The detailed mechanical properties are listed in Table 2. The weighted average values of UTSaver, YSaver, and εaver were calculated using (UTS0° + 2UTS45° + UTS90°)/4, (YS0° + 2YS45° + YS90°)/4, and (εf0° + 2εf45° + ε90°)/4, respectively. Without exception, all the specimens deformed by basal slip. Furthermore, the tensile strength and elongation were nearly the same regardless of the different tensile directions for the as-rolled and annealed plates, indicating very little in-plane anisotropy and a weak effect of the texture. Specifically, for the as-rolled plate, the UTSaver, YSaver, and εaver were about 307.0 MPa, 213.1 MPa, and 15.3%, respectively. After annealing at 250 °C, the UTSaver and YSaver slightly decreased to 303.9 and 198.1 MPa, while the εaver improved to 15.8%. With a further increase in the annealing temperature to 275 °C, the UTSaver and YSaver noticeably decreased to 292.1 and 185.0 MPa, while the εaver had a remarkable increase to 24.9%. When annealed at 300 °C, the UTSaver, YSaver, and εaver all decreased to 285.5 MPa, 162.9 MPa, and 20.9%, respectively, compared to the values at 275 °C. Thus, it can be inferred that the best possible combination of strength and elongation was achieved for the case of annealing at 275 °C.





4. Discussion


4.1. Microstructure and Texture


First to point out that the cross-section of the as-rolled plate would contain a strain gradient through the thickness, especially in the RD, due to the nature of the DSR process. The presence of this strain gradient is confirmed by the forward tilt of the basal pole (Figure 7a). However, due to the realignment of the basal poles (Figure 7b–d) upon annealing, the residual effects of the through-thickness gradient are likely removed from the bulk of the plates. The residual strain is a significant driver for rapid grain growth. Any remaining effect, given the large number of grains in the gauge sections, would have appeared as differences in the stress—strain curves of the samples with the gradient (0°—parallel to RD) and without the gradient (90°—parallel to TD). However, the similarities between the 0° (parallel to RD) and 90° (parallel to TD) tensile specimen data show little to no variability in the overall YS, UTS, and elongation to fracture values. Therefore, the DRX texture is mostly uniform in the bulk; any residual strain would be quickly removed with annealing. In order to confirm this hypothesis, microstructures at five (5) different but evenly spaced positions through the thickness (as shown in Figure S1 in the supplemental materials section) of the as-rolled and annealed plates were examined with EBSD. As shown in Figures S2–S5, the average grain size across the thickness does not show obvious differences in each of the plates. This relatively uniform microstructure may be due to the special route used in the roll processing. In particular, the plate was rotated by 180° along the rolling direction for each subsequent pass. Moreover, the number of the total rolling passes is even (8 passes). Further, by inspecting the {0001} pole figures of the as-rolled and annealed plates in Figures S6–S9, it is found that all pole intensities across the thickness are close to each other for the annealed samples. An outlier is the pole intensity of the as-rolled plate at the upper position which is slightly lower than those in the other positions. It is also interesting to note that the pole centers across the thickness do not show much difference for each of the plates in both the as-rolled or the annealed conditions. The above observations prove that the materials used in this work are relatively uniform in both the average grain size and the texture through the plate thickness.



In addition, the pole intensities of the annealed plates were slightly higher than that of the as-rolled plate, as seen in Figure 7. This may be related to grain growth during the annealing process (as seen in Figure 6). It has been reported [36,37,38,39,40] that the coarsening of DRXed grains strengthens the basal texture during subsequent heat treatment. Additionally, the basal pole of all the plates was inclined toward the RD due to the intense shear strain during DSR processing, but the inclination angle was reduced after annealing. Previous research also showed that for the basal textures that form, the c-axis inclines by various degrees away from the ND towards the RD in DSR-processed Mg alloy sheets, such as AZ31 [17], ZK60 [41], WE43 [42], or AZ91 [43], which was considered to be a result of the applied shear stress component in DSR. Huang et al. [37] also reported that the inclination of the basal pole gradually decreased and finally moved to the center with the progress of grain growth during subsequent annealing.




4.2. Mechanical Properties


It is well known that the yield stress (YS) and fracture elongation (εf) are mainly dominated by grain size and texture. The effect of grain size on the YS is generally analyzed by the Hall–Petch (H–P) equation [44], which can be calculated as follows:


σy = σ0 + kyd−1/2



(1)




where σy is the yield stress, σ0 is a material constant for the starting stress for dislocation movement, ky is a strengthening coefficient (a constant specific to each material), and d (μm) is the average grain size. The value of ky in Mg alloys is rather variable. It is estimated to be 225 and 316 MPa μm1/2 for the case of rapidly solidified WE43 [45] and ZK60 [27] alloys, respectively.



Figure 9 shows the Hall–Petch relationship for the as-rolled and annealed plates, with ky = 267 MPa m1/2 and σ0 = 124.1 MPa, which is very close to the reported 127.0 MPa of annealed ZK60 alloy sheets processed by warm rolling [22]. It can be seen that the relationship between σy and d was in good agreement with the Hall–Petch relationship. Comparing the grain sizes of the as-rolled and annealed plates at 250 °C in Figure 3, the average grain sizes were about 9.1 and 12.1 μm, respectively, so the YS of the plate annealed at 250 °C decreased slightly to 199.1 from 213.1 MPa in the as-rolled one. Increasing the annealing temperature to 275 and 300 °C led to a significant increase in grain sizes, which were about 24.8 and 36.6 μm, leading to a large decrease in their YS values, which were 195.0 and 162.9 MPa, respectively.



The effect of texture on YS and    σ y    can also be explained by a variation of the Schmid Factor (SF) of the basal slip system, given by the following equation [46]:


   τ  C R S S   = m ×  σ y   



(2)




where τCRSS is the critical resolved shear stress (CRSS),    σ y    is the stress applied on the material, and  m  is the Schmid Factor, which can be expressed as  m  = cosα × cosβ, where α is the angle between the slip direction and the axis of the external force and β is the angle between the slip plane and the axis of the external force. It is known that for the tensile specimens, the value of m was in the range of 0~0.5. The basal slip system (0001) {11  2 ¯  0}would be easily activated under a situation where m has a higher value, which induces a lower YS and higher elongation [47]. The Schmid Factor values of the basal slip system in three directions for the as-rolled and annealed plates were calculated and are shown in Figure 10. It can be seen that there was not much difference in the m values between the as-rolled and annealed plates at 250 °C, while the m values for the plates annealed at 275 and 300 °C evidently increased. However, the grain sizes of the plate annealed at 300 °C (36.6 μm) were much larger than those annealed at 275 °C (24.8 μm). Therefore, combining all factors, the plate annealed at 275 °C achieved the best overall mechanical properties.



Figure 11 shows optical micrographs of the microstructures near the fracture surface of the post-tensile tested specimens (tensioned along RD) from the as-rolled and annealed plates. The fracture surfaces were first partially polished to reveal in better detail the morphology of the grain interiors. A high density of twins can be observed in all specimens (as indicated by red arrows). Note the many micro-cracks in the specimen from the plate annealed at 300 °C. In addition, in Figure 4, no coarse second phase particles (>1 μm) were observed in the as-rolled and annealed plates, so no crack initiation could have occurred near second phase precipitates in the tested specimens. Therefore, the fracture mechanism of the plates is anticipated to be more closely related to the material’s twinning behavior during the tension process.



As such, in order to determine the type of twins present, the subsurface morphology of the grains near necking area of a specimen (tensioned along RD) from the plate annealed at 300 °C was further analyzed by EBSD, as shown in Figure 12a. The misorientation angle distribution shows three different peaks (as indicated by the black arrows in Figure 12b). To further reveal the twin types, the grain boundaries are marked by different colors (Figure 12c). According to the misorientation relationships between the twins and the matrix [48], the twin types can be effectively identified. Specifically, the misorientation angles of 38°, 56°, and 86° represent {10  1 ¯  1}–{10  1 ¯  2} double twinning, {10  1 ¯  1} compression twinning, and {10  1 ¯  2} tension twining, respectively. In this case, all three different kinds of twins were observed (see Figure 12c). In rolled and annealed plates with typically strong basal textures, the {10  1 ¯  1} compression and the {10  1 ¯  1}−{10  1 ¯  2} double twins can easily form because the c-axes of most grains are all perpendicular to the axis of the tensile stress [49,50]. (Note that the tensile specimens were all in the plane of the DSR plates.) As expected, the stress-strain profiles of the samples lack the characteristic sigmoidal shape associated with deformation twinning and, instead, are indicative of a slip-based deformation behavior. Therefore, coupled with an exhausted work-hardening capacity, the occurrence and formation of these twins must occur at the late stages of the deformation process. In turn, this leads to the onset of shear failure due to the combined effects of strain softening and localized twin-sized void formation. Since the CRSS for twinning decreases with increasing grain size [51], twinning becomes easier in the coarser grained materials. Indeed, the samples annealed at higher temperatures (larger grain sizes) had higher numbers of twins. Due to the incompatibilities between the deformation of the twinned interface and the matrix, the continued increase in local stresses is prone to induce micro-cracks. It was thus expected that a larger number of micro-cracks would be observed in the plate annealed at 300 °C, wherein there was correspondingly less fracture elongation.



The combination of DSR and annealing produced Mg-6Al alloys with a strong basal texture and isotropic in-plane mechanical properties and with relatively high strength and enhanced ductility. It appears that late-stage twinning deformation (mostly extension and double twinning) induces failure that is more prominent at larger grain sizes. While the onset of twinning in the DSR Mg-6Al samples needs closer examination, the information gained in this study is nevertheless highly useful for developing better design strategies for optimizing the properties of future Mg alloys.





5. Conclusions


Mg-6Al alloy plates were preheated at 315 °C and subsequently rolled at 265 °C with a speed ratio of 2 via DSR with a total thickness reduction of 50%. The as-rolled plates were subjected to annealing at temperatures of 250, 275, and 300 °C (holding time 15 min). The microstructure, texture, and mechanical properties of those plates were investigated. The main conclusions are summarized as follows:



(1) During DSR processing, DRX occurred, leading to the refinement of the microstructure. The grain size was greatly reduced to about 9.1 μm compared to the very large grain size of the initially homogenized condition. Subsequent annealing caused grain growth, resulting in an increase in grain size to 12.1, 24.8, and 36.6 μm for the plates annealed at 250, 275, and 300 °C, respectively.



(2) The {0001} basal texture of the as-rolled plate was tilted in the RD at ~20° due to the shear strain introduced during the DSR processing. After annealing, grain growth reduced the basal texture inclination, while the pole intensity slightly increased.



(3) For the plates annealed at 250 and 300 °C, there was a decrease in strength but an improvement in elongation compared with the as-rolled plate. Nevertheless, the plate annealed at 275 °C demonstrated the best combination of mechanical properties, where the ultimate tensile strength, yield strength, and elongation to failure were observed to be 292.1 MPa, 185.0 MPa, and 24.9%, respectively.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/met11060926/s1. Figure S1. A schematic showing the 5 different positions for EBSD analysis. Figure S2. Inverse pole figure maps on the RD plane of the as-rolled plate at different positions across the thickness: (a) upper, (b) upper quarter, (c) center, (d) lower quarter, and (e) lower position; and (f) shows the average grain size at these positions. Figure S3. Inverse pole figure maps on the RD plane of the annealed plate (250 °C) at different positions across the thickness: (a) upper, (b) upper quarter, (c) center, (d) lower quarter, and (e) lower position; and (f) shows the average grain size at these positions. Figure S4. Inverse pole figure maps on the RD plane of the annealed plate (275 °C) at different positions across the thickness: (a) upper, (b) upper quarter, (c) center, (d) lower quarter, and (e) lower position; and (f) shows the average grain size at these positions. Figure S5. Inverse pole figure maps on the RD plane of the annealed plate (300 °C) at different positions across the thickness: (a) upper, (b) upper quarter, (c) center, (d) lower quarter, and (e) lower position; and (f) shows the average grain size at these positions. Figure S6. {0001} pole figures of the as-rolled plate at different positions across the thickness: (a) upper, (b) upper quarter, (c) center, (d) lower quarter, and (e) lower position; and (f) shows the maximum pole intensities at these positions. Figure S7. {0001} pole figures of the annealed plate (250 °C) at different positions across the thickness: (a) upper, (b) upper quarter, (c) center, (d) lower quarter, and (e) lower position; and (f) shows the maximum pole intensities at these positions. Figure S8. {0001} pole figures of the annealed plate (275 °C) at different positions across the thickness: (a) upper, (b) upper quarter, (c) center, (d) lower quarter, and (e) lower position; and (f) shows the maximum pole intensities at these positions. Figure S9. {0001} pole figures of the annealed plate (300 °C) at different positions across the thickness: (a) upper, (b) upper quarter, (c) center, (d) lower quarter, and (e) lower position; and (f) shows the maximum pole intensities at these positions.
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Figure 1. Schematic showing the sample extraction plan for mechanical testing and microstructure analysis (left), and the dimensions of the tensile testing samples (right). 
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Figure 2. Microstructures of the starting homogenized plate by OM in (a) and SEM in (b). 
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Figure 3. (a) SEM micrograph and (b) EDS mapping of a rolled Mg-6Al plate. 
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Figure 4. SEM images of the Mg-6Al plate (a) as-rolled and (b) annealed at 300 °C. Corresponding high-magnification images are shown in the insets. 
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Figure 5. EDS analysis results of the as-rolled Mg-6Al plates: (a) SEM image, with corresponding elemental maps: (b) Mg, (c) Al, and (d) point analysis results of the second-phase precipitates. 
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Figure 6. Inverse pole figure (IPF) maps on the ND plane of the Mg-6Al alloy plates (on the left) and corresponding grain size distributions (on the right) for the conditions: (a) as-rolled, with the same plate annealed: (b) 250 °C, (c) 275 °C, and (d) 300 °C for a fixed time of 15 min. 
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Figure 7. {0001} pole figures of the plates: (a) as-rolled, with the same plate annealed: (b) 250 °C, (c) 275 °C, and (d) 300 °C for a fixed time of 15 min. 
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Figure 8. In-plane engineering stress-strain curves of the as-rolled plate and annealed plates in the tensile directions of (a) 0°, (b) 45°, and (c) 90° relative to the RD, and (d) the trends of the ultimate strength and elongation to failure in the three directions. 
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Figure 9. Hall–Petch relationship for the Mg-6Al plates in as-rolled and post-heat-treated conditions. 
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Figure 10. The Schmid Factor value of the as-rolled and annealed plates along the three tensile directions. 
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Figure 11. Fracture surfaces of the plates: (a) as-rolled, annealed at (b) 250 °C, (c) 275 °C, and (d) 300 °C for a fixed time of 15 min. The red arrows indicate twinned grains. The white arrows indicate the micro-cracks along the twin boundaries. 
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Figure 12. EBSD analysis of the area near the fracture surface of the tensile specimen from a plate annealed at 300 °C: IPF map in (a), misorientation angle distribution in (b), and grain boundary and twin type analysis in (c). 
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Table 1. The EDS results of the elemental analysis.
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	Element
	Fraction (wt.%)





	Mg
	93.86 ± 0.08



	Al
	6.14 ± 0.08
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Table 2. Results of Tensile Testing of the Mg-6Al DSR Samples Carried out along 0°, 45° and 90°.
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Plate *

	
UTS (MPa)

	
UTSaver (MPa)

	
YS (MPa)

	
YSaver (MPa)

	
ε (%)

	
εaver (%)




	
0°

	
45°

	
90°

	
0°

	
45°

	
90°

	
0°

	
45°

	
90°






	
As-rolled

	
306.4 ± 2.6

	
307.3 ± 2.7

	
307.0 ± 2.6

	
307.0 ± 2.7

	
213.6 ± 2.3

	
211.5 ± 2.5

	
215.7 ± 2.9

	
213.1 ± 2.6

	
14.6 ± 1.3

	
15.8 ± 1.2

	
14.9 ± 1.4

	
15.3 ± 1.3




	
250 °C × 15 min

	
301.6 ± 1.5

	
306.7 ± 2.5

	
300.5 ± 1.7

	
303.8 ± 2.1

	
203.1 ± 2.7

	
196.9 ± 2.6

	
195.4 ± 3.2

	
198.1 ± 2.8

	
15.3 ± 1.3

	
16.0 ± 1.2

	
15.9 ± 1.5

	
15.8 ± 1.3




	
275 °C × 15 min

	
296.5 ± 2.5

	
291.5 ± 2.1

	
288.8 ± 2.9

	
292.1 ± 2.4

	
184.2 ± 2.9

	
186.3 ± 2.7

	
183.3 ± 2.8

	
185.0 ± 2.8

	
24.8 ± 1.4

	
25.4 ± 1.8

	
24.2 ± 1.6

	
24.9 ± 1.7




	
300 °C × 15 min

	
289.1 ± 1.9

	
286.2 ± 2.5

	
280.5 ± 2.4

	
285.5 ± 2.3

	
168.9 ± 2.4

	
161.5 ± 3.2

	
159.8 ± 2.9

	
162.9 ± 2.9

	
20.9 ± 1.2

	
21.2 ± 1.4

	
20.5 ± 1.4

	
20.9 ± 1.4








* The composition of the Mg-6Al samples was fixed.
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