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Abstract

:

Fine-grain and weak-texture magnesium alloys are the long-term development targets of lightweight structural materials. In this study, a new composite asymmetric extrusion (CAE) is developed, which, coupling with an asymmetric die and an asymmetric billet, is proposed to improve the strength–ductility of the Mg-3.8Al-1.1Sn-0.4Ca alloy. The influence of the asymmetric billet on the microstructure and mechanical properties was investigated. The findings revealed that the asymmetric billet can induce greater plastic deformation, resulting in an increase in the cumulative strain and an improved nucleation rate. The CAE sheets exhibit fine grains (4.4 μm) and a weak tilted texture (7.57 mrd). Furthermore, the asymmetric billet results in the microstructure not forming a gradient microstructure under gradient strain along the transverse direction (TD) direction. The CAE sheets exhibited good mechanical properties, with a yield strength (YS) of 253 MPa, ultimate tensile strength (UTS) of 331 MPa, and elongation (EL) of 20%. This development shows promise in achieving high-efficiency, low-cost production of magnesium alloys.
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1. Introduction


In the background of energy conservation and emission reduction, the utilization of lightweight structural materials represents an effective strategy [1]. Given its low density, high specific strength, and exceptional electromagnetic shielding properties [2], the advancement of magnesium structural materials remains a prominent research focus [3]. Nonetheless, the constrained ductility and strength of magnesium alloys [4] limit their wide industrial application. Additionally, extrusion speed is also a critical factor limiting the industrial application of magnesium alloy extrusion forming. An increase in the extrusion rate typically leads to larger grain sizes and surface defects, significantly impacting the quality of the extruded products. High-speed extrusion, while offering substantial advantages in enhancing industrial productivity and reducing costs, also raises the squeezing pressure. A tenfold increase in extrusion speed can result in a 50% elevation in extrusion pressure, necessitating the use of magnesium alloys that are capable of withstanding high temperatures. Particularly, the rapid deformation rate during high-speed extrusion causes a more significant increase in temperature compared to low-speed extrusion, exacerbating the risk of thermal cracking issues. Furthermore, the substantial heat generated during high-speed extrusion often results in a coarse grain structure, ultimately reducing the strength. Hence, the key to meeting the practical industrial application of magnesium alloys lies in achieving strength and ductility cooperation among magnesium alloys under high-speed extrusion conditions.



Adding alloying elements and modifying the deformation mechanism represent effective strategies for enhancing the strength and ductility of magnesium alloys [5]. Among these, Mg-Al-based alloys stand out as the most commonly utilized alloy system due to their favorable combination of strength and ductility [6,7]. The Sn element can decrease the layer fault energy and form Mg2Sn with a high-temperature melting point phase, which can impede the growth of dynamic recrystallized grains and enhance the strength and ductility of Mg-Al alloys [8]. For example, Sasaki et al. [9] demonstrated the fabrication of an Mg-Sn-Zn-Al alloy through low-temperature extrusion, resulting in a fine grain structure with a high yield strength (YS) of 347 MPa. Additionally, the incorporation of Ca has been extensively studied, as its addition effectively improves strength and ductility owing to its similar atomic size to rare earths [10]. Pan et al. [11] achieved an exceptional combination of YS (425 MPa) and elongation (EL) (11%) for the Mg-1.0Ca-1.0Al-0.2Zn-0.1Mn alloy. Furthermore, Ca in Mg-Al-Sn-based alloys contributes to the formation of the hard reinforcement phase CaMgSn. Zha et al. [12] conducted controlled rolling of an Mg-4.5Al-1.5Sn-0.5Ca alloy, resulting in outstanding mechanical properties with a YS of 275 MPa and an EL of 20%, attributed to the formation of nano-sized CaMgSn precipitates (~16 nm). Consequently, Mg-Al-Sn-Ca alloys hold significant promise for the development of high-strength and high-ductility materials.



The deformation process of Mg alloys primarily involves dislocation slip and twinning deformation. Grain boundaries, functioning as regions of atomic disorder, hinder the movement of dislocations/twins, thereby enhancing the yield strength of the magnesium alloy. Compared to face center cubic (FCC) and body center cubic (BCC) structures, the hexagonal close packing (HCP) structure of magnesium alloys manifests a more significant grain boundary strengthening effect. Consequently, grain refinement emerges as a pivotal factor in bolstering the strength of the magnesium alloy. Severe plastic deformation (SPD) processes are effective strategies to refine grain size [13], such as equal access angle extrusion (EASE) [14] and cyclic extrusion (CEC) [15]. However, it is difficult to obtain ultra-fine-grain magnesium alloys via single-pass hot extrusion and it is easy to have a strong basal texture, resulting in poor formability of magnesium alloys [16]. SPD processes are complex and costly, and the forming efficiency and sample size are much lower than extrusion, limiting its application. Recent advancements have seen a shift towards unconventional processing routes, such as asymmetric extrusion, as a means to address the limitations of conventional methods. Researchers have discovered that the microstructure and mechanical properties of magnesium alloys can be substantially modified by altering the extrusion die structure and billet [17]. Wang et al. [18] obtained a uniform fine-grain microstructure with inclined texture via differential speed extrusion. The AZ31 sheets exhibit a high ultimate tensile strength (352.8 MPa). The design of a special die structure can enhance the degree of shear deformation during extrusion. Nevertheless, it is challenging to flexibly improve the die structure in response to changing actual requirements. Additionally, the design and fabrication of the mold structure are notably more intricate compared to traditional extrusion processes. Consequently, researchers have undertaken numerous endeavors to explore alternative approaches, focusing on the structure and loading methodology of the billet. He et al. [19] divided AZ31 ingots into several pieces, thereby influencing the effective strain evolution through the introduction of a specific interface during extrusion. This approach resulted in a high strength, with a YS of 303 MPa. However, the mechanical properties of sheets produced using certain existing asymmetric extrusion processes vary in the direction of the strain gradient, ultimately leading to a reduction in overall mechanical properties.



In the present study, the Mg-3.8Al-1.1Sn-0.4Ca alloy was prepared using composite asymmetric extrusion (CAE), offering an efficient approach to enhance both the strength and ductility. By altering the shape of the billet, not only can we refine grains effectively, but the texture can also be weakened, leading to an enhancement in the mechanical properties. We have uncovered the underlying mechanisms responsible for the enhancement of strength and ductility. Moreover, the composite asymmetric extrusion method employed in this research obviates the need for a repetitive deformation procedure, indicating a simple and effective approach for enhancing mechanical properties, which is a requisite in the SPD process.




2. Materials and Methods


The Mg-3.8Al-1.1Sn-0.4Ca alloy used in this experiment was cast with Mg, Al, and Sn metal ingots and Mg-20Ca (wt.%) master alloy. First, the pure Mg was placed into the resistance furnace, and the temperature is raised to 680 °C for 1 h. Then, the Al, Sn, and Mg-20Ca (wt.%) alloys were placed into the resistance furnace. Once the added alloys had fully melted, we proceeded with the following steps sequentially: stirring (utilizing a tool to stir the melt up and down to ensure even mixing of the alloys), blowing (introducing argon into the melt to eliminate impurities), and slagging (using a slagging spoon to remove impurities from the surface of the melt). Finally, after restoring the melt temperature to 680 °C, we poured the resulting melt into the copper mold. Subsequently, the as-cast alloy underwent a multi-stage homogenization treatment (375 °C/3 h + 430 °C/2 h + 480 °C/3 h), followed by water quenching to retain the high-temperature organization. The extruded sample was cut on the as-homogenized alloy. The shape and size of the billet are shown in Table 1. In addition, the extrusion die used in this experiment was an asymmetric extrusion die, and the ratio of the length on the left side of the extrusion exit channel to the length on the right side was 1.5 [20]. Before extrusion, the billets underwent preheating at 400 °C for 1 h, while the die was preheated to the same temperature of 400 °C. After extrusion, they were cooled in water immediately. The sheets extruded via asymmetric extrusion and composite asymmetric extrusion were designated as AE and CAE, respectively. A schematic diagram illustrating the sheet-forming process is depicted in Figure 1. The extrusion ratio was 21:1, with a ram speed of 16 mm/s.



A microstructural characterization was performed using a scanning electron microscope (SEM, ZEISS, Sigma 500, Chiyoda, Japan) and electron backscattered diffraction (EBSD, Oxford Symmetry, London, United Kingdom). SEM and EBSD samples were ground using SiC papers of different grit sizes (#600 to #7000), followed by mechanical polishing. The EBSD samples were electro-polished using an AC2 solution for 60–120 s. The area fraction and size of the second phases were analyzed using Image-Pro Plus 6.0 software, and each sample was measured three times.



Transmission electron microscopy (TEM) analysis was performed using the FEI Talos F200X instrument. The sample preparation process for TEM involved several steps: manual grinding, electrolytic double spray, and ion thinning. Firstly, the sample was ground using SiC sandpaper to approximately 80 μm in thickness and then punched into a 3 mm diameter round sheet. Then, electrolytic double spraying of the disc was carried out using the RL-2 intelligent thinning instrument at −45 °C and 30 V. The electrolyte solution comprised 860 mL of ethanol and 40 mL of perchloric acid, and the process was halted immediately upon the appearance of a hole in the center of the disc. Finally, ion thinning was performed, with the sample temperature controlled using liquid nitrogen to approximately −150 °C to prevent thermal effects.



Finite element simulation analysis for the extrusion process in this study involved the use of DEFORM-3D 11.0 software. The friction coefficient was set to 0.25. The temperature was specified as 400 °C, with an extrusion speed set at 16 mm/s.



Tensile samples were machined into a dog-bone shape with dimensions of 30 mm × 10 mm × 1 mm from both the AE sheets and CAE sheets, oriented along the extrusion direction (ED). The gauge length of the tensile samples was 10 mm. Before conducting the tensile test, the surface of each sample was meticulously polished with sandpaper to eliminate any oxide film and surface defects. This preparatory step was crucial for enhancing the accuracy of the obtained mechanical properties. Tensile tests were conducted using an INSTRON 1121 universal testing machine, which was coupled with a video extensometer at a strain rate of 1.0 × 10–3 s−1. To ensure the repeatability of mechanical properties, at least three samples from each extruded sheet were tested.




3. Results


3.1. Mechanical Properties


Figure 2a showcases the room-temperature tensile stress–strain curves of the AE and CAE sheets, and Figure 2b provides a comparative analysis of their mechanical properties. It is evident from the comparison that the mechanical properties of the CAE sheets surpassed those of the AE sheets. Specifically, the average yield strength (YS) and ultimate tensile strength (UTS) were recorded as 253 ± 4 MPa and 331 ± 3 MPa, respectively. In contrast, the CAE sheets demonstrated a notable increase in both YS and UTS of 33 MPa and 12 MPa, respectively, compared to the AE sheets. Additionally, the average elongation (EL) rose from 17 ± 1% to 20 ± 2%. These results signify that the CAE sheets exhibited a commendable strength and ductility balance.




3.2. Microstructures and Textures


Figure 3a,d displays the inverse pole figures (IPFs) of the AE sheets and CAE sheets. The AE sheets exhibited a characteristic bimodal structure, which consisted of coarse undynamic recrystallized (unDRXed) grains and fine dynamic recrystallized (DRXed) grains. The average grain size was 7.4 ± 4.8 μm. After the CAE process, the average grain size decreased to 4.4 ± 2.1 μm. The microstructure was typified by the presence of fine DRXed grains with a similar size. These findings suggest that the CAE process can refine the grain size and yield a uniform microstructure.



Figure 3c,f depicts the pole figures (PFs) of AE sheets and CAE sheets. Both exhibited a typical asymmetric extrusion texture, in which the c-axis of the majority the grains deviated from the normal direction (ND) to the extrusion direction (ED) [21]. In this study, the maximum density of the AE sheets and the CAE sheets was titled about 20°–30° from ND to ED. After the CAE process, a distinct evolution in texture was observed, with the maximum intensity decreasing to 7.57 mrd. This decline suggests a weakening of the texture in the CAE sheet.



Figure 4 shows the SEM images and the corresponding EDS results of the AE sheets and the CAE sheets. The EDS results revealed that the predominant second phase in both the AE sheets and the CAE sheets was the CaMgSn phase, with a minor presence of the (Mg, Al)2Ca phase. After the AE and CAE processes, the coarse CaMgSn phases underwent fragmentation and exhibited a characteristic extrusion streamline. According to the statistics, the area fraction of the CaMgSn phase in the AE sheets and the CAE sheets were 1.584%, and 1.123%, respectively. In the enlarged images, it becomes apparent that the CaMgSn phase in the AE sheets experienced inadequate fragmentation, featuring cracks. Conversely, the CaMgSn phases of the CAE sheets underwent thorough fragmentation, resulting in finer CaMgSn phases. Furthermore, compared with the concentrated distribution in the AE sheets, the distribution of the CaMgSn phases in the CAE sheets appears more dispersed. This might be related to the greater plastic deformation introduced by the CAE process.



The reduction in the area fraction of the micron-sized CaMgSn phase observed in the CAE sheets (Figure 4) suggests the potential formation of more nano-sized CaMgSn phases in these sheets. It is inferred that the refinement and random distribution of the CaMgSn phases contribute to the higher YS. Figure 5 presents the brightfield TEM images of both the AE sheets and the CAE sheets, revealing that the nano-sized CaMgSn phases existed in both materials. Compared with the AE sheets, the CaMgSn phases in the CAE sheets exhibited a decreased size, and the morphology transformed from irregular block shapes to short rod shapes. Moreover, the nano-sized CaMgSn phase density in the CAE sheets was higher, and the distribution appeared to be more random compared to the AE sheets.





4. Discussion


4.1. Microstructure Analysis


The CAE sheets demonstrated a uniformly fine grain structure and a weak tilted texture in comparison to the AE sheets. To explore the impact of the asymmetric billet in the extrusion process, the microstructure evolution near the die outlet in both the AE and CAE processes was studied, as shown in Figure 6. In the case of the AE process, the microstructure near the die outlet comprised coarse grains with interspersed fine grains. Conversely, the CAE sheets exhibited a distinct microstructure, with grains notably refined at the corresponding position. Additionally, an increased area fraction of DRXed grains was observed. This divergence suggests that the asymmetric billet induces greater plastic deformation, consequently amplifying the cumulative strain experienced by the parent grains and thereby enhancing the nucleation rate [22,23].



Figure 7 depicts the simulated distribution of effective stress and strain during the extrusion process of AE and CAE. Notably, it was observed that the effective stress and strain at the extrusion outlet exhibited asymmetrical distribution for both billets. Along the transverse direction (TD), there existed a gradient distribution of effective stress and strain. Compared to the square billets, the asymmetric billets underwent pre-extrusion influences from other parts, leading to a continuous accumulation of strain. Consequently, significant shear deformation was experienced at the exit of the die orifice, further increasing the equivalent strain of the extruded sheet.



In the CAE process, the formation of a gradient microstructure is attributed to the gradient strain, which influences both the microstructure uniformity and mechanical properties [24]. In order to explore the microstructure uniformity of CAE sheets in the strain gradient direction, the microstructure along the transverse direction (TD) of the CAE sheets was studied. The microstructure at the left, middle, and right position along the TD direction of the CAE sheets are shown in Figure 8. Remarkably, the microstructure of the three positions appears consistent, with grain sizes measuring 4.3 μm, 4.4 μm, and 4.6 μm from left to right, respectively. Additionally, the texture has an evolution along gradient distribution, with the maximum texture intensity decreasing from 10.26 mrd to 5.49 mrd. The asymmetric billet enhances the cumulative strain by increasing the plastic deformation at the low strain position, resulting in minimal microstructural differences across the gradient strain in the CAE sheets.




4.2. Analysis of Mechanical Properties


In comparison to the AE sheets, the CAE sheets exhibited a higher yield strength. The YS of the CAE sheet was 253 ± 4 MPa. The asymmetric billet underwent greater shear deformation, resulting in increased accumulated strain during extrusion. This promotes DRXed grain nucleation. The microstructure analysis suggests that the increased YS of the CAE sheets primarily resulted from fine grain strengthening. The grain boundary strengthening contribution can be quantified using the Hall–Petch formula [25]:


   σ  G B   =  σ 0  + k  d  − 1 / 2    



(1)




where σ0 represents the friction stress, k signifies the Hall–Petch coefficient [26], and d represents the average grain size. The average grain sizes of the AE sheets and the CAE sheets in this study were recorded as 7.3 μm and 4.4 μm. Thus, the contribution of grain boundary strengthening for the AE sheets and the CAE sheets was 166.9 MPa and 189.1 MPa, respectively.



Additionally, considering that the CaMgSn phases exhibited different sizes and distributions in the AE sheets and the CAE sheets and are known to be hard-reinforced phases, precipitation strengthening can be calculated via Orowan strengthening [27]:


   σ  O r o w a n   = M   G b   2 π   1 − ν       0.953    f    − 1    d p    ln    d p   b  …  



(2)




where M represent the Taylor factor (~2.5), G is shear modulus (~1.7 GPa), ν is Poisson’s ratio (~0.3), and b signifies the Burgers vector (0.32 nm). In addition, dp and f represent the diameter and volume fraction of the CaMgSn phases in this study, respectively [28]. The values of dp and f in the AE sheets and the CAE sheets are listed in Table 2. The calculated dp and f values for the CAE sheet and the AE sheet alloys were approximately 25.6 MPa and 42.6 MPa, respectively. Simultaneously, second-phase particles play a crucial role in recrystallization. The small size of the CaMgSn phases can typically hinder grain boundary movement and decelerate DRXed grain growth via the Zener drag effect. Meanwhile, CaMgSn particles can expedite recrystallization through particle-stimulated nucleation (PSN) owing to the significant energy stored in the CAE deformation region. Furthermore, the solute drag effect complicates the grain boundaries’ mobility. Zener pinning of fine particles and solute dragging of alloying elements in solution both impede the migration of grain boundaries, albeit through different mechanisms.



The calculated combined effects of grain boundary strengthening and precipitation strengthening contributing to the YS of AE sheets and CAE sheets are estimated at 192.5 MPa and 231.7 MPa, respectively. However, there seems to be a discrepancy between the calculated value and the measured value. This difference could potentially be attributed to the contribution of solute segregation.



Figure 9 illustrates the kernel average misorientation (KAM) of the AE sheets and the CAE sheets. It is evident that residual strain persists in the deformed grains of the AE sheets, with lower residual strain observed in the recrystallized grains. In contrast, the CAE sheets exhibit almost no residual strain compared to the AE sheets, indicating a very low geometrically necessary dislocation density in the CAE sheets. Consequently, the dislocation strengthening contribution in the AE sheets and the CAE sheets is deemed insignificant. Thus, the effect of dislocation strengthening on the YS is disregarded in this study.



Figure 10 presents Schmid factor (SF) maps along with the SF distribution in the AE sheets and the CAE sheets. Generally, the SF value signifies the propensity for activation of a specific slip mode relative to the loading direction, with higher SF values indicating easier activation of slip. Notably, the SF of the basal <a> slip in the CAE sheets was observed to be smaller compared to the AE sheets, with an average SF value of 0.31 ± 0.3. The lower SF value implies that the activation of slip was more difficult in the CAE sheets, thereby suggesting a higher YS.



In general, magnesium alloys exhibiting higher strengths often experience a reduction in ductility. Nevertheless, the CAE sheets in this study demonstrated good ductility. This favorable ductility primarily stemmed from the uniformly fine DRXed grain structure. The fine grain structure facilitated coordinated deformation of grain boundaries and enhanced the cooperative ability of grain boundaries during deformation [29]. Furthermore, the CAE sheets exhibited a weak tilted texture, indicating that a large number of grains are conducive to orientation deformation. Consequently, the CAE sheets achieved a commendable strength and ductility balance.





5. Conclusions


In this study, the effects of AE and CAE processes on microstructure and mechanical properties were thoroughly analyzed, with a specific focus on microstructure evolution during the CAE process. The conclusions are as follows:




	
The utilization of an asymmetric billet in the CAE process induces greater plastic deformation compared to the AE process. This increased plastic deformation enhances the cumulative strain and promotes nucleation, resulting in a higher nucleation rate in CAE sheets.



	
The CAE sheets exhibited a weakened texture compared to the AE sheets, and the maximum texture intensity was 7.57 mrd. This suggests that the CAE process alters the texture evolution during extrusion.



	
The mechanical properties of the CAE sheets exhibited simultaneous improvements in strength and ductility. These sheets demonstrated excellent mechanical characteristics (YS: 253 ± 4 MPa and EL: 20 ± 2%). The elevated YS was primarily ascribed to the reinforcement mechanisms of grain boundary strengthening and precipitation strengthening. Meanwhile, the good ductility owes largely to the uniform microstructure, weak tilted texture, and random distribution of the nanoscale CaMgSn phases.
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Figure 1. Schematic illustration of the preparation process of AE sheets and CAE sheets. 
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Figure 2. (a) Room-temperature tensile curves; (b) comparison of mechanical properties of AE sheets and CAE sheets. 
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Figure 3. Inverse pole figure (IPF) maps, grain size distributions, and (0002) PFs of: (a–c) AE sheets and (d–f) CAE sheets. 
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Figure 4. SEM images and the corresponding EDS results: (a) AE sheets (b) CAE sheets. 
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Figure 5. The bright-field TEM images: (a) AE sheets, (b) CAE sheets. 
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Figure 6. Microstructure near the die outlet: (a) AE sheets, (b) CAE sheets. 






Figure 6. Microstructure near the die outlet: (a) AE sheets, (b) CAE sheets.



[image: Crystals 14 00323 g006]







[image: Crystals 14 00323 g007] 





Figure 7. Effective stress and effective strain distributions in (a,c) AE and (b,d) CAE processes. 
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Figure 8. Microstructures of the (a–c) left position, (d–f) middle position, and (g–i) right position along the TD direction with corresponding (0002) pole figures of CAE sheets; (j) sampling position. 
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Figure 9. KAM maps of: (a) AE sheets, (b) CAE300 sheets. 
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Figure 10. Basal SF distributions of <a> slip and histogram of average Schmid factor distribution. (a,b) AE sheets, (c,d) CAE sheets. 
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Table 1. Billet shape and size for AE and CAE processes.
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Sample

	
Billet Shape

	
Size






	
AE

	
square-shaped

	
70 mm × 45 mm × 10 mm

10 mm (top), 70 mm (bottom), 45 mm (height), and 10 mm (thickness)




	
CAE

	
trapezoid-shaped











 





Table 2. Values of dp and f in AE sheets and CAE sheets.
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	Value
	AE
	CAE





	
	Nano-sized precipitates

CaMgSn
	Nano-sized precipitates

CaMgSn



	dp (nm)
	440
	180



	f (%)
	0.13
	0.28
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