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Abstract

:

In the current work, cyclic expansion extrusion with an asymmetrical extrusion cavity (CEE-AEC), as a relatively novel severe plastic deformation method, was applied to fabricate an AZ31B magnesium alloy plate with a size of 50 × 100 × 220 mm, and the resultant microstructure, texture development, and mechanical properties were systematically investigated. A refined and homogeneous grain structure was achieved after three passes of deformation due to dynamic recrystallization. The grain refinement degree in comparison to as-cast alloys was more than ~96%. With the increasing number of CEE-AEC passes, a basal inclination texture was gradually formed, with the basal planes inclined ~45° from the transverse direction to the extrusion direction, which could be attributed to the introduction of an asymmetrical extrusion cavity that led to an increasing Schmid factor for the activation of basal <a> slip systems. The comprehensive mechanical properties were improved by successive multi-passes of CEE-AEC processing, especially due to the ductility reaching to 30.0 ± 1.3% after three passes of deformation. The competition between the grain refinement and texture modification were the main strengthening mechanisms.
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1. Introduction


Magnesium (Mg) and its alloys, which have the advantages of a low density, a high specific strength, easy recyclability, etc., have broad application prospects in national defense, aerospace, automobile, and 3C communication [1,2,3,4]. However, due to their poor strength and low ductility at room temperature, the development and application of Mg alloys are still limited [5]. Thus, research into improving the strength and toughness of Mg alloys is of great importance to promote the development of Mg alloys and Mg industries [6]. Grain refinement and texture modification have been proven to be effective ways to improve the ductility of Mg alloys [1,7]. In last few decades, severe plastic deformation (SPD) has attracted more and more attention in the Mg alloy field, because it is believed to be a practical and promising technology to prepare high strength/toughness Mg alloys by modifying their microstructures and textures.



Many pervious SPD methods with various feathers have been proposed and applied to prepare Mg alloys with fine grain structures and excellent properties [8]. Equal channel angular pressing (ECAP) and high-pressure torsion (HPT) are two of the most famous techniques [9,10]. Kim et al. [11] investigated that ECAP-processed AZ61 alloys and demonstrated a significant grain refinement and improvement in both strength and ductility. Stráská et al. [12] showed that the HPT-processed AZ31 alloys with grain sizes of approximately 150–205 nm exhibited high microhardness levels. The advantage of these SPD methods is the introduction of high plastic strain to achieve dramatic grain refinement and texture modification [13]. However, their disadvantages are deformed, small sized billet and high equipment requirements. Thus, these methods are still limited in laboratory research, and they are rarely used in industrial production.



We propose a novel SPD method entitled cyclic expansion extrusion with an asymmetrical extrusion cavity (CEE-AEC) to fabricate thick plate 50 × 100 × 220 mm (thickness × length × height) Mg alloys. Besides the deformed billet with large size, the introduction of shear strain by attaching an asymmetrical extrusion cavity is the core advantage of this technology. HCP metals are known to form a (0001) fiber texture that is parallel to the extrusion direction after axisymmetric deformation. Therefore, for axisymmetric extruded Mg alloys, slipping on the basal plane is difficult. From our early studies, we prepared the Mg–Gd–Y–Zn–Zr alloys with improved mechanical properties by refining their microstructure and optimizing their basal texture via CEE-AEC [14]. We attributed these improvements to the introduction of an asymmetrical extrusion cavity that could effectively modify the basal texture in a way that corresponded to the increase of the Schmid factor (SF). Twist extrusion (TE) has proven that shear deformation can improve the uniformity of metals and obtain materials with gradients [15]. Chang et al. [16] and Xu et al. [17] also illustrated the significant effect of asymmetrical extrusion for the improvement of the ductility of Mg alloys.



In the present work, the multi-pass isothermal CEE-AEC process was conducted on AZ31B. The microstructure, texture, and strengthening mechanisms were analyzed and are discussed. Furthermore, the mechanical properties were also investigated and correlated to the grain refinement and texture modification.




2. Experimental Procedures


2.1. Materials and Process


The material chosen in this study was commercial AZ31B with a composition of 3% Al (wt %), 1% Zn (wt %), 0.3% Mn (wt %), and balance Mg, which was supplied in form of cast rod that was 220 mm in diameter and 300 mm in length. The as-cast rod was machined into 50 × 100 × 220 mm (thickness × length × height) billets to prepare for the CEE-AEC process. Due to the serious segregation and defects in as-cast alloys, homogenization treatment was carried out under conditions of 400 °C/12 h; the microstructures are shown in Figure 1. It can be seen that the Mg17Al12 phases were dissolved in the matrix after homogenization, and the alloy showed an inhomogeneous grain structure with an average grain size of more than 300 μm and an irregular (0001) basal texture. The CEE-AEC process was conducted on the die structure that consisted of a punch, an upper bottom die, and a lower bottom die. H13 steel was used to fabricate the die parts. The schematic diagram is shown in Figure 2a. The cuboid billet 1 was first put into the channel to achieve the expansion. Then, billet 2 was added in the channel to complete the extrusion process of billet 1, followed by a new cycle of CEE-AEC, as shown in Figure 2b. The extrusion rate was 1 mm/s, and the deformation temperature was set to 350 °C. The oil-based graphite was used to reduce the friction between the die structure and the billets. The complete forming process and processed objects are shown in Figure 2c. A comparison between axisymmetric deformation and CEE-AEC on the effect of crystallographic orientation was made, and it was noticed that the grain inclined after CEE-AEC.



The microstructures of the CEE-AEC-processed samples were analyzed using an optical microscope (OM, Carl Zeiss A2m, Oberkochen, Germany). Electron backscatter diffraction (EBSD, EDAX Inc., Mahwah, NJ, USA) interfaced with a field emission gun and a scanning electron microscope (SEM, Hitachi SU5000, Tokyo, Japan) were used to reveal the distribution of grain size, grain orientations and crystallographic texture. The OM samples with longitudinal sections along the extrusion direction were polished and etched in a solution of 2.1 g of picric acid, 5 mL of acetic acid, 5 mL of water, and 35 mL of ethanol. The EBSD measurements were implemented at 20 kV and a step size of 1.0 μm over an area of 460 × 585 μm2, and all the data were processed with the TSL OIMTM software (version 7.3, EDAX Inc., Mahwah, NJ, USA). The tensile samples were machined to a dog-bone shape with a gage length of 15 mm, a width of 4 mm, and a thickness of 2 mm. The tensile experiments were carried out at room temperature using an Instron 3382 testing machine with a quasi-static strain rate of 1.0 × 10−3 s−1.




2.2. Finite Element Method


The finite element method (FEM) is an effective way to give constructive suggestions for physical experiments by investigating the deformation behavior of the material [18]. The die parts and billet geometries were designed as shown in Figure 2. DEFORM-3D V 11.2 (SFTC Co., Santa Fe, NM, USA) was used to analyze the deformation behavior of the first pass of CEE-AEC. The stress–strain curves of the AZ31B alloy were imported into the system, and the required database was customized. The molds were built by Unigraphics NX (version 10.0, SIMENS, Berlin, Germany) with the same dimensions as the processed ones, and they were imported through third-party interfaces. The punch and die were set to be rigid bodies, and the billets were defined as plastic objects with 6000 four-node elements. The friction factor was defined as 0.3, the speed of the top die was 1mm/s, and the deformation temperature was 350 °C.





3. Results


3.1. FEM Analysis


Figure 3 shows the FEM results of one pass of CEE-AEC, as well as the microstructures of different zones. It can be seen in Figure 3a that the materials first expanded and filled the chamber, and then the extrusion channel was opened. Three points were selected in outer and central areas to study the strain homogenization. For expansion, materials in the central area showed a higher effective strain than the outer areas. However, the pattern of the effective strain after extrusion changed, as shown in Figure 3b. The highest amounts of effective strain happened in the outer areas. Meanwhile, with the extrusion process continuing, the effective strain in Position 1 (P1) was gradually higher than in P3. This was because that the introduction of the asymmetrical cavity in CEE-AEC changed the distribution of the effective strain. Thus, the asymmetrical deformation area where P1 was located provided strong deformation behavior. Figure 3d–f shows the microstructures corresponding to P1, P2, and P3, respectively. It was clearly seen that the morphologies at different deformation areas showed great differences. More DRX grains nucleated and grew in the outer areas, and P1 showed a more homogeneous grain structure than P3 due to a higher effective strain. In P2, more coarse grains existed together with fine grains and formed a “necklace” structure. Twins were not observed during CEE-AEC due to the high deformation temperature of 350 °C. The critical resolved shear stress of the non-basal slip systems, such as prismatic and pyramidal slips, were easier to activate than the twinning mechanism [19,20,21]. The highest deformation force occurred in the extrusion process, as shown in Figure 3c. According to the plastic forming law, the peak value of the extrusion force appeared when the material flew through the die land.




3.2. Microstructure Evolutions


Figure 4 shows the OM microstructures of the CEE-AEC-processed samples with different numbers of passes. After two passes of CEE-AEC, a significant grain refinement was obtained, and the differences at different areas obviously decreased. At the asymmetrical cavity and non-asymmetrical cavity zones, which are represented the P1 and P3, respectively, in Figure 3, there was no existence of coarse grains, and a large number of fine grains (lower than 10 μm) were observed. Such was expected from the DRX that occurred in high strain area due to multi-pass severe plastic deformation. At the center zone, more coarse grains occupied the scanned area, and the heterogeneous microstructure was attributed to the lower accumulative strain than outer areas. Furthermore, a serrated grain boundary was observed along the coarse grain shown in Figure 4b, and it could have been the site for nucleation of dynamic grain through bulging [22]. By increasing CEE-AEC process, the grain structure was further refined and distributed in a relatively homogeneous fashion. The problem of the heterogeneity of a material processed by CEE-AEC was overcome due to the multi-pass deformation. We concluded that the condition of three passes of CEE-AEC was the simplest deformation pattern for obtaining a material with a fine grain structure.



A fully CEE-AEC-processed grain structure based on EBSD technology after one pass is shown in Figure 5. The sample location for analysis is demonstrated in Figure 5c. The EBSD-based microstructure was relatively similar to what we observed with the OM (Figure 3). Coarse grains were mixed together with fine grains to form the heterogeneous structure. A few fine DRX grains formed along the prior coarse grain boundaries, as marked with the blue circle, G1, shown in Figure 5a, resulting in a “necklace” structure. The average grain size was calculated to be 37.9 ± 1.8 μm. A high peak of misorientation angle distribution was seen at 30°, which is a typical characteristic for recrystallization of Mg [23], as shown in Figure 5b. Galiyev et al. [24] and Yi et al. [25] found that DRX grains of Mg alloys nucleated and grew at 30° around the c-axis of the crystal. There were numerous low angle grain boundaries (LAGBs) in the CEE-AEC-processed material. The LAGBs were primarily distributed in the coarse grains, and many subgrains and fine DRX grains could be observed inside coarse grains, as highlighted by the red arrows in Figure 5d. The high angle grain boundaries (HAGBs) were mainly composed of DRX grain boundaries and some coarse grain boundaries. Figure 5d shows the DRX behavior of the deformed grain G1. It can be noticed that G1 mainly consisted of yellow- and orange-colored regions. The line profile of the point-to-point and point-to-origin along the black line AB indicates that the accumulative misorientation, Ʃθ, gradually increased up to 20°, thus showing the continuous change of orientation occurring in G1, as shown in Figure 5e. It can be suggested from Figure 5f,g that the basal plane orientations of the two regions had a gradual change of orientation. This can be further confirmed by the three-dimensional diagram of crystallography along AB in Figure 5d. As usually occurs, the LAGBs trapped mobile dislocations and evolved into HAGBs, eventually achieving fine DRX grains. This is a typical continuous dynamic recrystallization (CDRX) mechanism [26]. Additionally, the subgrains were isolated by sub-GBs, and the coarse grains bowed and bulged corresponding to fine DRX grains that formed the serrated grain boundaries, as shown in Figure 5d. This is defined as discontinuous dynamic recrystallization (DDRX).



Figure 6 shows EBSD-based microstructure of the sample after two passes of CEE-AEC. The grain structure was further refined with an average grain size of 24.7 ± 1.8 μm. The fine recrystallization grains of about 10 μm with HAGBs were evolved near and along coarse grain boundaries. The number fraction of HAGBs was increased to 62.3%. Due to insufficient accumulative strain, orientation gradients were also observed in coarse grain. Herein, some sub-GBs that contained high density dislocations were successfully transformed into HAGBs, resulting in the formation of new GBs, as indicated by the ellipse in Figure 6d. It can be seen that orientation gradient was distinct in coarse grain G2, revealing a high dislocation density in coarse grains of the two passes of deformation; on the other hand, this suggests that CDRX also occurred during the 2 passes of CEE-AEC. The crystallographic orientation of the basal planes of G2 were more inclined than that of the first pass, as shown in Figure 6e,f. This can be attributed to the shear strain that was introduced by attaching an asymmetrical extrusion cavity.



Figure 7 shows the EBSD results of the three passes of the CEE-AEC-processed sample. The DRX fraction markedly increased to 91.0%, but the grain structures were relatively homogeneous, though not equiaxed, as shown in Figure 7a,b. Thus, we know that the DRX process that occurred during the three passes of CEE-AEC did not fully take place, especially in the recrystallized region. For a better understanding of the DRX behavior in the recrystallized region, typical regions R1 and R2 are selected in Figure 7a, and the results of their processing are shown in Figure 7c. It can be seen that fine DRX grains nucleated at serrated GBs and at the triple junctions of the previous DRX grains, indicating the consecutive occurrence of DDRX in the recrystallized region. The DDRX grains had evidently deviated orientations, as can be seen by them surrounding recrystallized grains without preferred selection. Thus, we can conclude that the DDRX played dominant role in the microstructural evolution during three passes of CEE-AEC.



Table 1 summarizes the evolution of grain size, the DRX fraction, HAGBs, and LAGBs. A significant grain refinement was observed from initial grain size of more than 300 to 10.4 ± 0.6 μm after three passes. Meanwhile, the DRX fraction markedly increased to 91.0% with the increasing number of CEE-AEC passes. Furthermore, the HAGB fraction was observed to continuously increase to 74.0% by the end of the three passes of CEE-AEC, corresponding to a continuous decrease in LAGBs.



Figure 8 shows the kernel average misorientation (KAM) maps of the AZ31B samples after different numbers of CEE-AEC passes. Usually, KAMs are used to explain the local residual strain concentration and dislocation density in a processed alloy, and different colors that transition from blue to red represent the increasing degree of strain and dislocation concentration [27]. After one pass of CEE-AEC, as illustrated in Figure 8a, it can be noticed that yellow and green regions mainly occupied the coarse deformed grains and their grain boundaries. Due to the accumulative strain from CEE-AEC, residual strain and dislocations began to generate and accumulate. Meanwhile, the newly formed DRX grains, which are presented in blue, indicated the lower dislocation accumulation compared to that of the deformed grains. The volume fraction of DRX increased with the increasing number of CEE-AEC passes, and a large number of dislocations was consumed in the recrystallization process. A comparatively homogeneous microstructure was observed after three passes of deformation, and the scanned area was occupied by blue areas, thus indicating a much lower strain concentration compared to the first CEE-AEC pass. Thus, the CEE-AEC-processed alloy remained in a steady state, which was good for the following process.




3.3. Texture Evolutions


The (0001) and (10   1 ¯   0) pole figures of samples based on EBSD results after different numbers of CEE-AEC passes are shown in Figure 9. After one pass of CEE-AEC, as shown in Figure 9a, an inclined basal texture with 0–20° spreading from TD to ED was observed. This was attributed to the shear deformation introduced by the asymmetrical extrusion cavity. The appearance of this non-basal texture component was investigated by Chang et al. [16] and Xu et al. [17,18]. Furthermore, due to the occurrence of DRX, the concentrated basal poles began to spread over a large angular from ED to TD. With further CEE-AEC passes, as shown in Figure 9b,c, the samples showed a more obvious inclined texture, with the (0001) planes of most grains being parallel and inclined ~45° to ED. Moreover, the basal poles were more concentrated, and the maximum intensity increased with the increasing number of CEE-AEC passes.



In order to avoid the limitation of micro-area EBSD texture for understanding the orientation behavior of the AZ31B alloys during the CEE-AEC process, a further investigation of macro-area (0002) pole figure from XRD measurements was carried out, and the results are shown in Figure 10. In general, the global texture presented a similar situation to that of the EBSD-based micro-area texture. The homogenized sample showed a random texture, as shown in Figure 10a. After CEE-AEC, the grains presented a preferred orientation, which was different from the typical fiber texture processed by conventional axisymmetric extrusion. The c-axes of most grains inclined at an angle of 5–45° with the ED. Moreover, due to the increasing volume fraction of DRX, the spreading of the basal planes of most grains and a weak intensity were observed after two passes of CEE-AEC, as shown in Figure 10c. However, the high accumulative strain after three passes of deformation resulted in a further increase of the titling angle and intensity, as shown in Figure 10d.




3.4. Mechanical Properties


The room temperature mechanical properties of the as-cast and CEE-AEC-processed samples are shown in Figure 11, and the values of ultimate tensile strength (UTS), tensile yield strength (TYS), and elongation to failure (EF) are listed in Table 2. The abbreviations of “asy,” “cen,” and “non-asy” represent the selected areas for tensile tests, and they are “asymmetrical area,” “center area,” and “non-asymmetrical area,” respectively. The as-cast alloy showed the lowest tensile properties, both in strength and ductility. The UTS, TYS, and EF were 148 ± 5 MPa, 65 ± 4 MPa, and 15.7 ± 0.8%, respectively. After two passes of CEE-AEC, the mechanical properties showed an obviously increasing tendency. In particular, after one pass, the values of UTS and TYS in the center zone of the CEE-AEC-processed sample presented a dramatic increase to 194 ± 2 and 94 ± 2 MPa, respectively, and the mechanical anisotropy that resulted from the heterogeneous microstructure showed better tensile properties in the asymmetrical area than in the non-asymmetrical area; the center area had the worst tensile properties. After three passes of CEE-AEC, the UTS and TYS remained steady in comparison those after two passes, while the EF increased rapidly to 30.0 ± 1.3%. From the observation of microstructure and the calculation of average grain size, it was concluded that the superior mechanical properties corresponded to the fine and uniform grain structure. The specific mechanical mechanisms are discussed in the following section.





4. Discussion


The experiment results of the CEE-AEC provide important information concerning the effects of grain refinement and texture modification on the alloy’s mechanical properties. Hence, understanding the relationship and competitive mechanisms of the microstructure and texture evolution of Mg alloys prepared by CEE-AEC is of significant importance for designing a test to obtain samples with superior mechanical properties in the future.



4.1. Grain Refinement during CEE-AEC


Several mechanisms for an Mg alloy to achieve grain refinement have been reported in the literature. Li et al. [27] proposed that the grain structure evolution of Mg–Gd–Y–Zn–Zr alloys during ECAP is due to the transformation from LAGBs into HAGBs, as well as the particle-stimulated nucleation (PSN) mechanism. Miura et al. [28] explained that the grain refinement mechanisms of AZ61 alloys fabricated by multidirectional forging (MDF) were determined by temperature. Twinning and CDRX were combined to refine grain structures during MDF processing with a decreasing temperature. Zhang et al. [29] investigated the DRX behavior of an Mg–Zn–Y–Zr alloy using hot compression tests. They found that DDRX firstly occurred on the original grain boundaries. As further deformation was carried out, CDRX took place inside the original grains. Ma et al. [30] reported twinning-induced dynamic recrystallization in an Mg alloy.



In our work, the dynamic recrystallization mechanism was the dominant mechanism in grain refinement. Twinning and deformation bands were rarely found in the evolved microstructures due to the high deformation temperature.



The dynamic recrystallization mechanisms in Mg alloys can be divided into two groups: CDRX and DDRX. The continuous absorption of dislocations in sub-GBs is the main characteristic of CDRX, while DDRX grains nucleate and grow via the migration of HAGBs. As discussed above, it can be concluded that CDRX and DDRX play important roles in grain refinement during CEE-AEC. Figure 12 shows DRX behavior in different stages.



In first stage of the CEE-AEC process, DRX fine grains with grain size smaller than 10 μm were observed, both within the coarse grains and along serrated grain boundaries. Discontinuous dynamic recrystallized grains showed no distinct gradients, either in recrystallized grains or in the original grains, while continuous dynamic recrystallized grains resulted from the progressive rotation of subgrains adjacent to preexisting grain boundaries. Thus, it can be concluded that the dominant mechanism of Mg alloys prepared by CEE-AEC to achieve grain refinement at low and medium strains is a combination of CDRX and DDRX.



At second stage of the CEE-AEC process with higher accumulative strain (three passes of CEE-AEC), the coarse grains were consumed by recrystallized grains, but they were not equiaxial. Fine grains could also be observed at recrystallized regions, especially at the triple junctions of the DRX grains. Thus, it can be known that the CDRX mechanism is not a dominant force refining grain structure, and DDRX determines further grain refinement.




4.2. Texture Evolution Mechanism


The ductility of an Mg alloy at room temperature is mainly related to its activated slips. In Mg alloys, basal <a> slip systems predominate, although the prismatic slip operated for grains is oriented to suppress the basal slip. The modification of the texture component during the SPD process can affect the activation of basal <a> slips. Kim et al. [11,31] and Tong et al. [32] found that the shear deformation provided from ECAP could inform the basal inclination texture, which was proven to be helpful in improving the ductility.



In the present work, the introduction of an asymmetrical extrusion cavity changed the crystallographic orientation of most grains, and a mixed texture component was obtained. Figure 13 shows a schematic image of the texture evolution during CEE-AEC. The red color represents a more concentrated orientation distribution, and the blue area represents a dispersion texture. As seen in Figure 13a, the initial structure was mainly composed of random orientated grains, and the random texture was remarkably changed after one pass of CEE-AEC, as shown in Figure 13b. An obvious mixed texture component occurred, with basal planes parallel and inclined from TD to ED, due to the shear deformation at the asymmetrical extrusion cavity. The phenomenon of TD spread has been reported in many studies and may be related to the DRX mechanism, which intensifies the dispersion of basal textures [14,22,27,33]. After three passes, as shown in Figure 13c, the orientations of most grains were redistributed, and the basal planes were inclined ~45° to ED.




4.3. Strengthening Mechanisms


In Figure 14, the tensile yield strength is plotted against d−1/2 for the as-cast and CEE-AEC-processed samples. The solid circle indicates the data for the cast material, and the solid squares represent the points for the CEE-AEC-processed samples. The standard Hall–Petch relationship with a positive slope was valid in the data for the samples from the state of homogenization to two passes of CEE-AEC. Meanwhile, these points were well-correlated to a single line. For the three-pass sample, however, the slope of tensile yield stress versus d−1/2 obviously declined. Kim et al. [11] found that the tensile stress of Al alloys subject to ECAP is mainly determined by grain size, but Mg alloys subject to ECAP did not behave in the same way. In subsequent studies, they found that the tensile stress of Mg alloys subject to ECAP was notably lower than that of the extruded alloys with the same grain size; texture modification was responsible for these results.



In general, the room temperature mechanical properties of the AZ31 alloys in the present research were mainly dependent on the grain size and texture modification. From Table 2 and Figure 14, it can be seen that the TYS increased and the average grain size decreased with the increasing number of CEE-AEC passes. The appearance of non-standard Hall–Petch relationship demonstrated the competition of grain refinement strengthening and texture modification.



During the two-pass deformation of CEE-AEC, an obvious linear increase relation in yield strength and a linear decrease relation in grain sizes were observed, as shown in Figure 14. Moreover, the sample after two passes of CEE-AEC presented an embryonic form of the basal inclination texture. This suggested that the determination of TYS in the first two passes of CEE-AEC was predominately controlled by grain refinement strengthening. Additionally, another piece of evidence that proves this conclusion was the relationship between TYS and grain sizes in different processing areas. As shown in Figure 11, the finer grain structure in asymmetrical areas showed better properties than the non-asymmetrical and center areas.



The CEE-AEC-processed AZ31B alloys, after three passes with a grain size of 10.4 ± 0.6 μm, had almost the same TYS as the sample that went through two passes. This was because the basal texture of the CEE-AEC-processed AZ31 alloy showed an inclination of ~45° from TD to ED. The basal inclination texture made grains with soft orientations for the operation of basal <a> slips at room temperature. Figure 15 shows the EBSD analysis of the Schmid factor for the (0001) <11   2 ¯   0> slip system of the CEE-AEC-processed samples loading along the ED. The higher Schmid factor value meant a lower tensile yield strength in the same conditions. This was because a high Schmid factor leads to a low stress for the activation of basal slip and material yielding [34]. From the quantitative analysis of Schmid factor during CEE-AEC, as shown in Figure 15, it can be seen that an increasing value of Schmid factor from 0.22 to 0.32 was obtained due to the shear deformation, which redistributed the texture component and formed a typical texture with inclined c-axis of most grains towards ED. The sample after three passes of CEE-AEC was more favorable for the dislocation glide on (0001) plane. Thus, it can be concluded that the determination of TYS of the sample after three passes of deformation was mainly controlled by texture modification rather than grain refinement strengthening.



It was clearly seen that the elongation the AZ31B alloys processed by CEE-AEC was remarkably improved, achieving a good balance of strength and ductility. A fractography analysis is shown in Figure 16. A lot of cleavage steps and tear ridges were observed on the surface of the as-cast alloy, implying that the main fracture mechanism was cleavage damage, which resulted in a poor ductility, as shown in Figure 16a. After one pass of CEE-AEC, the refined grain structure and the increasing volume fraction of the fine DRX grains effectively hindered the cleavage damage. The number of cleavage steps and tear ridges obviously decreased, and many dimples were observed on the fracture surfaces, representing cleavage mixed with ductile fracture behavior, as shown in Figure 16b. With the increasing passes, the coarse grains were consumed, and a more homogeneous grain structure with a basal inclination texture was obtained. Meanwhile, the increasing Schmid factor value promoted the activation of the basal <a> slip system. As shown in Figure 16c,d, the fracture surfaces were occupied by a large number of dimples, thus showing a typical ductile fracture behavior. The improvement of the ductility of the CEE-AEC-processed alloy was related to grain refinement and the formation of a basal inclination texture. The increasing volume fraction grain boundary restricted the required energy of crack growth, and the activation of the basal slip system promoted the slide of the high density of dislocation formed during the tensile experiments.



The CEE-AEC-processed AZ31B alloys were found to achieve a dramatic grain refinement from >300 to 10.4 ± 0.6 μm for the as-cast to the three-passed alloys, respectively. The refinement degree was more than ~96%. Moreover, the TYS and ductility were increased by ~95% and ~100%, respectively. The excellent elongation of the sample after three passes of deformation (30.0 ± 1.3%) was mainly dominated by a refined and homogeneous grain structure, as well as the formation of a basal inclination texture. The introduction of an asymmetrical extrusion cavity effectively improved the homogeneity of the microstructure and modified the texture component.





5. Conclusions


In present research, AZ31B alloys with homogeneous grain structures and enhanced ductility were successfully fabricated by a novel SPD technology: CEE-AEC. The corresponding DRX behavior, texture evolution and strengthening mechanisms were systematically discussed. The following main observations occurred in this study.




	(1).

	
CEE-AEC could effectively refine grain structure and improve microstructure homogeneity, mainly via DRX. CDRX and DDRX acted on the first two passes of deformation, and DDRX further refined the microstructure after three passes. Finally, a homogenous microstructure with an average grain size of 10.4 ± 0.6 μm was observed, and the grain refinement degree in comparison with the as-cast alloys was more than ~96%.




	(2).

	
The texture characterization after CEE-AEC revealed a basal inclination texture, with (0001) planes inclined ~45° to the ED. With further CEE-AEC processing, the typical basal texture rotation resulted in an asymmetric texture corresponding to an increasing Schmid factor.




	(3).

	
The tensile properties of the CEE-AEC-processed samples were remarkably improved, with the UTS, TYS, and EF of the as-cast alloys being 148 ± 5 MPa, 65 ± 4 MPa, 15.7 ± 0.8%, respectively, and the same qualities of three passes being 209 ± 2 MPa, 115 ± 4 MPa, and 30.0 ± 1.3%, respectively. The formed basal inclination texture facilitated the activation of basal <a> slip systems, and the TYS of the three pass-deformation showed a slight improvement in comparison with the two pass-deformation.




	(4).

	
Grain refinement strengthening and texture modification were the main strengthening mechanisms. The competition between the two mechanisms influenced the whole CEE-AEC process. During the first two passes of deformation, grain refinement was the dominant way of improving the tensile strength. Texture modification determined the high ductility after three passes of deformation.










6. Patents


In order to protect the intellectual property rights, the CEE-AEC technology is patented with the number of CN201910324749.4 of China.
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Figure 1. Microstructures of (a) as-cast and (b) as-homogenized AZ31B alloys. (Two figures have the same scale bars). 
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Figure 2. Schematic illustration of the cyclic expansion extrusion with an asymmetrical extrusion cavity (CEE-AEC) process: (a) deformation molds, (b) one-cycle deformation, and (c) specific dies and processed objects. 
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Figure 3. (a) Distribution of effective strain; (b) plot of effective strain of different deformation zones (Position (P) 1, 2, and 3); (c) finite element method (FEM) calculated force versus processing time; and (d,e,f) microstructures of 1 pass of CEE-AEC in P1, P2, and P3, respectively. 
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Figure 4. Microstructures of AZ31B alloys processed by CEE-AEC: (a,b,c) grain structures of 2 passes of CEE-AEC at asymmetrical cavity zone, center zone and non-asymmetrical cavity zone, respectively; (d,e,f) grain structures of 3 passes of CEE-AEC at asymmetrical cavity zone, center zone and non-asymmetrical cavity zone, respectively. (All the figures have the same scale bars). 
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Figure 5. (a) Inverse pole figure map of the 1 pass of the CEE-AEC-processed sample, (b) misorientation distribution, (c) schematic diagram of the location of electron backscatter diffraction (EBSD) measurement within the sample, (d) inverse pole figure map of the coarse grain G1, (e) line profile of misorientation angle along AB in (d), (f) the crystallographic orientations in G1, and (g) their corresponding inverse pole figures. 
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Figure 6. EBSD results of 3 passes of the CEE-AEC-processed sample: (a) inverse pole figure map; (b) grain size distribution; (c) misorientation angle distribution; (d) inverse pole figure map of the region in (a), G1, and the corresponding crystallographic orientations shown in the (0001) pole figure of (e) and the inverse pole figure of (f); and (g,h) line profile of misorientation angle along CD and EF, respectively. 
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Figure 7. Microstructure of the sample after 3 passes of CEE-AEC: (a) inverse pole figure map; (b) grain orientation spread map; (c) the selected regions R1 and R2 in Figure 7a; and (d) misorientation angle distribution. 
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Figure 8. The kernel average misorientation (KAM) maps of (a) 1 pass, (b) 2 passes, and (c) 3 passes of the CEE-AEC-processed sample. 
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Figure 9. The pole figures of samples processed by CEE-AEC measured by EBSD analysis: (a) 1 pass, (b) 2 passes, and (c) 3 passes. 
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Figure 10. (0002) pole figure based on XRD results of (a) the homogenized alloy, (b) the alloy after 1 pass, (c) the alloy after 2 passes, and (d) the alloy after 3 passes of CEE-AEC. 
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Figure 11. Engineering stress–strain plots for AZ31B alloys with and without CEE-AEC processing at room temperature (The different lines represent different sampling positions and states of AZ31B alloys processed by CEE-AEC, and the dog-bone shaped tensile sample is shown in the bottom of the figure). 
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Figure 12. Schematic diagram of grain refinement during the CEE-AEC process. 
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Figure 13. Schematic illustration of the dominant textures during CEE-AEC: (a) the as-homogenized; (b) 1 pass of CEE-AEC; (c) 3 passes of CEE-AEC. 
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Figure 14. Schematic illustration of (a) the relationship between TYS and d-1/2, and (b) the EF of different sampling positions with different passes. 
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Figure 15. Distribution of the Schmid factor of basal slip of samples after different numbers of CEE-AEC passes: (a) 1 pass, (b) 2 passes, and (c) 3 passes. 
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Figure 16. The fracture morphologies of the AZ31B alloys: (a) as-cast, CEE-AEC-processed for 1 pass (b), 2 passes (c) and 3 passes (d). 
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Table 1. The changes of main indexes during the CEE-AEC process, including grain size, DRX fraction, high angle grain boundaries (HAGBs), and low angle grain boundaries (LAGBs).
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	Pass
	Grain Size (μm)
	DRX Fraction (%)
	HAGBs (%)
	LAGBs (%)





	1
	37.9 ± 1.8
	42.0
	57.2
	42.8



	2
	24.7 ± 1.8
	60.0
	62.3
	37.7



	3
	10.4 ± 0.6
	91.0
	74.0
	26.0
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Table 2. Room temperature tensile properties of AZ31B alloys without and with CEE-AEC passes. Asy: asymmetrical area; cen: center area; non-asy: non-asymmetrical area; UTS: ultimate tensile strength; TYS: tensile yield strength; EF: elongation to failure.






Table 2. Room temperature tensile properties of AZ31B alloys without and with CEE-AEC passes. Asy: asymmetrical area; cen: center area; non-asy: non-asymmetrical area; UTS: ultimate tensile strength; TYS: tensile yield strength; EF: elongation to failure.





	State
	UTS (MPa)
	TYS (MPa)
	EF (%)
	Grain Size (μm)





	As-cast
	148 ± 5
	65 ± 4
	15.7 ± 0.8
	>300



	1 pass asy
	198 ± 5
	97 ± 3
	25.2 ± 1.6
	28.6 ± 1.4



	1 pass cen
	194 ± 2
	94 ± 2
	21.3 ± 1.2
	37.9 ± 1.8



	1 pass non-asy
	196 ± 3
	96 ± 3
	24.5 ± 1.3
	33.2 ± 1.7



	2 passes cen
	206 ± 5
	112 ± 3
	27.2 ± 1.7
	24.7 ± 1.8



	3 passes cen
	209 ± 2
	115 ± 4
	30.0 ± 1.3
	10.4 ± 0.6











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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