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Abstract

:

This study presents a comprehensive evaluation of Equal Channel Angular Pressing (ECAP) processing on the structural evolution and mechanical properties of AA2xxx aluminum alloy. Finite element analysis (FE) was used to study the deformation behavior of the AA2xxx billets during processing in addition investigate the strain homogeneity in the longitudinal and transverse direction. Billets of AA2011 aluminum alloy were processed successfully through ECAP up to 4-passes with rotating the sample 90° along its longitudinal axis in the same direction after each pass (route Bc) at 150 °C. The microstructural evolution and crystallographic texture were analyzed using the electron back-scatter diffraction (EBSD) and optical microscopy (OM). An evaluation of the hardness and tensile properties was presented and correlated with the EBSD findings and FE simulations. The FE analysis results were in good agreement with the experimental finding and microstructural evolution. Processing through 4-passes produced an ultrafine-grained structure (UFG) and a recrystallized fine grain dominated the structure coupled with a geometric grain subdivision which indicated by grain refining and very high density of substructures. This reduction in grain size was coupled with an enhancement in the hardness, tensile strength by 66.6%, and 52%, respectively compared to the as-annealed counterpart. Processing through 1-pass and 2-passes resulted in a strong texture with significant rotation for the texture components whereas 4-passes processing led to losing the symmetry of the texture with significant reduction in the texture intensity.
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1. Introduction


Aeronautical, terrestrial and marine transport applications are faced with extreme lightweight design requirements. Aluminum alloys are ideal materials for these purposes because they have good mechanical properties at relatively low densities [1,2]. Because of their high mechanical performances, the aluminum alloys 7xxx and 2xxxx series are widely used for aerospace, automotive and defense structural parts in many different structural elements [2,3,4,5]. The aluminum alloys AA2xxx series also reveal a high resistance to weight and, in structural applications, a high resistance, excellent resistance to corrosion, good surface finishing and in particular low density [2,6,7,8]. The as-cast microstructure of high Cu content alloys is typically made of aluminum matrix supersaturated with Cu solutes and coarse eutectic Q-Phase (Al2Cu) [9]. The good features such as high hardness, wear resistance, and strength compared with other alloys with a high Cu content revealed in this case that these alloys have a hard step of the Al2Cu-forming effect [10]. The heterogeneous distribution of the Al2Cu fragility process along grain frontiers hampers its widespread use in industrial applications [11], on the other hand. Moreover, earlier studies have shown that 2xxx series are to replace 7xxx alloys gradually because of their high mechanical strength and lower density [12]. In the other hand, some material testing studies have shown that, depending on Hall-Petch relationship, the power of metallic materials with refined microstructuring increases [13,14,15,16,17,18,19,20]. The key reason in the last decade was therefore the development of ultrafine grained AA2xxx aluminum alloys (UFG), which led to considerable improvements in mechanical characteristics [21].



Currently, the most suitable route for producing UFG materials is the use of severe plastic deformation (SPD) techniques which can effectively enhance grain refining for industrial applications [22,23]. Several methods have been originated for processing SPD such as equal channel angular pressing (ECAP) [14,24,25,26,27], high-pressure torsion [18,19,20], twist extrusion (TE) [28], accumulative rolling bonding [29], multi-directional forging [30], multi-channel spiral twist extrude (MCSTE) [15,16,17,31], friction stir welding [32,33,34], rolling in a three high skew rolling mill [35], and extrusion with KOBO [36] for improving ductility and mechanical properties in a wide range of materials. Among various SPD techniques, ECAP fulfilled almost all expectations of an SPD process such as producing nanostructure or UFG structure in metals and alloys as well as its applicability to industrial needs [37,38,39,40]. Within ECAP, a processed sample (ECAPed), which has a high shear strain, consists with two intersecting channels of equal cross-sections intersecting at a channel angle Φ and with a curvature angle Ψ [41] as shown in Figure 1, experiences a considerable amount of shear strain during processing in the ECAP die. It is worth to mentioning here that, the strain can also be altered in ECAP by rotating the rod about an axis along its length. The common routes are: route A, with no rod rotating between subsequent passes; route BA, the sample is rotated 90° clockwise and counterclockwise in alternate passes; route Bc with rod rotating 90° between the subsequent passes; and route C, the sample is rotated 180° as shown in Figure 1. The equivalent plastic strain exerted on the ECAPed sample depends primarily on the angles of die and the number of processing passes [42]. From the following relation can be determined the magnitude of equivalently effective plastic strain (εeq) after n passes [43]:


   ε  e q   =  N   3    [  2 c o t     φ + ψ  2    + ψ   c o s e c     φ + ψ  2     ]  



(1)




where n is number of passes, φ is the internal channel angle of the die, and Ψ is the curvature angle of the ECAP die.



During the past few years, several researchers have studied various facets of the ECAP mechanism and have revealed their effects on the mechanical properties of AA2xxx. Romero-Resendiz, et al. [44] found that maximum hardness and grain refinement of the AA2017 alloy depicted after the first ECAP pass after which a gradual decrease in the hardness and grain refinement was appeared due to the dynamic recovery phenomenon.



Roshan et al. [45] found that ECAP processing of AA2014 through more than one pass at room is not possible and causes damage. On the other hand, 1-pass processing experiences a notable effect on the strength of the material. Venkatachalam et al. [46] noted that processing AA2014 through ECAP through route Bc experiences significant improvement in both the hardness and strength compared to route A, Ba, and C (see Figure 2) counterpart due to the continuous deformation in all the planes which could cause effective strain homogenization. The effect of hot forming cold die quenching ECAP on the hardness, mechanical properties and microstructure of AA2024 is investigated in [47,48]. They found that processing via 1-pass experienced a significant increase in the hardness and the yield strength. Goodarzy et al. [49] explored the effect of subsequent annealing after ECAP processing on both the hardness and yield strength of AA2024, they noted that a further improvement on hardness and yield strength of the ECAPed samples coupled with a considerable homogenization in the microstructure compared to the naturally-aged samples. The effect of Cu content on the hardness and mechanical properties was studied in [50]. The noted that increasing both the number of ECAP passes and the Cu content resulted in increasing the ultimate strength and the proof strength, while increasing the Cu content up to 2wt% revealed decreasing in the ductility. On the other hand, increasing the Cu content up to 5wt% showed further increase in the ductility after the first pass.



The finite element technique (FE) is considered is one of the most effective techniques to analyze engineering problems [39,51]. The deformation process, strain and stress distribution, metal flow and simulated relation between the processing load and plunger displacement plots during ECAP processing can be obtained using FE [52,53]. El-Mahallawy et al. [51] conducted a rigid-viscoplastic 3D FE simulations for Al-xCu with Cu content ranged from 0-up to- 5wt% and they noted that the imposed strain during ECAP was maximum in the inner side of the die angle Ψ where the sample contacted with the ECAP die, whereas the imposed strain in the outer side was much lower. Moreover, with the increase in ECAP and copper content, the strain was more homogenous. Mishra et al. [54] simulated the ECAP AA6063 processing using a 110° angle and found that the die channel angle and the tension between sample and die walls were the most effective parameters on the effective pressure. In [55] similar conclusions were concluded. The strain hardening and grain refinement of aluminum alloys during ECAP processing was calculated with dislocation evolution model in [56].



Based on the aforementioned literature, we can see that unfortunately there is a lack of works available on AA2011aluminum alloy processed by ECAP. The objective of the current study is to provide a detailed mapping of the deformation behavior of AA2011 during ECAP as function of increasing the imposed strain via accumulating the shear strain by increasing the number of processing passes using FE simulation. The simulation finding were verified experimentally using the distribution of the hardness values on planes cut parallel and perpendicular to the extrusion direction. In addition, a comprehensive analysis of the effect of ECAP processing on microstructural evolution, crystallographic texture, and mechanical properties were carried out. Finally, the interrelations between the FE simulation, microstructural evolution, mechanical properties, and hardness distribution were presented.




2. Materials and Methods


2.1. Finite Element Method


Finite element (FE) analysis was carried out to study the accumulated strain and stress distribution along the sample’s longitudinal and transverse sections (LS and TS) of AA2011 alloy during ECAP processing using a commercial software (Simufact-forming® v18, Simufact Engineering GmbH, Hamburg, Germany). Similar to the experimental work, the FE simulation was carried out at 150 °C via route Bc. To simulate the ECAP process, the worm forming extrusion module was used. The model consisted of the plunger, the ECAP die that consists of two halves, and the ECAPed billets which were prepared by the Solidworks software® (2019, Dassault Systèmes, Villacoublay Cedex, France). The ECAP die and the punch (shown in Figure 3a) considered for FE analyses were made of high strength steel. For clarity and improved visualization, all parts were invisible apart from the AA2011 samples during simulation. The 2-half die, and the plunger were modeled as discrete rigid elements made of an imaginary non-formable material whereas the AA2011 rod was modeled as a deformable object. The die and AA2011 sample dimensions were identical to experimental values. Depending on the local strain conditions, the internal surface of the ECAP movement and the external surface of the sample can be in near contact. AA2011 alloy was selected from the FE software package built-in library as the material of the sample and its mechanical and thermal properties were pre-described. In addition, it has been used for 0.5 mm mesh hexahedral mesh, which is commonly used in computational modelling with 3D normal forms. This gave a total number of nodes ranging from 9500 to 15,000 elements depending on specimen’s degree of distortion and in accordance with the mesh sensitivity analysis. Any improvements in the geometry and dimensions of the ECAPed billet’s is taken into account as an extra precaution because of the deformation. When the components became too skewed during ECAP simulation, the mesh system was immediately revised. Re-meshing criteria were used based on a strain change of 0.1 mm and an element size of 1 mm. For the ECAPed material was modeled both as an isotropic linear elastic material and as a strain hardenable rigid plastic material. Tracked elements located at the plane in the middle of the specimen at the edge where max strain occurs and at the center where SPD has the lowest effect as shown in Figure 3b.



The regions chosen were at the edge where max strain occurs and at the center where SPD has the lowest effect. Ram speed was chosen to be 0.05 mm/s, which equal the ram speed used experimentally. In previous studies [55,57], the coefficient of friction of μ = 0.05–0.1 showed good results. The Coulomb friction model was then used in this analysis with a die friction factor of 0.05. To model and study the behavior of the material during deformation, the Simufact-forming software used the material model shown in Equation (2). The material model parameters for AA2021 is presented in Table 1. Figure 4 shows FE simulation stages of the AA2011 aluminum alloy:


  σ =  c 1  ×  e     c 2  · T     ×  φ     n 1  · T +  n 2      ×  e       I 1  · T +  I 2   φ      ×    φ ˙       m 1  · T +  m 2       



(2)




where T is the processing temperature, φ is the strain,    φ ˙    is the strain rate, and c1, c2, n1, n2, l1, l2, m1, m2 are a model constant which depend on the processing material.



For multiple passes, from the last step in the previous simulation, geometry data is interpolated in the first step of any new pass. The Bc route has been modeled by the software positioning option, in which the last step sample of each pass was used as the first step sample of the next pass. The next step. The ECAPed sample was rotated with angle of 90° around its axis after each pass (route Bc).




2.2. Experimental Procedure


Experiments out on a commercial AA2011 billets with a chemical composition of shown were carried in Table 2, which were received in the form of rolled billets with a 20 mm diameter and length of 500 mm. The AA2011 billets were sectioned and machined using high precision cutting machine to form ECAP samples with a diameter of 20 mm and a length of 60 mm. The billets were annealed at 300 °C for 1 h before ECAP processing followed by furnace cooling to attain an initial homogenous and fully recrystallized starting microstructure.



AA2011 rods were processed through ECAP for 1, 2, and 4 passes through route Bc (with the sample being rotated 90° along its longitudinal axis in the same direction after each pass) at 150 °C with a ram speed of 0.05 mm/s. A graphite-based lubricant was applied to reduce the friction between the ECAPed samples and the die’s inner walls before each pass. The ECAP process was performed using a split die shown in Figure 1 in which the two parts of the channel intersected with an internal channel angle of φ = 120° and with an additional outer corner angle of ψ = 20°. The die geometry imposed an equivalent strain of about 0.65 per pass according to Equation (1).



Microstructural evolution of the AA2011 rods before and after ECAP was characterized using an optical micrograph (OM) and a field emission scanning electron microscope (FESEM, Hitachi, Ltd., Tokyo, Japan) which is equipped a NordlysMax2 EBSD detector. ECAPed rods preparation sequence was as follows: mounting the samples, followed by sample grinding, adequate polishing using alumina solution, and finally etching using Kroll’s reagent (92 mL distilled water, 6 mL HNO3, 2 mL HF) as a final preparation step.



EBSD was used to study the structural evolution and crystallographic texture of the AA2011-rods processed with multiple passes via ECAP. Figure 5a depicts references axes with respect to the ECAPed process. Samples for microstructural characterization (EBSD) were cut from the center of the ECAP samples along their LS on the plane parallel to the pressing direction (flow plane) and perpendicular to the entry channel of the die), where the axes of the reference system coincide with the extrusion ECAP direction “Y” (ED), the normal direction “Z” (ND) and the transversal direction “X” (TD).



The investigated specimens were grinded and mechanically polished with a tripod polisher down to 1 µm diamond particle. A final chemical-mechanically polishing with 0.05 µm colloidal silica was performed for 24 h with a BUEHLER Vibrometer (Buehler, Tucson, AZ, USA). The EBSD measurements were performed on top surface TD-ED plan using a SU-70 SEM (Hitachi, Ltd., Tokyo, Japan) operating at 15 kV and at a typical current of 1.5 nA. Crystallographic orientation maps were obtained using a HKL Channel 5 acquisition system made by Oxford Instruments (Concord, MA, USA). To achieve good statistical data due to the presence of coarser grains, a larger scan area was selected for as-annealed (AA) and processed samples. The EBSD scans were in stitched maps 2 × 3 to cover areas of 12,490 µm × 2750 µm with 3 µm step size. In order to minimize the measurements error and the deformation induced by the preparation stage, misorientations below 3° was not considered in the post-processing data procedure. Also, low angle grain boundaries (LAGB) were defined as misorientation angles between 3° and 15° and presented in white lines on the band contrast maps, while the high-angle grain boundaries (HAGB) were defined when misorientation angles were greater than 15° and presented in black lines on the band contrast maps. Certainly, all grains in the outer frame of each region of interest were excluded.



The billets before and after ECAP process were sectioned along the central longitudinal lines parallel and perpendicular to the extrusion direction, and then grinded and polished to a mirror-like surface. Vicker’s microhardness tests (HV) were conducted on the sample by taking readings following a rectilinear grid pattern with the spacing of 1 mm between each separate indentation starting at the billets’ peripheries and moving towards the center on sections that were cut near the top part of the ECAPed samples. This was conducted on both parallel and perpendicular sections to the extrusion direction to evaluate the hardness variation across the ECAPed rods’ LS and TS. The LS area with 20 mm diameter. Both the LS and TS were cut from the top part of the ECAPed billets. The hardness test was carried out under an applied load of 1 kg for 15 s. The displayed results were averaged over a minimum of 5 equi-spaced indentations. Additionally, the hardness profiles and their degrees of homogeneity were illustrated by color-coded outlines created to display the hardness distribution along the LS and TS of the ECAPed samples.



Tensile tests were performed on a 100 kN universal testing machine at room temperature with at a constant strain rate of 10−3 s−1 (Figure 5b). The tensile samples were prepared according to the specifications set by the American Society for Testing of Materials (E8M/ASTM). All the tensile samples were machined from the center of the ECAPed samples. Two tensile specimens were tested per processing condition to ensure an accurate display of the results.





3. Results


3.1. Finite Element Analysis


The equivalent stress distribution along the LS and TS which located at the right lower part of the Figure 6 of the ECAPed AA2011 samples processed through 1-pass (1-p), two passes of route Bc (2-Bc) and four passes of route Bc (4-Bc) at 150 °C are presented in 3D color contour maps in Figure 6. Similar plots for the strain distribution are shown in Figure 7. The TS was chosen near the top surface of the AA2011 billets. The ECAP die and plunger have been removed for better visualization. In addition, the stress and strain distribution as a function of pressing time at the points lay at the peripheral and central regions which had monitored by the particle tracking mode were displayed in Figure 8.



Figure 6, Figure 7 and Figure 8 revealed two interesting observations which were consistent for all processing conditions. First, the stress and strain fields exhibit an inhomogeneous distribution as the peripheral regions displayed higher stresses and strain compared to the central regions which can be explained by direct contact between the sample and the ECAP die walls. Second, the top part of the sample experienced higher stress and strain compared to the bottom part of the AA2011 processed samples (Figure 6 and Figure 7) which can be referred to the contact between the ECAPed sample with the corner angle of the ECAP die which agreed with earlier findings [58].



The lower values of effective stress and strain at the bottom part of the ECAPed samples can be attributed to the formation of corner gaps between the bottom of the sample and the die channel during the ECAP processing so that the specimen was no longer in contact with the die in this area [51]. On the other hand, increasing the friction between the sample and the ECAP die walls leads to decreasing the gap angle as reported in [59]. It was worth to mentioning here that, the middle part of the ECAPed sample along the LS shows the steady-stress and strain region (Figure 6 and Figure 7), while the upper and lower parts show inhomogeneous distribution. Figure 7 shows that the imposed strain during ECAP processing was not uniform along the LS of ECAPed sample for all condition processing. In addition, the effective strain increased greatly with increasing the number of ECAP passes. Besides, the distribution of the effective strain across the TS begun to become almost uniform at the 4-Bc condition. As shown in Figure 8a, for all the processing condition, the stress value experienced a drastic increase as the ECAPed sample entered the deformation zone until it reached a steady value followed by a notable decrease in the stress after completing the deformation process. In the first stage the dramatic increase of stress can be attributed to the friction effects between the AA2011 sample and the die inner wall. Whereas in the deformation zone, the AA2011 samples were gradually pushed down along the inner wall of the channel under the steadily stress. However, when the AA2011samples are pushed out of the deformation zone, the stress decreases as shown in Figure 8a. Accordingly, a proper agreement was obtained between the ECAP stress and the experimental one (Figure 8a). This finding is in a good agreement with previous study [60].



As shown in Figure 6a and Figure 8a, processing through 1-p resulted in a maximum stress of 70.5 MPa which was seen in the peripheral regions, whereas the central regions experienced a maximum stress of 61.7 MPa. Moreover, as shown in Figure 6a, it was clear that the head at the upper edge of the AA2011 billet showed higher stresses (70.5 MPa) compared to the lower edge (6.25 MPa) as a result of the direct contact between the sample’s upper part and the plunger which is in a good agreement with previous study [47]. It is worth to mentioning here that the stress distribution at the TS showed a fairly homogenous distribution where a stress of 68.75 MPa was depicted (Figure 6a). A similar trend was observed in the strain distribution (Figure 7a and Figure 8b), whereby 1-p processing resulted in higher values of the equivalent strain at the peripheral regions compared to the central regions. An equivalent strain of 0.7 was seen in the peripheral regions which showed a considerable agreement with the findings obtained from Equation (1), whereas a minimum strain of 0.34 was observed in the central regions. On the other hand, a maximum strain of 0.7 was revealed at the upper part whereas a strain of 0.188 was noted at the lower part of the sample (Figure 7a). The TS section of the strain distribution revealed a homogenous distribution where a strain of 0.56 was observed. The decrease of strain at the bottom part of the ECAPed samples compared to the top part can be explained by the formation of the corner gap, as the lower part of the ECAPed sample is no longer in contact with the die. Consequently, a lower degree of deformation occurred in the lower of the sample [59].



Increasing the processing up to 2-Bc resulted in an increase in the stress in the peripheral and central regions of the AA2011 billets by 14% and 16%, respectively, compared to the 1-p counterpart (Figure 6b and Figure 8a). A homogenous stress distribution was revealed at the TS with an average value of 81.25 MPa as shown in Figure 6b. On the other hand, straining via 2-Bc revealed an equivalent strain at the peripheral and central regions of 1.4 and 0.7, respectively (Figure 7b and Figure 8b). Further increasing of the ECAP passes up to 4-Bc resulted in further increases in the stress at the peripheral and central regions up to 88 and 80 MPa (Figure 6c and Figure 8a), respectively, coupled with an almost homogenous distribution of 81.25 MPa in the TS (Figure 6c). On the other hand, the effective strain experienced a significant increase up to 2.75 and 1.6 near the sample’s edge and center, respectively (Figure 7c and Figure 8b). Accordingly, this inconsistency in the stresses and plastic strain values recorded along both the LS and TS of the AA2011 ECAPed billets will significantly affect the homogeneity in the mechanical properties and microstructural features throughout the sample.




3.2. Microstructural Evolution Using Optical Microscopy


The OM of the AA and ECAPed AA2011 processed through 1-p, 2-Bc, and 4-Bc are shown in Figure 9. The microstructure of the AA sample consists mainly of relatively equiaxed coarse grains with average grain size of 122 μm (Figure 9a). Processing through ECAP via 1-p showed an elongated grain with a big width which aligned parallel to the extrusion direction as shown in Figure 9b. Increasing the accumulated strain up to 2-Bc revealed an elongated with a small width as shown in Figure 9c. On the other hand, after processing through 4-Bc, an UFG structure is homogeneously developed and the recrystallized fine grains dominated the structure forming a relatively UFG homogenous microstructure (Figure 9d). On comparison, 4-Bc condition (Figure 9d) showed a significant refinement in the grain size compared to the AA counterpart (Figure 9a). Notably, the grains near the peripheral regions of the AA2011 processed billets 2-Bc, compared to the AA condition, were elongated parallel to the direction of shear. Figure 10 depicts the material flow pattern at the peripheral regions of the AA2011 billets processed through 2-Bc along the longitudinal direction (flow direction).




3.3. Grain Structure and Crystallographic Texture


The grain structure and texture of the ECAP processed samples and the base material (BM) AA2011 were investigated using EBSD and the obtained data analyzed and compared. Figure 11 shows the inverse pole figure (IPF) coloring maps and their corresponding grain boundary maps with the high angle grain boundaries (HAGBs) of misorientation angle above 15° are outlined as black lines and low angle grain boundaries (LAGBs) of misorientation between 3° and 15° are depicted in red lines for the AA condition in (a), after ECAP processing for 1-p in (b), 2-Bc in (c) and 4-Bc in (d). The AA IPF map (Figure 11a) shows coarse recrystallized grains with very limited number of LAGB as can be seen from the (grain boundaries) GB map. The microstructure is of mixed extremely large equiaxed free of substructure grains and some relatively small grains with limited substructures. The maximum grain size is about 340 µm and the minimum grain size is 11.5 µm with average grain size of 51 µm. In terms of orientation it can be noted that the AA is dominated by a 100/red orientation. After ECAP processing for 1-p it can be observed that the grains are elongated and orientated with the extrusion direction with very high density of LAGBs can be observed in the maps Figure 11b. The average grain size is reduced after 1-Bc processing to be about 25 µm. It can be noted that the orientation is changed to be dominated by 111/blue orientation. After the second pass it can be observed that more deformation occurred with some reduction in the density of LAGB which can be attributed to dynamic recovery. This is supported by more reduction in the average grain size to 19 µm which indicates an additional portion of fine grains formed after 2-Bc ECAP processing Figure 11c.



After 4-Bc it can be observed that a geometric grain subdivision occurred due to the severe deformation experienced which was indicated by grain refining and very high density of substructures as can be seen in Figure 11d. The average grain size after 4-Bc found to be 8.5 µm. Figure 12 shows the grain size distribution for the AA2011 AA and after the ECAP processing. This grain size refinement after ECAP processing is in agreement with the results reported by Horita et al. [61] in their investigation of ECAP processing of different aluminum alloys. They reported that ECAP was successful in reducing the grain sizes to the submicrometer level in six different commercial, aluminum-based alloys. Abd El Aal and Sadawy [62] obtained ultrafine grains in pure aluminum after 10 passes of ECAP processing. Also Derakhshan et al. [63] reported grain refining and high density of dislocations after ECAP processing of commercial pure aluminum.



Figure 13 shows the 001, 101 and 111 pole figures for the AA and after different ECAP processing passes. The AA is mainly dominated by a strong cube texture with more than 12 times random that indicated by the C ({001}/<1–10>) components simple shear texture at their ideal positions. After ECAP processing for 1-p and 2-Bc, the texture is still strong with significant rotation for the texture components and can be followed through the rotation of the intense 001 pole. For the AA the intense 001 pole was aligned with the ND and after ECAP processing shifted towards the extrusion direction that keep rotation by the increase of the of passes. After 4-Bc it can be noted that the symmetry of the texture is almost lost with significant reduction in the texture intensity. This result is in agreement with the results reported by Figueroa et al. [64] in their study of the effect of the initial ECAP passes on the crystal texture of AA5083. They reported that the microstructural changes were associated with the loss of texture symmetry.



To investigate the microstructure homogeneity across the ECAP sample cross section, EBSD data were collected at the two edges of the sample in addition to the center data. Figure 14 shows the IPF maps for the data obtained across the sample cross section with their corresponding GB maps. The grain orientation is mainly dominated by 111/blue orientation. In terms of grain rotation, it can be observed that the grains at left edge is more rotated than the right edge and the center. Also the grain size average is smaller at the edges than that at the center. Moreover, the left edge showed smaller grain size average than the right edge. Figure 15 shows the grain size distribution and the grain averages are 16.5 µm, 25 µm and 18 µm at left edge, center and right edge, respectively. This can be attributed to the longer shearing path at the left edge than the right edge and center. The grain boundary maps almost show similar LAGB density across the three positions.




3.4. Mechanical Properties


Vicker’s microhardness (HV) values of the AA2011 alloy processed through ECAP via 1-p, 2-Bc, and 4-Bc at 150 °C through across LS and TS cross-sections were plotted in color-codded contour maps as shown in Figure 16. The AA billet experienced almost a homogenous distribution across both the LS and the TS with average of HV = 72.



From Figure 16 it is clear that, a notable increase in the HV occurred as a function of increasing the number of ECAP passes. 1-p processing experienced a gradual increase of the HV along the central and peripheral as shown in Figure 16a, with the heights HV recorded were at the upper part along the periphery (95 HV) compared to that at the lower central part (86 HV). The observed increase in HV at the peripheral regions compared to the central regions can be attributed to the high friction between the ECAPed billets and the die walls. In addition, this observation matched perfectly with the heterogeneity in strain distribution shown in Figure 7 (higher imposed strain at the peripheral regions compared to the central one).



Similar observations were revealed at the TS (Figure 16b). Increasing the ECAP passes up to 2-Bc revealed an additional increase in the HV by 5% at both peripheral and central regions compared to 1-p counterparts (Figure 16c,d). A further increase the imposed strain up to 4-Bc revealed a significant increase in HV across the LS and TS as depicted in Figure 16e,f, respectively. HV-values at the peripheral region and the central regions recorded values of 66.6% and 50%, respectively, compared to the AA counterpart. Table 3 lists the average HV values measured at the peripheral and central regions of the AA2011 billets before and after ECAP. It is worth to mentioning here that the HV distribution across the TS displayed lower degree of inhomogeneity compared to the LS (Figure 16) which agreed with the FE findings shown in Figure 6, Figure 7 and Figure 8. Additionally, it is clear that increasing the equivalent strain by increasing the number of ECAP passes resulted in increasing the hardness from pass to pass which could be explained by the refinement of the grain size (as shown in Figure 11) which led to more work hardening which agreed with previous work [49].



A tensile test was carried out for the AA2011 billets before and after processing through 1-p, 2-Bc, and 4-Bc at 150 °C. Table 3 lists the proof yield strength (YS), ultimate tensile strength (UTS), and elongation percentage (EL%) of the AA2011 alloy. From Table 1, it is clear that processing through 1-p experienced an improvement in the YS and UTS by 6.3% and 14.9%, respectively coupled with improvement in the EL% by 15%. Increasing the straining up to 2-Bc resulted in a significant increase in the UTS and EL% by 24.8% and 95.6%, respectively compared to 1-p counterpart. On the other hand, 2-Bc condition showed a decrease in the YS by 14% which can be attributed to the strain softening which accompanies the ECAP processing at 150 °C [65,66]. Further increase of ECAP passes up to 4-Bc revealed additional increase in the UTS by 6% while an insignificant increase in YS and EL% compared to 2-Bc counterpart. These findings indicate that ECAP processing can improve the strength and the ductility simultaneously of the Al-Cu alloy [67]. It is worth to mentioning here that the notable increase in the UTS with increasing the number of ECAP passes can be attributed to the accumulation of strain after each pass resulting in more grain refinement (as shown in Figure 11). Similar findings reported in previous work [9,51]. On the other hand, the decrease in the YS after the first pass could be attributed to the dynamic recovery which results in dislocation annihilation and absorption at the boundaries of the UFG [17].



The tensile findings are in line with the grain size refinement and the relative increase in HAGBs (Figure 11) with increasing the number of ECAP deformation passes. Moreover, the intensity of the texture is notably increases with ECAP processing as a result of the strain accumulation, resulting in an increased UTS of the ECAPed billets. Furthermore, increasing the HAGBs in SPD processed metals exhibited an obvious effect in producing UFG materials with a higher strength and good ductility [68]. Additionally, the ECAP processing plays a vital role in secondary phases refinement which significantly contributes in strengthening of the alloy [24]. It is worth to mentioning here that, the precipitation and fragmentation of the θ phase in AA2xxx aluminum alloy are considered as the most important strengthening mechanism of Cu element [21,69]. On the other hand, ECAP processing leads to the presence of high dislocation density which hinder the mobility of dislocation hence, increase the hardness and tensile strength of the ECAPed billets [45]. Furthermore, the significant grain refinement shown in Figure 10 qualify the grain boundary strengthening mechanism in improving the mechanical properties of the AA2xxx aluminum alloy which agreed with previous work [9].





4. Conclusions


In this study, a detailed analysis of the effect of ECAP processing on strain homogeneity, microstructural evolution, crystallographic texture and mechanical properties of the AA2011 aluminum alloy was carried out. To this aim, a 3D FE analysis of AA2011 alloy during ECAP of routes Bc up to 4-passes was presented. In addition, EBSD analysis was carried out to investigate the grain structure evolution associated with processing AA2011 through ECAP along the LS of the sample from the right edge through the center to reach the left edge of the ECAPed billets. Finally, the interrelations between the FE simulation, microstructural evolution, mechanical properties, and hardness distribution were presented. The following conclusions can be drawn:




	(1)

	
The plastic strain homogeneity exhibits an inhomogeneous distribution as the peripheral regions displayed higher stresses and strain compared to the central regions.




	(2)

	
A relatively homogenous distribution of the plastic strain was attained along the TS compared to the LS.




	(3)

	
Processing through 1-p experienced an elongated grain which orientated with the extrusion direction with very high density of LAGBs.




	(4)

	
Accumulation of the strain up to 4-Bc revealed an UFG equiaxed structure with an average grain size of 8.5 µm.




	(5)

	
Processing through 1-p and 2-Bc revealed a strong texture with significant rotation for the texture components whereas 4-Bc processing led to losing the symmetry of the texture with significant reduction in the texture intensity.




	(6)

	
A smaller grain size is depicted at the peripheral areas than that at the central one.




	(7)

	
Processing through 4-Bc experienced an enhancement in the hardness, and tensile strength by 66.6%, and 52%, respectively compared to the as-annealed counterpart.
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Figure 1. The schematic of the equal channel angular pressing (ECAP) die [25]. 
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Figure 2. Schematic of four routes of multi-pass ECAP [14]. 
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Figure 3. The ECAP die, punch, and sample used in FE simulation (a), Tracked elements located at the plane in the middle of the specimen at the sample’s edge and at the center (b). 
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Figure 4. FE simulation stages of the AA2011 aluminum alloy. 
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Figure 5. (a) Representation of the references axes with respect to the ECAPed sample [25], (b) The ECAPed AA2011 sample during tensile test. 






Figure 5. (a) Representation of the references axes with respect to the ECAPed sample [25], (b) The ECAPed AA2011 sample during tensile test.



[image: Metals 11 00938 g005]







[image: Metals 11 00938 g006 550] 





Figure 6. Stress distribution along both the LS and TS of the ECAPed AA2011 samples processed through 1-p (a), 2-Bc (b) and 4-Bc (c) at 150 °C. 
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Figure 7. Strain distribution along both the LS and TS of the ECAPed AA2011 samples processed through 1-p (a), 2-Bc (b) and 4-Bc (c) at 150 °C. 
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Figure 8. Stress versus time (a) and strain versus time (b) at the central and peripheral regions of AA2011 processed through 1-p, 2-Bc, and 4-Bc at 150 °C. 
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Figure 9. OM micrographs of AA2011 for (a) AA, (b) 1-p, (c) 2-Bc, and (d) 4-Bc at 150 °C. 
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Figure 10. OM micrograph of AA2011 after processing through 2-Bc at the peripheries. 
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Figure 11. Inverse Pole figure coloring maps and their corresponding grain boundary maps for the BM AA2011 (a) and the ECAP processed AA2011 for different passes, (b) 1-p, (c) 2-Bc, (d) 4-Bc. 
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Figure 12. Grain size distribution calculated from the EBSD data presented in Figure 10 for the AA2011 BM after ECAP processing for different passes. 
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Figure 13. 100, 101 and 111 pole figures calculated from the EBSD data presented in Figure 10 for the AA2011 BM and after ECAP processing for different passes. 
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Figure 14. IPF maps and their corresponding GB maps of the 1-p ECAP processed AA2011 (a) left edge, (b) center, (c) right edge. 
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Figure 15. Grain size distribution across the 1 pass ECAP processed AA2011 calculated from the EBSD data presented in Figure 10 (a) left edge, (b) center, (c) right edge. 
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Figure 16. Color-coded contour maps for the hardness values recorded on the (a,c,e) LS and (b,d,f) TS of the AA2011 billets processed via ECAP processing after (a,b) 1-p, (c,d) 2-Bc, and (e,f) 4-Bc at 150 °C. 
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Table 1. The adopted model processing parameters for AA2011.






Table 1. The adopted model processing parameters for AA2011.





	Processing Parameter
	Value





	Temperature range (°C)
	150–450



	Strain Range (φ)
	0.05–5



	Strain Rate Range (   φ ˙   )
	0.01–63



	c1
	506.503



	c2
	−0.00444724



	n1
	−4.81802e−5



	n2
	0.106109



	l1
	5.75635e−5



	l2
	−0.0280168



	m1
	0.000256



	m2
	−0.010893
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Table 2. Chemical composition of the AA2011 aluminum alloy used in this work (in Wt. %).






Table 2. Chemical composition of the AA2011 aluminum alloy used in this work (in Wt. %).





	Element
	Cu
	Fe
	Pb
	Zn
	Ti
	V
	Al





	Wt %
	5.75
	0.417
	0.2
	0.137
	0.009
	0.004
	balance
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Table 3. Mechanical properties of AA2011 processed via ECAP at 150 °C.






Table 3. Mechanical properties of AA2011 processed via ECAP at 150 °C.





	
Processing Condition

	
HV-Value

	
YS

(MPa)

	
UTS

(MPa)

	
Elongation

(%)




	
Center

	
Periphery






	
AA

	
72 ± 2

	
72 ± 2

	
251 ± 1

	
235 ± 1

	
20 ± 0.5




	
1-p

	
86 ± 2

	
95 ± 2

	
267 ± 1

	
270 ± 1

	
23 ± 0.5




	
2-Bc

	
89 ± 2

	
99 ± 2

	
229 ± 1

	
337 ± 1

	
45 ± 0.5




	
4-Bc

	
108 ± 2

	
122 ± 3

	
249 ± 1

	
358 ± 1

	
46 ± 0.5
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