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Abstract

:

The evolution of the microstructure and mechanical properties during equal channel angular pressing processing has been studied in an extruded Mg-Gd-Y-Zn alloy containing long-period stacking ordered phases. After extrusion, the microstructure is characterized by the presence of long-period stacking ordered fibers elongated along the extrusion direction within the magnesium matrix. The grain structure is a mixture of randomly oriented dynamic recrystallized and coarse highly oriented non-dynamic recrystallized grains. Rare-earth atoms are in solid solution after extrusion at 400 °C and precipitation takes place during the thermal treatment at 200 °C. Precipitation of β’ prismatic plates and lamellar γ’ in the basal plane increases the tensile yield stress from 325 to 409 MPa. During equal channel angular pressing processing at 300 °C, the volume fraction of dynamic recrystallized grains continuously increases with the strain introduced during the equal channel angular pressing process. Precipitation of β phase is equally observed at grain boundaries of the ECAPed alloy. Dynamic recrystallized grain size decreases from 1.8 µm in the extruded material to 0.5 µm in the ECAPed alloy. Thermal treatment at 200 °C of ECAPed materials results in an increase of the yield stress up to 456 MPa, which is maintained up to 200 °C.
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1. Introduction


Extruded Mg-RE-Zn alloys containing Long-Period Stacking Ordered (LPSO) phases exhibit a high mechanical strength near 400 MPa, with appreciable ductility [1,2,3,4]. The microstructure of these alloys consists of LPSO-phase fibers elongated along the extrusion direction in a non-fully recrystallized magnesium matrix. Most of studies on this kind of alloy have been carried out in the Mg-Y-Zn system. However, it has been proved that the addition of Gd to the alloys of this system is very interesting since the alloys combine a high mechanical strength (higher than 400 MPa) and high elongation to failure (around 15%) [5,6,7,8,9,10,11,12,13]. Extruded or hot-rolled alloys exhibit a bimodal grain structure with fine dynamic recrystallized (DRXed) grains and coarse non-DRXed grains highly oriented with the basal plane parallel to the extrusion direction. This heterogeneous microstructure induces some interesting mechanical characteristics in material. The strengthening of the alloy has been analyzed in terms of a composite consisting of a bimodal grain-structured magnesium matrix and fiber-shaped LPSO phase particles. Thus, a large fraction of randomly oriented recrystallized grains increases ductility, while large areas of deformed grains with a strong texture characterized by the basal planes parallel to the extrusion or rolling directions provoke an increase of the strength. Moreover, these alloys are susceptible to age-hardening due to the precipitation of β’ plates in the prismatic planes.



The main reinforcing mechanism of Mg-Gd-Y-Zn alloys is the refinement of the grain size, which can be magnified by the use of severe plastic deformation (SPD) methods. High pressure torsion (HPT) was successfully used in Mg-Gd-Y-Zn alloys for obtaining nano-sized grains with high-angle misorientations with ultra-high hardness values [12,13]. However, HPT samples are normally small for industrial applications. Equal Channel Angular Processing (ECAP) constitutes an alternative SPD method to produce an ultrafine microstructure in magnesium alloys. In Mg-Y-Zn alloys containing LPSO-phases, ECAP processing not only decreases the grain size of DRXed grains, but also promotes an increase in the volume fraction of these DRXed grains as the accumulated strain is increased [14,15].



This study explores the use of ECAP processing in an extruded and age-hardening Mg-Gd-Y-Zn alloy containing LPSO phases. The changes in the microstructure and mechanical properties will be evaluated during ECAP processing using electron microscopy, synchrotron radiation diffraction (SDR), and tensile tests.




2. Materials and Methods


The Mg-8Gd-3Y-1Zn (wt.%) alloy (designed as GWZ831) was prepared with high purity pure Mg, Zn, and Mg-20%Gd and Mg-22%Y master alloys by melting and casting. The cast ingot was homogenized at 560 °C for 24 h (designated as solution heat treatment), quenched in water, and subsequently machined as cylinders with a 41 mm diameter and 200 mm length. The cylinders were extruded at 400 °C with an extrusion ratio of 4:1. Then, cylinders of a 70 mm length and 20 mm of diameter were ECAP processed at 300 °C using the route A. The angle of the ECAP was 118°, which produces a true strain of 0.7 per pass. Samples were heated in the die and the ECAP rate speed used in all cases was 20 mm/min. The cylinders were processed up to four and six passes, without internal damage. After each ECAP pass, the sample was quenched in water. Samples after extrusion and ECAP processing were aged during 24 h at 200 °C (designated as peak-aged condition), following previous studies [5,7,8,9].



Synchrotron radiation diffraction (SRD) experiments were carried out on the P07B beamline of PETRA III, at the Deutsches-Elektronen-Synchrotron (DESY, Hamburg, Germany), to identify the different phases presented in the alloy in the as-extruded condition, as well as after thermal treatments and/or the ECAP processing. The gauge volume was 1 × 1 × 5 mm3 (beam section x cylinder diameter). The diffraction patterns were recorded by a Perkin-Elmer XRD 1622 flat panel detector with an array of 20482 pixels, with an effective pixel size of 200 × 200 µm2. The wavelength of the beam was 0.01423 nm. LaB6 was used as a reference to calibrate the acquired diffraction pattern. The detector-to-sample distance was 1616.5 mm. Conventional 2θ diffraction profiles were obtained by azimuthal integration of the Debye-Scherrer rings in the axial and radial direction using the FIT2D (Grenoble, France) software [16].



Microstructural characterization was carried out by scanning and transmission electron microscopy (SEM and TEM, respectively), as well as by the Electron Backscattered Diffraction (EBSD) technique attached to SEM.



SEM samples were prepared by conventional polishing and finishing, with an etching solution of 5 mL acetic acid, 20 mL water, and 25 mL picric acid in methanol. Quantitative image analysis was carried out to measure the recrystallized fraction and grain size in the magnesium matrix. In order to obtain good statistical values, 10 SEM images and 500 grains were measured.



The texture of the processed alloy was measured using the Electron back-scattered diffraction technique (EBSD) technique. Since samples have a cylindrical symmetry, two reference directions: ED (extrusion direction) and RD (radial direction), were selected. Specimens for EBSD measurements were polished with a solution of alumina in distilled water and finally chemically etched with a cold solution of 7 mL of acetic acid, 3 mL of nitric acid, 30 mL of ethanol, and 10 mL of water.



TEM has been carried out to analyze precipitates presented in the samples after ECAP processing, as well as after the second thermal treatment. Specimens for TEM were prepared by electrolytic polishing using a reactive mixture of 25% nitric acid and 75% methanol at −30 °C and 25 V. Then, ion milling at liquid nitrogen temperature was used to remove the fine oxide film formed on the surface during electrolytic polishing.



The mechanical properties of the extruded alloy after ECAP processing were evaluated by tensile testing cylindrical samples with a diameter of 3 mm and gauge length of 10 mm. Tensile tests were carried out using a universal testing machine at a strain rate of 4 × 10−4 s−1 from room temperature up to 200 °C. All tensile samples were tested along the extrusion or ECAP directions.




3. Results


Figure 1 is a backscattered electron image showing the microstructure of the as-cast GWZ831 alloy after solubilization treatment. Two phases are clearly observed: The magnesium phase (dark phase) and the LPSO phase (white phase). The volume fraction of the LPSO phase is 11%. After the extrusion (hereinafter the material in the as-extrusion condition will also be designated as 0 ECAP passes), the LPSO phase is deformed and elongated along the extrusion direction (Figure 2a). The magnesium matrix exhibits a bimodal grain structure constituted of areas of coarse non-DRXed grains elongated along the extrusion direction with a length between 50–100 µm and areas of fine equiaxed DRXed grains (Figure 2b). The volume fractions of non-DRXed and DRXed grains areas are 47 and 42%, respectively (Figure 3). The average grain size of DRXed grains is 1.8 µm (Figure 4 (top)).



The volume fraction and grain size of DRXed grains experience significant changes with the number of ECAP passes (Figure 2c–f). Thus, the volume fraction of DRXed grain areas becomes 71% after six ECAP passes (Figure 3), while the grain size is gradually refined to 0.5 and 0.6 µm after four and six ECAP passes, respectively (Figure 4). Furthermore, small particles precipitate at grain boundaries of DRXed grains after four and six ECAP passes (Figure 2d,f). Such particles, however, are absent within the coarse grains.



The orientation image mappings (OIM) of the magnesium grains (Figure 5a–e) and the {101¯0} pole figures obtained from the OIM image (Figure 6a–e) in the extruded alloy and after four and six ECAP passes reveal significant changes induced by the high strain introduced during the ECAP processing. In the case of the material after ECAP processing, two images were shown due to the high difference in grain size between DRXed and non-DRXed grains. DRXed grains are randomly oriented, while non-DRXed grains are highly oriented, with their basal planes parallel to the extrusion direction (see Figure 6). It is important to point out that areas of non-DRXed grains are deformed during ECAP processing and local misorientations are observed within these grains (Figure 5c,e).



Figure 7 shows TEM images of equiaxed DRXed grains (Figure 7a), coarse non-DRXed grains (Figure 7b), and LPSO phase (Figure 7c) of the material in the extrusion condition. It is interesting to note the presence within the magnesium grains, especially in coarse non-DRXed grains, of thin lamellae parallel to basal planes. These lamellae produce the diffuse streaks along the [0002] direction in the selected area diffraction pattern (SADP) of Figure 7b. A high dislocation density is observed in non-DRXed grains areas. Figure 7c shows a bright field TEM image of the elongated LPSO fiber along the extrusion direction. Moreover, the SADP of the LPSO phase in the [112¯0] zone axis shows that the crystallographic lattice structure corresponds to the 14H. Figure 8 shows the TEM images of non-DRXed (a,c) and DRXed (b,d) areas after four and six ECAP passes. A very fine grain size in the DRXed grain areas is observed, in agreement with the SEM images of Figure 2. Moreover, the presence of particles of 100 nm is noticed at grain boundaries in the DRXed grains (Figure 7e). In the case of coarse DRXed grains, these particles are only found within the grain after six passes of ECAP. SADP analysis of these particles reveals that they correspond to β particles with a lattice parameter of 2.23 nm. As an example, the SAPD in the [111] zone axis is presented in Figure 8f. Since these precipitates were not present in the extruded material, it can be assumed that the precipitation occurred during ECAP processing at 300 °C. Accordingly, some gadolinium and yttrium atoms remain in solid solution during the extrusion process and only after thermal treatment at 200 °C for 24 h are fine precipitates observed in the as-extruded alloy, as shown in Figure 9, where precipitates in the [112¯0] zone axis are displayed. These observations are in good agreement with previous studies, given that a high density of prismatic plate β′-precipitates with a base-centered orthorhombic structure is observed [5,7,8,9].



The precipitation process during the ECAP processing, as well as the formation of β′-precipitates, has been studied by SRD. Figure 10 shows the Debye-Scherrer rings obtained in the as-extruded alloy and after four and six ECAP passes. After integration along the axial and radial directions, diffraction patterns as a function of 2θ can be obtained. Figure 11a shows the axial and radial diffraction pattern of the as-extruded alloy. Owing to the intense fiber texture of the non-DRXed grains, observed in Figure 6, the diffraction peak corresponding to the {101¯0} planes exhibits the highest intensity in the axial direction and the diffraction peak corresponding to the {0002} planes exhibits the highest intensity in the radial direction. The presence of an intense diffraction peak is only observed in the radial direction at 2θ = 0.45°, which corresponds to the (0002) diffraction peak of the 14H LPSO-phase crystal structure. The LPSO-phase fibers are equally highly oriented, with the basal plane parallel to the extrusion direction.



Figure 11b shows the radial diffraction patterns of the GWZ831 alloy after extrusion and after four and six ECAP passes at 300 °C. In Figure 11b, a detail of the diffraction patterns’ diffraction angles, θ, between 1.7 and 2.3°, is presented. New diffraction peaks corresponding to the β phase are observed, in agreement with TEM images, only after ECAP processing.



Finally, Figure 11c shows the axial diffraction patterns of the GWZ831 alloy after extrusion (0 ECAP passes) and after four and six ECAP passes at 300 °C and thermal treatment at 200 °C for 24 h. An additional peak is observed at 2θ = 0.72°, which corresponds to the (020) plane of the β′-precipitates. The intensity of the (020) diffracted peak decreases with the increase of the processing strain. Even after six ECAP passes, the diffraction peaks almost disappear due to the magnesium matrix being almost free of alloying elements in solid solution and only transformation of β′ in β is taking place, as deduced from the increase of the intensity peaks associated with β phase. Honna et al. reported [5] that the orientation relationship with the magnesium matrix is (001)β′//(0001)α and [100]β′//[211¯0]α. Therefore, this peak corresponds to β′ precipitates, mainly located in the non-DRXed grains. The decrease in the volume fraction of non-DRXed grains as a function of the processing strain can also decrease the (020) diffraction peak of β′ precipitates.



The influence of the ECAP processing and the thermal treatment of aging on the mechanical properties has been evaluated through tensile tests (Figure 12a). The mechanical strength increases with the processing strain (Figure 12b), but the opposite is true for the elongation to failure (from 7.5% for the extruded alloy to 3.5% after six ECAP passes). Annealing at 200 °C for 24 h produced an additional increase in the yield stress of around 100 MPa, reaching 454 and 456 MPa for the alloy after four and six ECAP passes, respectively. It is interesting to point out that after this aging treatment, the mechanical strength of the alloy is even higher than after the ECAP processing. This behavior is maintained up to 200 °C, where the GWZ831 alloy processed using an ECAP route exhibits a yield stress close to 400 MPa. Above this temperature, the mechanical strength of the alloy falls abruptly, with the yield stress of ECAPed samples remaining below that of the extruded alloy (Figure 12c). At 300 °C, elongation to failure increases up to 39, 65, and 61% for the extruded alloy and the extruded alloy after four and six ECAP passes, respectively.




4. Discussion


The results show that the microstructure and, therefore, the properties of the GWZ831 alloy, are very sensitive to the processing route. The volume fraction of DRXed and non-DRXed grains, the grain size, and the coexistence of different types of precipitates depend on the number of passes during ECAP processing, as well as on subsequent ageing treatments. Thus, ageing treatment at 200 °C for 24 h of a sample with six ECAP passes results in an increase of 40% of the mechanical strength compared with the material in the as-extruded condition, (from 325 MPa to 456 MPa). Several reinforcing mechanisms have been proposed to explain the increase in the mechanical strength of Mg-Gd-RE-Zn alloys [4,5,6,7,8,9,10,11,12,13], such as grain size refinement, LPSO phase, solid solution, precipitation, dislocation, and nanoscale segregation. Unfortunately, all these parameters change differently during the ECAP processing, and it is not possible to carry out a systematic study to isolate each contribution. Consequently, analysis of the mechanical strength will take into account the contribution of the main mechanisms inducing major hardening, such as grain size, the LPSO phase, and the formation of prismatic β′ precipitates in these alloys. All these contributions are greatly influenced by ECAP processing.



4.1. Grain Refinement


The use of ECAP processing considerably refines the grain size of the extruded alloy, being approximately three times finer. Since the grain size for the alloy ECAP processed after four and six passes is hardly changed, grain size refinement tends to saturate beyond four passes. However, the mechanical strength of the alloys continues to increase with additional ECAP passes because of the gradual increase in the volume fraction of fine equiaxed DRXed grains. The high strength of the alloy after ECAP remains almost constant up to 200 °C, while above this temperature, the strength drops to very small values, which is attributed to the occurrence of the grain boundary sliding (GBS) mechanism [17,18]. However, the elongation to failure in the three materials (0, 4, and 6 passes) is far from 200%, which is considered as the limit to assume superplasticity. Figure 13 shows the OIMs of the tensile sample after tensile deformation at 300 °C after zero and six ECAP passes. It is interesting to point out that the complete dynamic recrystallization was not produced in coarse non-DRXed grains, which complicates superplasticity. GBS can only occur at DRXed grains, explaining the low elongation to failure at 300 °C in this alloy compared with other ultrafine magnesium alloys [17,18].




4.2. LPSO Phase


It is reported that the presence of the LPSO phase improves the mechanical strength of the Mg-RE-Zn alloys [1,2,3,4]. On one hand, the LPSO phase, independently of its crystal structure (18R or 14H), has a higher Young modulus than magnesium alloys [19,20], so the magnesium matrix can transfer part of its load to the LPSO phase [21,22]. On the other hand, the resolved shear stress for the basal slip in the LPSO phase is one order of magnitude higher than that in magnesium [23], and its activation is not expected.



It is important to note that the mechanical and plasticity behavior of the LPSO phase are strongly dependent on its crystallographic texture. The LPSO phase in extruded or ECAPed Mg-RE-Zn alloys is oriented with the basal plane parallel to the extrusion or ECAP direction (Figure 6). With this orientation, the activation of basal slip in the tensile sample is forbidden and only kinking (in compression) or non-basal slip is reported [23,24,25]. Since the intensity of the (0002) diffraction peak in the radial direction is similar in the three materials, no changes in the texture of the LPSO phase were observed during the ECAP processing. Nevertheless, kinking easily visible in LPSO-phase laths suggests that LPSO-phase in ECAPed samples is harder than LPSO-phase in the extruded alloy.




4.3. Precipitation of Prismatic Plates


Yttrium and gadolinium atoms are in solid solution in the extruded alloy. The formation of coherent prismatic β′ plates after annealing at 200 °C increases the yield stress of the extruded alloy, exceeding the yield stress 400 MPa with appreciable ductility. During the ECAP at 300 °C, after four passes, wide precipitation of β particles is noticed at grain boundaries of fine equiaxed DRXed grains, but not within non-DRXed grains (Figura 8a). This indicates that at the ECAP temperature, higher than that of ageing treatment, grain boundaries permit the rapid diffusion of alloying elements in solid solution and their subsequent precipitation as β-phase. The absence of such precipitates inside coarse non-DRXed grains suggests that solid solution is still preserved in these grains, so they could be susceptible to further ageing. Moreover, the precipitation of β′ precipitates can be achieved through the proper choice of ageing conditions. This can be clearly observed in Figure 11 c, where the diffraction peak of the β′ precipitates in non-DRXed grains decreases with the number of ECAP passes. In the material after six ECAP passes, β particles are also observed within non-DRXed grains and the precipitation of β′ plates is not presented. This means that successive passes at the ECAP temperature favor the precipitation of β′-phase and its subsequent transformation into the β-phase.



This fact could not directly explain the increase in the yield stress observed in the three materials with the thermal treatment (Figure 12). If the precipitation of β′-phase as prismatic plates tends to disappear with ECAP processing at 300 °C, the strength due to precipitation also has to decrease dramatically. Experimentally, the increase in the yield stress after thermal treatment slightly decreases from 85 MPa in the as-extruded alloy to 69 MPa after six ECAP passes. On one hand, the diffraction peak corresponding to β′ precipitates in non-DRXed grains does not disappear completely. Moreover, the volume fraction of non-DXRed grains also decreases below half the magnitude measured in the extruded material (Figure 3). Therefore, it could be expected that β′ precipitates are still presented to reinforce the alloy. On the other hand, during ECAP processing, the partial dissolution of the LPSO phase could occur and solute atoms could segregate, during the thermal treatment at 200 °C, in those defects generated during ECAP, such as vacancies or dislocations. Sun et al. [12,13] have demonstrated, using high-angle annular dark-field scanning TEM, the segregation along the grain boundaries of Gd, Y, and Zn atoms during HPT in this alloy. The use of a combination process based on a T6 + HPT + T5 treatment in a similar alloy induces the highest hardness. However, this study is still unclear and the research is still ongoing.





5. Conclusions


The influence of ECAP processing on the microstructure and mechanical properties in an extruded magnesium-rare-earth alloy containing LPSO phases has been studied using electron microscopy, SRD, and tensile tests. The following conclusions can be drawn:

	(1)

	
After extrusion at a high temperature, the magnesium alloy is not fully recrystallized, and its grain structure is characterized by fine DRXed grains randomly oriented and coarse non-DRXed grains highly oriented with the basal plane parallel to the extrusion direction;




	(2)

	
During ECAP processing, the volume fraction of DRXed grains increases at the expense of non-DRXed grains. The DRXed grain size decreases to around 500 nm. Grain refinement is the main contribution to the reinforcement mechanism of the alloy;




	(3)

	
After thermal treatment at 200 °C, the precipitation of β’ in the prismatic planes is developed in the as-extruded alloy. These precipitates highly improve its tensile yield stress. The yield stress values around 450 MPa are attained at room temperature;




	(4)

	
During ECAP processing at 300 °C, β particles are formed at grain boundaries, reducing the capacity to precipitate β’ plates in the prismatic planes;




	(5)

	
The mechanical strength is maintained up to 200 °C. Above this temperature, the mechanical resistance drastically decreases due to the ultrafine DRXed grains.
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Figure 1. Back-scattered image of the as-cast GWZ31alloy. 
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Figure 2. T Back-scattered image of the extruded GWZ31 alloy along the extrusion or ECAP directions after (a,b) 0, (c,d) 4, and (e,f) 6 ECAP passes. (The white arrow indicates the extrusion or ECAP direction). 
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Figure 3. Evolution of the volume fraction of LPSO phase, DRXed grains, and non-DRXed grains as a function of the processing strain. 
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Figure 4. Histograms of grain size of the extruded GWZ31 alloy after 0, 4, and 6 ECAP passes. 
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Figure 5. Orientation Image Mapping of the extruded GWZ831 alloy after (a) 0, (b,c) 4, and (d,e) 6 ECAP passes. Extrusion or ECAP direction is perpendicular to the image. 
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Figure 6. {101¯0} pole figures obtained from the EBSD image of Figure 5 of the extruded GWZ831 alloy after (a) 0, (b,c) 4, and (d,e) 6 ECAP passes. Extrusion or ECAP direction is perpendicular to the image. 
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Figure 7. Bright field TEM images and SAED pattern of the extruded GWZ831 alloy of the (a) DRXed grains, (b) non-DRXed grains (B = [112¯0]), and (c) LPSO phase (B = [112¯0]). 
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Figure 8. Bright field TEM images of the extruded GWZ831 alloy after (a,b) 4 and (c,d) 6 ECAP passes. a and c images correspond to non-DRXed grains and b and d images correspond to DRXed grains. (e) TEM images and (f) SAED pattern of β particles (B = [111]). 
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Figure 9. Bright field TEM image and SAED pattern of the extruded GWZ831 alloy aged 24 h at 200 °C, showing the β′ precipitates lying on the prismatic plane (B = [0002]). 
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Figure 10. Synchrotron diffraction pattern recorded on the 2D flat-panel detector of the extruded GWZ831 alloy after (a) 0, (b) 4, and (c) 6 ECAP passes. 
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Figure 11. (a) Axial and radial diffraction patterns as a function of 2θ obtained by integration of the Debye-Scherrer diffraction rings for the as-extruded alloy. (b) Radial diffraction patterns as a function of 2θ obtained by integration of the Debye-Scherrer diffraction rings for the as-extruded alloy and after ECAP processing. (c) Axial diffraction patterns as a function of 2θ obtained by integration of the Debye-Scherrer diffraction rings for the as-extruded alloy and after ECAP processing aged at 200 °C for 24 h. 
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Figure 12. (a) Tensile macroscopic stress-strain curve of the GWZ831 alloy for the as-extruded alloy and after ECAP processing with/without thermal treatment at 200 °C for 24 h. (b) Evolution of the yield stress as a function of the processing strain of the GWZ831 alloy for the as-extruded alloy and after ECAP processing with/without thermal treatment at 200 °C for 24 h. (c) Evolution of the yield stress as a function of the tensile temperature of the GWZ831 alloy for the as-extruded alloy and after ECAP processing aged at 200 °C for 24 h. 
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Figure 13. (a) Orientation Image Mapping and (0002) pole figure of the deformed samples at 300 °C of the extruded GWZ831 alloy after (a) 0 and (b) ECAP passes in the peak aged condition. The white arrow indicates the extrusion or ECAP direction. 
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