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Obtaining Hexagon-Shaped Billets of Copper with Gradient Structure by Twist Extrusion
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Processing by twist extrusion was used to produce copper billets with a hexagonal crosssection. A special feature of the billets is their gradient microstructure owing to a specific strain pattern: an undeformed core and a deformed outer sheath. The initial sample with a 40 mm diameter was processed at room temperature by four twist extrusion passes through a twist die having a hexagonal cross-section and a small twist-line slope angle β=40° with a back-pressure of 100 MPa. The results showed that the processed sample had an undeformed core 20 mm in diameter and a deformed outer sheath with a gradient microstructure in which the average grain size decreased gradually from 50 µm to 0.5 µm towards the periphery along a radius direction.

The microstructure gradient represented the various stages of the grain refinement process corresponding to increasing shear strain. The texture revealed two different shear deformation modes whose shear planes were perpendicular and parallel to the extrusion axis. The measured Vickers hardness showed good agreement with the microstructure. In the deformation zone, the classical Hall-Petch relation between the hardness and the grain size of the various characteristic areas formed by twist extrusion was found.

Introduction

In the context of this study, a gradient structure material is defined as a material exhibiting a gradual transition from an ultrafine-grain (UFG) microstructure at the periphery to a coarse-grain (CG) microstructure in the middle of a sample [START_REF] Hughes | Graded nanostructures produced by sliding and exhibiting universal behavior[END_REF][START_REF] Suresh | Graded materials for resistance to contact deformation and damage[END_REF]. Such materials have recently been shown to possess exceptional mechanical properties, especially a combination of high strength and good ductility [START_REF] Yang | Back stress strengthening and strain hardening in gradient structure[END_REF][START_REF] Wei | Evading the strength-ductility trade-off dilemma in steel through gradient hierarchical nanotwins[END_REF][START_REF] Wu | Extraordinary strain hardening by gradient structure[END_REF][START_REF] Bian | Gradient structure produces superior dynamic shear properties[END_REF][START_REF] Lu | Making strong nanomaterials ductile with gradients[END_REF][START_REF] Li | On strain hardening mechanism in gradient nanostructures[END_REF][START_REF] Fang | Revealing extraordinary intrinsic tensile plasticity in gradient nano-grained copper[END_REF][START_REF] Wu | Synergetic strengthening by gradient structure[END_REF]. Therefore, characterization of gradient structures and especially development of new processes that allow producing this kind of structures have been of great interest to the materials research community.

Severe plastic deformation (SPD) techniques [START_REF] Estrin | Extreme grain refinement by severe plastic deformation: A wealth of challenging science[END_REF][START_REF] Valiev | Producing bulk ultrafine-grained materials by severe plastic deformation: ten years later[END_REF] which impart a strain gradient to a billet offer an efficient way of producing gradient structures. For instance, surface mechanical attrition treatment (SMAT) was used to produce plates with a CG core and near-surface layers with an UFG microstructure [START_REF] Lu | Nanostructured surface layer on metallic materials induced by surface mechanical attrition treatment[END_REF][START_REF] Yin | Strength and ductility of gradient structured copper obtained by surface mechanical attrition treatment[END_REF]. Repetitive three-roll planetary milling, also referred to as screw rolling, was employed to produce gradient structures in copper or magnesium rods [START_REF] Wang | Gradient structure produced by three roll planetary milling: Numerical simulation and microstructural observations[END_REF][START_REF] Diez | Improving the mechanical properties of pure magnesium by three-roll planetary milling[END_REF]. A sliding wear process was proposed to introduce a UFG gradient microstructure within a surface layer of copper slabs [START_REF] Figueroa | Ultrafine gradient microstructure induced by severe plastic deformation under sliding contact conditions in copper[END_REF]. Plastic flow machining (PFM) was used for inducing gradients in both microstructure and texture across the thickness of aluminum sheets [START_REF] Vu | Mechanical modelling of the plastic flow machining process[END_REF][START_REF] Vu | The new plastic flow machining process for producing thin sheets[END_REF][START_REF] Vu | The plastic flow machining: a new SPD process for producing metal sheets with gradient structures[END_REF].

Twist extrusion (TE) [START_REF] Beygelzimer | Twist Extrusion as a Potent Tool for Obtaining Advanced Engineering Materials[END_REF] can also be considered as an effective SPD method to create gradient structures and harness their benefits in terms of improved mechanical properties. In Ref. [START_REF] Prokof'eva | Producing of ultrafine grained composites with a large uniform elongation by twist extrusion: Mathematical simulation[END_REF], it was shown by means of mathematical simulation that metal bars with an UFG shell and a CG core can be obtained by TE with a small twist-line slope angle. The key advantage of this method is the ability to regulate the thickness of the outer UFG shell, from a very thin layer to the entire cross-section of the produced billet. This enables optimization of the mechanical properties of the billet in terms of a balance between strength and ductility, which can solve the long-standing problem of strength-ductility trade-off in materials science. Another benefit is seen in the case when after deformation the billet is machined to remove part of the surface layer, for instance, producing threads. This paper presents an experimental study demonstrating the ability of TE with a small twistline slope angle to produce a gradient structure. The technique was applied to a copper bar with a hexagonal cross-section as a representative case of producing a gradient structure, thus providing a proof of concept by way of example.

Experimental procedures

In this study, commercial purity copper (Cu 99.8%) samples with a hexagonal cross-section were used for the TE processing. The samples were produced by hot forward extrusion and had a diameter of a circumscribed circle of 40 mm and the length of 80 mm. Before the TE processing, they were annealed for an hour at 550°C to improve the homogeneity of the microstructure. TE was performed at room temperature using a twist die with a hexagonal cross-section and a twistline slope β=40° (see Fig. 1). The processing schedule included four TE passes with a backpressure of 100 MPa. After TE processing, the microstructure on the plane perpendicular to the extrusion axis was characterized by electron back-scattering diffraction (EBSD) operated in a JEOL JSM-6500F field-emission gun-scanning electron microscopy (FEGSEM) system. The EBSD scanning was conducted at various positions along a diagonal of a hexagon-shaped cross-section (Figs. 3a-b). The EBSD data was acquired using Aztec HKL software. Orientation mapping and data analysis were conducted using the Atex software [START_REF] Beausir | Analysis Tools for Electron and X-ray diffraction[END_REF].

Crystallographic texture gradients and the substructure parameters, including the size of coherent scattering regions (CSR) and the lattice micro-distortion hkl ε in a plane perpendicular to the extrusion axis was also determined by using synchrotron radiation (DESY, Hamburg, Germany). The measurements were carried out in the transmission mode employing hard synchrotron radiation (wavelength 0.14235 Å, beam size 0.5 mm × 0.5 mm, distance of a Perkin Elmer XRD 1622 detector from the sample: 950 mm). The samples for the study were rectangular parallelepipeds with sides of 2.5 mm × 2.5 mm, cut along the diagonal of the hexagon and along the direction perpendicular to it. Using experimental direct {111}, {200}, and {220} pole figures, the three-dimensional orientation distribution functions (ODF) was calculated according to Bunge's method [START_REF] Bunge | Mathematische Methoden der Texturanalyse[END_REF].

For mechanical property characterization, Vickers hardness was measured on the plane perpendicular to the extrusion axis, along the diagonal direction. To correlate the mechanical properties with the microstructure, the measurements were taken at the same positions where the microstructure was observed. The applied load was 100 gf and the loading time was 10 s.

Results

Microstructure gradient

Fig. 2 displays the EBSD results of the microstructure on the plane perpendicular to the extrusion axis. They show that within a core area up to 10 mm from the center of the sample the microstructure is that of the undeformed material. By contrast, outside of this non-deformed zone, the microstructure is modified by the deformation and exhibits a gradient along the centerto-edge direction. The microstructures of the initial sample (Fig. 2c) and of the areas located at 5 and 10 mm away from the center of the processed sample (maps 1-2, Figs. 2d-e) were about the same.

For example, they all contained coarse equiaxed grains with the same average grain size of about 6 50 µm (Fig. 2b) and displayed many annealing twins originating from the annealing treatment before the TE processing. They can also be detected in the next-neighbor grain disorientation distributions in Figs. 4a-c. In other words, within a zone up to 10 mm from the center of the processed sample, the material was not deformed and retained the initial microstructure. A change starts to be seen at a distance of 15 mm from the center (map 3, Fig. 2f), as reflected in numerous regions containing low angle grain boundaries (LAGBs). In this area, the average grain size was reduced to 14 µm. Moving further towards the edge of the sample, from map 4 to map 7, the transformation of microstructure is seen to be more significant. The average grain size was gradually decreased to 2.8 µm in the area 17 mm away from the center and to 0.5 µm at the sample edge. In addition, the grain morphology also changed from elongated shape (nearly perpendicular to the radial axis; maps 4-5, Figs. 2g-h) to more equiaxed shape (maps 6-7, Figs.

2i-j).

The next-neighbor grain disorientation distributions are shown in Fig. 3. Grains were identified by high-angle grain boundaries (HAGBs) with boundary disorientation greater than 15°. Then the average orientation of the grain was computed, finally, the disorientation between neighbor grains was calculated from these average orientations [START_REF] Tóth | Effect of grain refinement by severe plastic deformation on the next-neighbor misorientation distribution[END_REF][START_REF] Toth | Ultrafine-grain metals by severe plastic deformation[END_REF]. As can be seen, large HAGB fractions (95%) occurred in the microstructures of the initial sample (Figs. 3a,i) and also in the undeformed zone of the processed sample (93-95%; Figs. 3b-c, i). A large number of annealing twins with a disorientation about 60° across the twin boundary were also observed in these microstructures (Figs. 3a-c). The fraction of HAGBs started to decrease in the area located 15 mm away from the center of the processed sample (Figs. 3d,i) and kept declining to 73% at the position 17 mm away from the center (Figs. 3e,i). However, outside of this region, further away from the center, it increased gradually and reached the value of 90% at the sample rim.

We note that the gradient microstructure obtained in this work is a foot-print of the various stages of the grain refinement process with shear strain. Hence, a continual increase of the shear strain from the sample axis to its periphery permits an evaluation of the strain dependence of the grain size. The areas located at a distance 15-17 mm from the center (maps 3-4, Figs. 2f-g), in which the grain size dropped to 14 µm and 2.8 µm, respectively, represents the initial stage of the grain refinement process, which is well known from SPD studies. At this stage, geometrically necessary dislocations (GNDs) are formed to accommodate strain heterogeneity within and between the grains [START_REF] Pantleon | Dislocation boundaries -the distribution function of disorientation angles[END_REF]. In Ref. [START_REF] Tóth | A model of grain fragmentation based on lattice curvature[END_REF], a particular mechanism of GND generation was associated with the formation of lattice curvature within a grain induced by the impeded lattice rotation near the grain boundaries. GNDs were considered to emerge in order to accommodate the lattice curvature and to agglomerate into new boundaries -initially LAGBs, or subgrain boundaries. This GND-induced grain subdivision into subgrains is accompanied with concurrent occurrence of stochastically stored dislocations [START_REF] Pantleon | Dislocation boundaries -the distribution function of disorientation angles[END_REF]. In accord with the model considerations, various substructures with LAGBs were also observed in our experiments (Fig. 2f), which revealed grain fragmentation into elongated subgrains (Fig. 2h). This process can be linked to a concomitant decrease in the fraction of HAGBs, from about 95% in the undeformed zone to 82% and 73% in the regions located 15 and 17 mm away from the center, respectively (Figs. 3d-e, i). This is a consequence of the mentioned increase in the fraction of LAGBs in the initial stage of the grain refinement process.

The area outside of the 17 mm wide zone corresponds to a next stage of the grain refinement process with increased strain. Here, the accumulation of the disorientation between subgrains with growing distance from the sample axis converts LAGBs to HAGBs (cf. maps 5-7, Figs. 2h-j). Continuous dynamic recrystallization (DRX) in which grain boundaries migrate in the heavily deformed structure may also play a role in the grain refinement process [START_REF] Sakai | Dynamic and post-dynamic recrystallization under hot, cold and severe plastic deformation conditions[END_REF]. The experimental manifestation of grain refinement in areas 5-7 was an observed drop of the average grain size from 1.1 to 0.5 µm (Fig. 2b). It was accompanied with an increase of the fraction of HAGBs from 75% to 90% (Figs. 3f-i). A change in grain morphology should also be mentioned:

the grains became more equiaxed towards the sample edge (Figs. 2h-j), which is a clear manifestation of DRX by grain boundary migration.

It is interesting to note that twins were detected only in the undeformed zone (Figs. 3a-c).

Outside this zone, the twin orientation relation did not appear to hold any longer (Figs. 3e-h).

This is attributed to the varied lattice rotation within the grains, which is believed to brake the orientation relation between the twins and the parental grains of the initial microstructure. 

Gradient of the texture and the parameters of substructure

EBSD study

The results showed that within the undeformed zone of the processed sample, the texture was almost the same as in the initial state. Outside of this zone, the texture was different and varied from position to position, eventually turning into a simple shear texture at the edge of the sample. 1.

Specifically, the initial texture was axisymmetric with two dominant fibers: a strong 〈100〉 and a weak 〈111〉 fiber parallel to the axis of the sample (Figs. 4a-b). This texture was inherited from the forward extrusion process which had been used to produce the initial sample.

As seen from the pole figures in Figs. 4b-d 1. In this case, the shear plane normal (SPN) and shear direction (SD) were defined to be parallel to X and Y axes, respectively. This means that the shear plane was parallel to the extrusion axis. This feature is not commonly seen in regular TE processing and will be addressed in the discussion section. Analysis revealed that the crystallographic texture of the TE processed samples gives rise to anisotropy of physical broadening of the diffraction lines. Therefore, the substructure parameters, e.g. the size of CSRs (D) and lattice micro-distortion (ε), were estimated using the modified Williamson-Hall method [START_REF] Rzychoñ | Microstructure characterization of deformed copper by XRD line broadening[END_REF]. This method can effectively account for the effect of dislocation contrast caused by non-uniform distribution of dislocations. The average values of the dislocation parameters for copper were calculated using the open access computer program ANIZC [START_REF] Borbely | ANIZC-computer program for the calculation of dislocation orientation factors in anisotropic cubic, hexagonal and trigonal crystals[END_REF]. Thus, the effect of both the edge dislocations of the {111} <110> type and the screw dislocations of the <110> type was considered with the same weight. The results are presented in Table 2.

As can be seen, with the increasing distance from the center of the sample, the magnitude of the lattice micro-distortion increases, and the size of CSR decreases. The maximum of the ε value and a minimum of the D value correspond to position 5 along the X axis. The modified Williamson-Hall method for analyzing the broadening of X-ray diffraction lines [START_REF] Rzychoñ | Microstructure characterization of deformed copper by XRD line broadening[END_REF] makes it possible to estimate the dislocation density (ρ) in the processed sample. For this purpose, the values of parameters for copper were adopted from [START_REF] Ungár | Grain size, size-distribution and dislocation structure from diffraction peak profile analysis[END_REF]. The results of the dislocation density evaluation in the processed samples are also presented in Table . 2. The dislocation density increases with the distance from the sample center and reaches its maximum at position 5 on the X axis. This corresponds to the maximum value of lattice distortions, and, consequently, to the highest value of internal micro stress.

Figure 6 shows the {111} pole figures of the initial and the processed sample for various scanning areas. The ODF sections for the edge region are presented in Fig. 7. It is clearly seen that the results of the study of the texture gradient by synchrotron radiation are in general agreement with those obtained by the EBSD analysis, which proves the adequacy of both sets of results. Fig. 7: ODF sections for the edge area of the processed sample, obtained from synchrotron measurements.

Gradient of hardness

The gradient nature of the mechanical properties of the TE-processed material was evaluated by measuring the Vickers hardness. As can be seen from Fig. 8, the Vickers hardness in the undeformed zone (within 10 mm from the sample center) was unchanged and amounted to 13 82 HV. Outside of this zone, the hardness rose precipitously from a position 15 mm away from the center to about 117 HV at the edge area. It should be noted that due to discreteness of hardness measurements, the exact size of the core region can only be estimated as lying somewhere between 10 mm and 15 mm. Indeed, also the 10 mm zone is labelled as 'undeformed zone' in Fig. 8, the increase of the Vickers hardness was rather insignificant between the points located 10 mm and 15 mm away from the extrusion axis, and it only became pronounced outside of the 15 mm zone. The value of 15 mm is also more consistent with that following from the EBSD measurements. It should be mentioned that the Vickers hardness of initial annealed copper is 48 HV, to be compared with 82 HV in the central zone of the processed billet. The reason for the enhanced hardness not being accompanied with any detectable change in the initial grain structure (Fig. 2 d, e) in this zone is an increased dislocation density, exceeding the initial one by an order of magnitude (see Table 2). This indicates that the central zone of the billet was plastically deformed, but this deformation did not give rise to grain refinement.

Discussion

According to the results reported above, a cross-section of a TE-processed sample can be subdivided into two fundamentally different zones. The first one is located within 10 -15 mm from the sample axis. This notionally 'non-deformed' zone preserved the initial texture and grain structure. The second one occupies the remaining area of the sample adjacent to its surface. This plastically deformed zone exhibits a strain gradient attaining the highest values at the sample periphery. The gradient of texture indicates a change in the deformation mode within the second zone. In proximity to the surface of the sample, the predominant deformation mode is simple shear, with a shear plane parallel to the extrusion axis. This is not typical for TE with a large helix slope, where numerous studies have shown that the principal deformation mode is simple shear in a plane perpendicular to the axis. In our view this is caused by the following two features of the TE deformation process.

The first one is that the process involves simple shear with alternating sense in a plane normal to the extrusion axis, whose magnitude decreases towards the axis [START_REF] Beygelzimer | Twist Extrusion as a Potent Tool for Obtaining Advanced Engineering Materials[END_REF]. It is known (see, for example, [START_REF] Orlov | Plastic flow and grain refinement under simple shear-based severe plastic deformation processing[END_REF][START_REF] Orlov | Role of strain reversal in grain refinement by severe plastic deformation[END_REF][START_REF] Petryk | A quantitative model of grain refinement and strain hardening during severe plastic deformation[END_REF][START_REF] Beygelzimer | Grain refinement versus voids accumulation during severe plastic deformations of polycrystals: mathematical simulation[END_REF]), that with a decrease of the alternating strain amplitude the degree of grain refinement decreases -down to a complete cessation below a certain critical value of the strain amplitude. At small angles of the twist-line slope, the value of the strain amplitude near the billet axis drops below this grain refinement threshold. This explains the retention of the initial grain structure in the mentioned non-deformed zone.

According to [START_REF] Beygelzimer | Twist Extrusion as a Potent Tool for Obtaining Advanced Engineering Materials[END_REF], the magnitude of the shear strain γ , at a distance r from the axis of the TE die, is determined by the relation:

tan r R γ β = , ( 1 
)
where R is the distance from the axis to the most distant point in the billet cross-section, and β is the twist angle. Introducing * γ -the above-mentioned threshold value of the shear strain amplitude below which the grain refinement does not occur -and using Eq. ( 1), one can define a

critical radial distance * * tan R r γ β = . (2) 
The significance of this quantity lies in the recognition that when * r r > , a UFG structure is formed after a sufficiently large number of TE passes. In the opposite case of * r r < a CG microstructure is retained regardless of the number of TE passes.

According to the literature analysis performed in [START_REF] Prokof'eva | Producing of ultrafine grained composites with a large uniform elongation by twist extrusion: Mathematical simulation[END_REF], the critical shear strain can be estimated as * ~0.4 ). This estimate of the radius of the core with an initial CG structure corresponds well to the experimental results (see Fig. 2b and Fig. 8).

The second deformation feature of TE is the cross-flow described in detail in [START_REF] Kulagin | Cross flow during twist extrusion: theory, experiment, and application[END_REF]. As a result of cross-flow, simple shear occurs in a plane parallel to the extrusion axis [START_REF] Kulagin | Cross flow during twist extrusion: theory, experiment, and application[END_REF][START_REF] Beygelzimer | Shears, vortices, and mixing during twist extrusion[END_REF]. Below, it will be called 'shear 2', while shear in a plane normal to the extrusion axis will be referred to as 'shear 1'. For large twist-line slope angles (55-60°), the magnitude of shear 2 is much smaller than the magnitude of shear (i) [START_REF] Beygelzimer | Twist Extrusion as a Potent Tool for Obtaining Advanced Engineering Materials[END_REF]. At a small angle of the twist-line slope, the cross-flow is localized near the billet surface causing a large strain in that region.

In Refs. [START_REF] Latypov | Finite element analysis of plastic deformation in twist extrusion[END_REF][START_REF] Latypov | Microstructure and Mechanical Properties of Copper Processed by Twist Extrusion with a Reduced Twist-Line Slope[END_REF][START_REF] Latypov | Simple shear model of twist extrusion and its deviations[END_REF][START_REF] Akbari Mousavi | Computational study of Ti-6Al-4V flow behaviors during the twist extrusion process[END_REF] the TE process was simulated numerically by means of the Finite Element Method. The numerical calculations provided a quantitative assessment of strain distribution over a billet cross-section and an estimate of the ratio of shear 1 and shear 2.

Specifically, it was shown in [START_REF] Latypov | Simple shear model of twist extrusion and its deviations[END_REF] that in a near-surface layer of a billet the strain exceeds the values predicted by Eq. ( 1). This is associated with the occurrence of shear 2. We can analyse this effect qualitatively. For this purpose, we applied a method described in detail in [START_REF] Beygelzimer | Kinematics of metal flow during twist extrusion investigated with a new experimental method[END_REF]. It is based on constructing a velocity field that accounts for the characteristic features of plastic flow through the twist die.

Fig. 9 shows the distortion of the shape of the markers in a cross-section of the billet after four passes of TE associated with this velocity field. When constructing it, we used the values of the die parameters corresponding to our experiment.

Figure 9b shows that, in the vicinity of the billet surface, a non-uniform shear occurs along its faces. In this case, the near axis zone stays practically undeformed, but rotates as a whole. In terms of the deformed state, the surface layer of the billet for TE with a small angle of the twist-line slope is similar to that of a tubular sample in the High Pressure Tube Twisting process [START_REF] Tóth | Severe plastic deformation of metals by high-pressure tube twisting[END_REF]. In the TE case, the axial zone of the billet serves as a mandrel. As can be clearly seen from these data, the classical Hall-Petch relation was obtained in which the local Vickers hardness is inversely proportional to the square-root of the grain size in the corresponding local region. Interestingly, the gradient in microstructure in the deformed zone produced a gradient in the hardness, which followed the classical Hall-Petch relation [START_REF] Armstrong | 60 Years of Hall-Petch: Past to Present Nano-Scale Connections[END_REF]. It is worth mentioning that an inverse Hall-Petch effect often found in nanostructured materials [START_REF] Pande | Nanomechanics of Hall-Petch relationship in nanocrystalline materials[END_REF] did not occur in this case since the grain size was far above the range where this inverse effect usually occurs (for less than about 25 nm [START_REF] Meyers | Mechanical properties of nanocrystalline materials[END_REF]) .

Conclusion

• Twist extrusion with a small angle of the twist-line slope was used to produce copper billets with a hexagonal cross-section. The diameter of the cylinder circumscribing the billets was 40 mm. It was shown that a strongly non-uniform microstructure ensued. It consisted of a core with a notionally undeformed coarse-grained microstructure with a radius of 10-15 mm and an exterior sheath with deformed gradient microstructure. The average grain size varied from 50 µm in the undeformed core to 0.5 µm near the billet surface.

• The microstructure gradient obtained reflects a gradient in the shear strain, and as such provides an insight into the various stages of the grain refinement process. The microstructure of the region contained within 15-17 mm from the axis of a billet with a decrease in the fraction of HAGBs corresponded to that of the initial state. Outside of this region, for locations 18 mm away from the axis or more, the observed rise of the fraction of HAGBs reflected the next stages of the grain refinement process.

• The texture in the deformed zone was shown to be a mixed texture of two different shear deformation modes. Hence, it was not an ideal simple shear texture, except at the billet edge. The first mode corresponded to shear in a plane perpendicular to the extrusion axis, while the second one had its shear plane parallel to the axis. At the billet edge, the magnitude of the second shear component was completely dominant. Accordingly, the texture of this region exhibited only features of the second shear mode, which was the ideal simple shear with the shear plane parallel to the extrusion axis. The result obtained was confirmed by two methods: EBSD analysis and texture measurements using synchrotron radiation.

• The investigation of substructure characteristics showed that the minimum size of the coherent scattering regions, and the maximum values of micro-distortions and the dislocation density correspond to the near-surface region of the billet, where the shear deformation was the largest. No grain refinement was found in the central zone of the billet. An increase in the dislocation density in the central zone is seen as the cause of increased hardness in this zone despite a coarse-grained structure found there.

• A solid correlation between the measured Vickers hardness and the microstructure was found. In the deformed sheath zone, the classical Hall-Petch relation between the hardness and the grain size in various locations was found to hold.
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Fig. 1 :

 1 Fig. 1: (a): Schematic of a twist die channel used to obtain a gradient material. (b): Reference directions on the deformed sample and micrographs of the deformed microstructure after four TE passes.

Fig. 2 :

 2 Fig. 2: EBSD microstructures obtained from an initial sample (c) and a processed sample (d-j) at different scanning positions (a) along the radial direction corresponding to various average grain sizes (b). The average grain sizes were determined from full EBSD maps; the maps (c-j) are fragments of the full EBSD maps shown for representation only. NA means: not applicable.

Fig. 3 :

 3 Fig. 3: Next-neighbor grain disorientation distributions of an initial sample (a) and a processed sample at various positions along its diagonal (b-h), and the corresponding fraction of HAGBs for all locations considered (i).

Fig. 4 :

 4 Fig. 4: Texture representation of initial and processed samples. (a) and (b): inverse pole figure and {111} pole figure of the initial sample, respectively. (c-i): {111} pole figures of the various areas from the center to the edge of the processed sample. (j): ODF sections shown for the edge area of the processed sample. The list of the ideal orientations is given in Table1.

  , the texture obtained within the undeformed zone of the processed sample was similar to that of the initial sample. Outside this zone, the texture changed and varied along the diagonal of the sample (Figs.4e-h). It is noteworthy that the texture eventually transformed into a simple shear texture near the sample edge (Figs.4i-j). The {111} pole figure and the ϕ2 = 0° and ϕ2 = 45° sections of the orientation distribution function (ODF) in Figs. 4i-j show that the texture components are situated in the same positions as for the ideal simple shear texture for face centered cubic (FCC) materials with the dominance of the C component. The identification of texture components is shown in the Table

Figure 5

 5 Figure 5 presents a map showing the scanning area of the sample along X and Y axes used to determine the diffraction peak width for synchrotron radiation. For texture investigation, only the indicated positions along the X axis were used.

Fig. 5 :

 5 Fig. 5: The positions of the scanning areas used in synchrotron radiation experiments.

Fig. 6 :

 6 Fig. 6: {111} pole figures for the initial sample shown alongside pole figures for areas located at different distances from the center of the processed sample, obtained from synchrotron measurements.

Fig. 8 :

 8 Fig. 8: Vickers hardness measured on a plane perpendicular to the extrusion axis of the processed sample along the diameter.

γ.

  Substituting this value into Eq. (2), one obtains * ~10 r mm for the experimental conditions in the tests described above (

Figs. 9 cFig. 9 :

 99 Figs. 9 c,d show the distribution of the equivalent von Mises strain over a billet crosssection after one TE pass. A pronounced strain gradient is clearly visible in a near-surface layer.Within this zone, the von Mises strain reaches values of 3 to 5.

Fig. 10 :

 10 Fig. 10: The dependence of the Vickers hardness, H (in HV), on the grain size, d (in µm), of the processed sample. The dashed line corresponds to the Hall-Petch relation shown within a frame.

Table 1 :

 1 Simple shear texture components for FCC materials.

	A	Ab	A1	A2	B	Bb	C
	{ } 1 1 1 110 { } 111 1 10 { } 1 11 112 { } 11 1 112 { } 112 110 { } 1 12 1 10	{ } 100 110
	3.2.2. Synchrotron study					

Table 2 :

 2 Substructure parameters

	Scanning area	Position X, mm	D, nm ε, 10 -3 ρ×10 14 , m -2	Position Y, mm	D, nm ε, 10 -3 ρ×10 14 , m -2
	Initial	NA	69	0.16	0.20	NA	69	0.16	0.20
	1	1.00	85	1.15	3.06	0.00	107	1.10	1.73
	2	5.38	99	1.14	3.07	3.85	94	1.34	4.79
	3	10.25	62	1.16	5.39	8.55	99	1.37	5.24
	4	15.15	77	1.89	7.26	13.08	81	1.64	5.84
	5	19.50	57	2.71	9.72	17.10	62	1.73	6.64
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