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Abstract

:

Single crystals of Cu-8.% at. Al were subjected to cold drawing up to 1.1 true strain. Development of the crystallographic texture was analysed at various stages of the drawing process. Investigations revealed significant crystal rotation and reorientation due to a twinning process, while general 4-fold symmetry around the drawing direction was preserved. Local texture analysis performed on cross-sections perpendicular to the drawing direction showed that due to crystal rotation, the original crystal was initially fragmented into four quadrants. However, within the volume near the central axis the initial cubic orientation was preserved. Subsequent deformation within dominating twinning systems led to further fragmentation which divided the crystal into sectors one eighth the size of the full circular cross-section. The obtained results also indicate that approximation of the drawing process stress state by the tensor having only normal components cannot be used during analysis of the activation of deformation systems.
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1. Introduction


Evolution of the microstructure of metallic materials during deformation processes is fundamental to determining their physical and mechanical parameters. The final microstructure state as well as the resulting properties depend on both the deformation path and the initial state of the material. Use of single crystals allows for precise control of the starting conditions prior to the deformation process. In particular, perfect or near perfect initial orientation and lack of grain boundaries allow for tracking microstructure evolution at the level of operating deformation mechanisms. Face-centred cubic (FCC) single crystals have been used for years to test material response in the various deformation schemes beginning from uniaxial stress conditions through tests with complex stress tensors. These include channel die tests [1,2,3] and very complex deformation path tests using several plastic deformations, such as equal channel angular pressing (ECAP) [4,5] or high-pressure torsion (HPT) [6].



Special cases are axisymmetric deformation routes such as wire drawing, which can achieve high cumulative deformation. At the same time, the applied load can be approximated by a simplified stress tensor, enabling analysis of deformation mechanisms. There are many papers about evolution of the microstructure, crystallographic texture, and mechanical properties during the drawing process in FCC materials, however, most of them are performed on polycrystalline samples where macroscopic fibre components of the texture were analysed using both X-ray and electron backscatter diffraction (EBSD) techniques [7,8,9]. The most frequently cited work on the analysis of the deformation texture was published by English and Chin [10]. Duplex fibre textures of <111> and <100> components parallel to the axis direction in drawn FCC samples were found. Non-monotonic change in the strength of the <100> component with respect to the material stacking fault energy (SFE) value was shown. The authors concluded that it may be caused by the activation of the deformation twinning mechanism leading to formation of new reoriented volumes in the drawn samples.



More detailed information about SFE’s impact on texture formation is presented in the work of Kuffmann et al., where Cu and Cu-Al polycrystalline samples were subjected to the drawing process at room and cryogenic temperatures [11]. By varying the SFE parameter, the authors found that activation of the twinning mechanism resulted in additional <115> fibre texture components over standard <100> and <111> fibre components in non-twinning cases. The new <115> fibre component was attributed to the activation of the twinning process within grains having the <111> texture component. It is important to mention that formation of the new twin orientation was attributed to the grains characterised by the <111> component only. On the contrary, grains with the <100> component were considered as twin-free areas due to unfavourable orientation with respect to the applied tensor stress.



As mentioned above, although analysis of polycrystalline material gave important insights about macroscopic texture evolution, detailed analysis of the activation of the deformation systems is difficult if not impossible. Evolution of the microstructure of single crystalline Cu with <100>, <110> and <111> initial orientations was studied by the group of Chen [12]. The EBSD technique was employed to measure variations in the texture component during various steps of drawing. The authors reported stability of <100> and <111> components as well as inhomogeneity of the orientation distribution along the radial direction of the samples. However, mechanism of texture evolution by means of operating systems were not analysed. All investigations were performed on the cross-section parallel to the drawing axis. Such selection hinders the possibility for analysis of active deformation mechanisms with respect to the axisymmetric stress tensor. In the light of the work of Borbely, selected cross-sections can lead to false inconsistent results [13]. In particular, the paper presents detailed analysis of the texture evolution during drawing of <100> Cu performed by means of experimental X-ray measurements as well as simulations. All data gathered/acquired and presented on the cross-section perpendicular to the drawing axis showed fragmentation of the crystal into four quadrants. The most important conclusion from the work was that the macroscopic 4-fold pseudo-symmetry along the drawing axis was preserved during deformation. In each crystal quadrant, rotation of the <100> axis towards the corresponding <111> direction was observed, giving a characteristic cross pattern in the centre of {200} pole figure. The authors concluded that such microstructure/texture is stable for deformations approaching 0.26 of a true strain. Cu has relatively high SFE at room temperature, thus deformation progresses in slip systems only. By adding Al and thus decreasing SFE, the deformation path of the alloy will change. Low SFE will affect plane slip phenomena, and additionally a twinning mechanism will be activated, leading to the formation of the new orientations in the material. To our best knowledge, there is no information in the literature about texture evolution of a single crystal with high propensity to twinning. In the current work, Cu-8%Al single crystals with initial orientation of <100> were used to qualitatively show the sequence of deformation system activation and their impact on the texture evolution.




2. Material and Methods


A single crystal Cu-Al alloy (Cu-8.5% at. Al) with an initial crystallographic orientation of <001> was used for the experiments. Single crystals were obtained using the Bridgman–Stockbarger technique where the temperature gradient change was enforced by three separately controlled heating zones. Crystals were grown in a rectangular 12 mm × 12 mm × 120 mm crucible made from high-purity graphite. At the bottom of the crucible, an additional groove for a small seed (4 mm × 4 mm × 20 mm) with selected crystallographic orientation was prepared. The crucible height position was aligned to set the seed just below lowest heating zone. The heater temperature was set to create a temperature gradient inside the reaction chamber and to melt the seed in approximately half of its height. During crystal growth, the temperature was then continuously decreased with the rate 25 °C per hour. After the 3rystallization process, rectangular prisms with dimensions of 12 mm × 12 mm × 120 mm were obtained. Then, a wire electrical discharge machine was used to cut samples 9 mm in diameter and 120 mm in length. The prepared samples were subjected to the drawing process at room temperature with three die diameters of 7.8 mm, 6.4 mm and 5.2 mm. Reduction in diameter with corresponding cumulative strain is presented in Table 1. Texture as well as EBSD analysis was performed for selected deformation steps (Table 1) on the cross-sections perpendicular to the drawing direction. Samples were cut using a precise mechanical saw, ground on successive paper grades and finally electropolished using a D2 Struers electrolyte. Electropolishing process conditions were as follows: the voltage was 7 V; the electrolyte temperature was 283 K. For the calculation of true strain ε, following formula was used:


  ε = ln        h 0   h    ,  



(1)




where: h0 and h are the initial and actual diameter of the specimen, respectively.



Texture measurements were carried out using a Panalytical Empyrean X-ray diffractometer equipped with a Cu anode X-ray source. Pole figures were measured for {111} and {200} planes with an angle step of 1° and are presented without any correction.



EBSD analysis was performed using a Versa 3D FEG-SEM equipped with a Hikari EDAX camera. Maps were acquired with 20 kV accelerating voltage, 16 nA beam current and 4 × 4 binning mode, resulting in resolution of 120 × 120 pixels. Depending on the magnification during map acquisition, the step size varied between 200 nm and 2.5 µm. Large area maps were acquired in several subregions and subsequently stitched together using OIM software from EDAX. All maps are presented in this form without any cleaning procedures applied. Direction for colour coding of the inverse pole figure maps was parallel to the drawing direction of the crystal. Poles figures within selected EBSD map subregions were reconstructed using OIM software.




3. Results


3.1. Macro-Texture Analysis


Figure 1 presents {111} and {200} pole figures at three deformation steps of 0.29, 0.68 and 1.1 of true strain. All samples were aligned on the goniometer of the X-ray diffractometer in such a way as to preserve the reference frame corresponding to the initial cubic orientation of the crystal. After the strain of 0.29, broadening and splitting of the {111} poles around the initial position (marked by the triangles) is clearly visible (Figure 1a). Additionally, new {111} poles appeared near the centre of the stereographic projection, suggesting formation of the new orientation. Similarly, the {200} pole figure showed symmetric splitting of the central pole (marked by a square on the projection). Both effects can be ascribed to the fragmentation of the drawn sample due to local crystal rotation and mechanical twinning mechanisms. Details will be presented in the following EBSD analysis section. As the deformation progressed to 0.68 true strain, {111} crystal fragmentation caused significant texture weakening (Figure 1b). Poles close to the initial cubic orientation are less localised, while four previously created {111} poles near the projection centre are transformed by splitting into two separate peaks each. Central {200} poles are more distant from the projection centre and new weak peaks are formed in the vicinity of the initial cubic {111} pole orientation. Besides quantitative changes, direct correspondence between pole figures for the deformation steps of 0.29 and 0.68 is clearly seen. However, pole figures obtained for the crystal drawn to 1.1 true strain are qualitatively completely different (Figure 1c) in comparison to the deformation of 0.68 (Figure 1b). Initial {111} poles are almost invisible in the pole figure background, while texture intestines in the centre of the figure evolved from v-shaped features of the localised peaks. The {200} pole figure is showing much stronger peaks positioned at approximately 45° with respect to the horizontal/vertical direction. Besides substantial figure changes, the 4-fold pseudo-symmetry is preserved, showing that in each quadrant crystal fragmentation is similar. This pseudo-symmetry allowed us to focus only on a quarter of the sample cross-section during the following EBSD analysis.




3.2. EBSD Measurements


An inverse pole figure map showing a quarter of the cross-section of the wire drawn to deformation 0.68 is presented in Figure 2. Three distinctive regions with different dominating colours can be distinguished: centre sample region (1) dominated by red colours, magenta in the outer sample areas (2 and 2’) and yellow (3) in the transition zone aligned 45° to the horizontal direction. For each region, pole figures were recalculated and are represented in the form of stereographic projections in Figure 2b,c. Major orientation components are shown in the form of large partially reconstructed circles in the stereographic projection connecting {111} poles. Region 1 in the crystal centre preserves the initial 001 single crystal orientation, where imposed deformation causes pole broadening around the initial crystal orientation. Moving towards outer crystal regions, the magenta colour becomes dominant (regions 2 and 2’). Corresponding {111} and {200} pole figures show effects of significant crystal rotation and mechanical twinning effects. Three distinctive orientations can be seen, with red representing rotated matrix orientation while twin orientations are marked by blue and magenta. Intensity of the poles belonging to each twin orientation shows that one twinning variant is dominant within each area, 2 or 2’. EBSD analysis performed at the higher magnification confirms the above conclusion. Figure 3a shows a closer look at the twinned structure within region 2. For clarity of presentation, a map is presented in the Euler angles coding scheme. Matrix and two different twin orientations are visible, where the blue one is dominant among them. A trace of the blue twin plane corresponds to the habit plane of the strongest twin in the pole figure for region 2 (Figure 2b).



A magnified EBSD map acquired in region 3 (Figure 3b) shows the transition area between regions 2 and 2’. The upper right of the map and bottom left region show dominance of different twinning orientations (highlighted in blue and magenta).



The presented structure in the analysed quarter of the examined cross-section is thus symmetric along the dotted line (Figure 2b), where active twinning mechanisms in region 2 and 2’ have a mirror-like relationship along the (   1 ¯  10  ) plane as defined in the initial crystal reference frame. Following this result, subsequent EBSD analysis for crystal deformed to 1.1 true strain was performed only in a 1/8 section of the crystal.



Figure 4 shows the IPF map together with pole figures measured for the crystal deformed to 1.1 true strain. Three separate zones discussed previously are still preserved, however, intensity of the twin lattice presented in the (111) and (200) pole figures (highlighted in magenta) prevails over intensity of the matrix lattice (red). It is also evident that formation of the new orientation changed the lattice rotation in the opposite direction than discussed previously. This change can be ascribed to the activation of the slip systems connected to the twin lattice, which gradually become the dominant orientation within the material volume.





4. Discussion


Stability of the given crystal orientation during plastic deformation depends on the alignment of possible deformation systems with respect to the applied loads. Calculation of highly stressed systems can be easily performed by knowing the stress tensor. In the case of uniaxial stress conditions, the active deformation system is usually determined by the calculation of the Schmid factor [14,15]. However, the drawing process is characterised by a more complex stress tensor, which is often approximated by three normal components. These are positive S1 in the drawing direction, along with two others, S2 and S3, which are negative. Due to symmetry of the drawing the approximation, S2 = S3 is often made (Figure 5). Calculation of the maximum shear stress (resolved shear stress) and thus activation of a particular deformation system can be carried out with the full tensor transformation. However, under constraints of S1 being parallel to the drawing direction and S2 = S3, the selection ratios of the resolved shear stresses in particular deformation systems are the same as in the tensile test case [16]. This result means that selection of the active deformation systems will be the same. Geometrical representation of the available slip systems in cubic configuration is presented in Figure 5a. Assuming accurate [001] orientation, eight slip systems are equally stressed (four {111} planes with two {110} directions each). At the same time, because of the twin shear polarisation phenomena, twin systems should be inactive [17]. Tensile tests of FCC crystals showed that the <001> initial orientation is not stable and is rotating towards the <112> direction, following the path of the one temporarily active slip system [18]. Contrary to this observation, during the drawing process of the <100> single crystal, fragmentation of the orientation is observed. It led to characteristic 4-fold pseudo-symmetry where the initially split <100> direction was rotated toward the <112> direction in each crystal quadrant.



The major differences between tensile and drawing tests are the constraints imposed by the tooling. In particular, material flowing through a cone-shaped die is subjected to an additional shear component (Figure 5b), the magnitude of which changes monotonically along the wire radius with the highest value at the sample surface [13]. The resulting additional shear component is responsible for the local rotation of the lattice, leading to crystal fragmentation into four quadrants. A geometrical representation of the local crystal rotation is shown in Figure 5a. Among the possible slip planes, for the quadrant presented in Figure 2a, the most favourable slip plane is highlighted in blue. Shearing material along slip directions marked with the black arrows will cause relative lattice rotation around direction [  1 ¯  10]. Once again, the described situation can be referenced to the tensile test experiment where, due to external constraints, the tensile axis rotates in the opposite direction to the shear in an active slip system [19,20]. Complete split and rotation of the (200) pole in all quadrants is presented in Figure 5c where each pole colour corresponds to the slip plane from Figure 5a. Pole figures presented in Figure 1 clearly support the above analysis. Obtained texture for the sample drawn to 0.29 true strain shows four distinctive poles in the centre of the (200) pole figure, each being the result of the lattice rotation toward the respective <112> direction. While cumulative deformation increases, lattice rotation and thus pole rotation away from the initial <001> position also increase.



A schematic of the lattice rotation within one crystal quadrant is also evident from EBSD analysis (Figure 2). Similar behaviour was observed for the drawn <001> Cu single crystals performed by Borbely [13], who observed formation of the central cross in the (200) pole figure. The distinctive feature of the pure Cu case was the continuously increasing rotation of the lattice from the centre of the sample outward. As the result, continuous spread of the <001> pole was observed, forming the cross shape. On the contrary, the Cu-Al alloy shows sharp peak positions, suggesting relatively uniform rotation within large volumes of the material. This situation is clearly visible on the IPF maps acquired for crystal deformed to 0.29 true strain (Figure 2). Large parts of the image have the same magenta colour with a sharp transition to the red colour zone in the central region. The difference between the behaviour of the pure Cu and Cu-Al alloy can be explained by lower SFE of the former. With the decrease in the SFE, cross slip activity is reduced [21,22].



An additional characteristic of low-SFE materials is propensity to mechanical twinning. Due to polarisation of the twinning shear [23], the <001> orientation during tensile load makes mechanical twinning an unfavourable deformation mode. Additionally, critical resolved shear stress for mechanical twinning is higher, which delays activation of the twinning mode to the later stages of the deformation [24]. Confirmation of such behaviour can be found in Kaufmann’s work where active twinning in <001> oriented grains in polycrystalline samples was not observed. Nonetheless, in the <001> crystal, the first evidence of twinning in the orientation is seen in the crystal deformed to 0.29 true strain (Figure 1). The (111) pole figure clearly shows newly formed poles close to the centre of the stereographic projection. Such discontinuous lattice reorientation can be explained only by an active twinning mechanism. Results are also supported by the EBSD measurements performed at the later stages of deformation, showing both matrix and twinned lattice with the common habit planes/poles (Figure 2 and Figure 4). At a larger deformation of 0.69 true strain, additional splitting of the (111) poles in the projection centre is evident. At the same time, centrally positioned (200) poles are preserved. Explanation of this effect can be made by analysis of the local crystal lattice rotation performed within one wire quadrant (Figure 2). By comparison of the pole figures coming from the 2 and 2’ areas, opposite rotation of the matrix as well as the twin lattice is observed. The rotation axis coincides with the (200) pole marked by the red arrow in Figure 2c. This configuration leads to splitting of central (111) poles, while preserving the position of the central (200) poles. It is also clear that the described rotations cause additional quadrant fragmentation into two parts. Figure 3 shows the orientation map for one of the symmetric parts corresponding to area 2. Euler colour coding allows for easy discrimination of twins belonging to the two different {111} planes, of which one is dominant over the other. The same result can be seen in the EBSD pole figures (Figure 2b) where the strong twin orientation is highlighted with continuous magenta lines, while weak peaks coming from second twin are almost invisible. Deformation mechanisms operating in area 2’ are mirror-like with respect to area 2, and are especially visible within area 3, showing magnified transition zones between the two mirror-like parts. Similarly, the pole figure reconstructed from region 3 can be qualitatively described as a combination of the pole figures of 2 and 2’ (Figure 2b).



While areas 2 and 3 are subjected to significant rotation and reorientation caused by twinning, the centre crystal region still shows the original cubic orientation without signs of twinning mechanism activation. As opposed to the outer region of the sample, there is no additional shear component in the centre of examined sample and the argument of twinning polarisation is valid. The results also confirm that the additional shearing component cannot be neglected during analysis of the active deformation systems operating in the outer parts of the drawn material.



Further deformation leads to the intensification of the twinning deformation. In the centre, the red colour dominates, meaning that the <001> direction is preserved. Pole figures extracted from area 2’ show two lattices (drawn in blue) with a twinning relationship with the matrix (red). Presentation of the same pole figures with a linear scale showed relative intensities of each orientation. One twin lattice prevails while the matrix and the second twin are barely marked. At this stage of deformation, almost all matrix volume was consumed by the dominant twinning system. Excluding the weak twin orientation, the presented pole figure can be obtained by rotation of the corresponding pole figure around the <001> axis.




5. Conclusions


We have described low-SFE single crystal fragmentation during a drawing process. Crystals with cubic orientation and <001> axis set parallel to the drawing direction were divided into four distinctive areas, following symmetric arrangement of slip systems with respect to the sample frame. These results are in contrast to tensile test results to which the drawing process is often compared during analysis of deformation system activation. At the initial deformation stage, additional shear components of the stress tensor imposed by drawing process constraints were responsible for the activation of separate slip systems. It caused significant lattice rotation within outer areas of the drawn sample. Rotation axis position in each crystal part followed a 4-fold symmetry, creating a pseudo-stable orientation. All subsequent activations of the mechanical twin systems were subjected to the 4-fold symmetry. Creation of the new, twinned orientation caused additional subdivision of the crystal volume. This new situation can be described by two symmetry planes parallel to the drawing direction having indices of the {110} type in the initial crystal orientation. During all deformation processes up to 1.1 true strain, orientation of the inner volume of the crystal was stable. As a result of a lack of additional shear components, no twinning was observed, with following twin shear polarisation phenomena. The results also show that approximation of the drawing process stress state by the tensor having only normal components cannot be used during analysis of the activation of deformation systems.
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Figure 1. The {111} and {200} pole figures for texture after drawing to cumulative strains of 0.29 (a), 0.68 (b) and 1.1 (c). Initial position of the {111} and {200} poles are marked by the black triangles and squares for the strain of 0.29. 
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Figure 2. EBSD analysis of one crystal quadrant deformed to 0.68 of the true strain. IPF map showing 4 distinctive regions (a). Pole figures from the regions marked in IPF (b,c), corresponding to the (111) and (200) planes reconstruction, respectively. Red arrows show direction with respect to which matrix lattice rotates while red dotted line is showing additional symmetry in the formed microstructure. 
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Figure 3. EBSD maps of magnified regions 2 (a) and 3 (b) from Figure 2 displayed in the Euler coding. 
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Figure 4. EBSD analysis of one 1/8 crystal section deformed to the 1.1 of the true strain: IPF map with marked characteristic regions (a), (111) and (200) pole figures from the regions 2’ (b). 
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Figure 5. The diagram showing additional shear zone during drawing process (a,b), stereographic projection with marked poles after rotation in each crystal quadrant (c). 
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Table 1. Summary of die diameters used during drawing process together with cumulative deformation applied at given processing step.






Table 1. Summary of die diameters used during drawing process together with cumulative deformation applied at given processing step.





	Die Diameter, mm
	Cumulative Deformation, True Strain
	Measurements Performed





	7.8
	0.29
	X-ray



	6.4
	0.68
	X-ray, EBSD



	5.2
	1.10
	X-ray, EBSD
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