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Shear banding phenomenon in a Cu-8 at.% Al alloy analysed by orientation imaging microscopy
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The microstructure and texture of Cu-8 at.% Al alloy single crystal with (112) [111] orientation plane strain compressed at 77 K were characterized by scanning electron microscope and transmission electron microscope orientation mappings in order to investigate the influence of twins and shear bands on slip propagation across a structure of twin-matrix layers and the resulting texture evolution. It was shown that the strong, initial texture changes are due to deformation twinning at low deformations. At larger deformations, twin-matrix bending within some narrow areas led to the formation of kink-type bands, which became the precursors of shear bands. It is shown with scanning electron microscope and transmission electron microscope orientation mappings how the structure of twins and matrix was incorporated into the shear band, and what kind of the dislocation mechanism was responsible for strain accommodation at the macroscale. It was found that the reorientation of the main (111) twinning planes towards the shear band plane facilitates further dislocation slip in the shear direction.

Introduction

In face centred cubic metals, the development of preferred orientations is closely related to microstructure and consequently to the operating deformation mechanisms. Three main types of planar microstructures are observed, and they have a strong influence on materials properties. Two of them are microbands and twins, which normally agglomerate in 'bundles' dominating microstructure development at low Correspondence to: H. Paul, Institute of Metallurgy and Materials Science, Polish Academy of Sciences, 25 Reymonta Street, Kraków, Poland. Tel: +48 12637 4200; fax: +48 12 637192; e-mail: nmpaul@imim-pan.krakow.pl deformations, and the third are shear bands (SB) frequently observed after high strain at low temperatures.

The influence of slip and twinning on microstructure and texture evolutions in face centred cubic metals has been experimentally studied in detail in the past (e.g. [START_REF] Blicharski | Structural inhomogeneity of deformed austenitic stainless steel[END_REF][START_REF] Duggan | Deformation structures and textures in cold-rolled 70:30 brass[END_REF][START_REF] Morii | Development of shear bands in fcc single crystals[END_REF][START_REF] Hirsch | Mechanism of deformation and development of rolling texture in polycrystalline FCC metals[END_REF][START_REF] Hirsch | Correlation of deformation texture and microstucture[END_REF][START_REF] Kocks | Texture and Anisotropy: Preferred Orientations and their Effect on Materials Properties[END_REF][START_REF] El-Danaf | Deformation texture transition in brass: critical role of micro-scale shear bands[END_REF]. The number of reliable results concerning crystallographic aspects of SBs formation is much smaller despite their importance for strength and texture control in metal forming (e.g. [START_REF] Duggan | Deformation structures and textures in cold-rolled 70:30 brass[END_REF][START_REF] Hirsch | Correlation of deformation texture and microstucture[END_REF][START_REF] Wagner | Formation of Cu-type shear bands and their influence on deformation and texture of rolled f.c.c. {112}(111) single crystals[END_REF][START_REF] Weidner | Shear banding and texture development in cold-rolled α-brass[END_REF][START_REF] Inagaki | Orientation imaging microscopy of the shear bands formed in Al-5%Mg alloys during cold rolling[END_REF][START_REF] Paul | On Brass-type shear bands and their influence on texture formation[END_REF][START_REF] Paul | On Twinning and shear banding In A Cu-8 at.% Al alloy plane strain compressed at 77[END_REF]. Shear bands greatly influence stored energy distribution, and -in many casesthey act as privileged sites for recrystallization nucleation. Despite considerable interest in SB formation in poly and single crystals, the mechanism responsible for their origin and development is still an unresolved problem. In particular, it is not clear whether the SBs can modify the global deformation texture, and if they can, what is the mechanism of the modification?

This work primarily concerns the influence of twinning on brass-type SBs developed by channel-die compression of completely twinned structures (i.e. in face centred cubic metals with very low stacking fault energy) before the onset of shear banding. To simplify the analysis, our investigations were performed on single crystals of a Cu-8 at.% Al alloy deformed at 77 K. Since shear banding is closely related to textures (e.g. [START_REF] Wagner | Formation of Cu-type shear bands and their influence on deformation and texture of rolled f.c.c. {112}(111) single crystals[END_REF][START_REF] Paul | On Brass-type shear bands and their influence on texture formation[END_REF], orientation imaging microscopy is a particularly suitable method of investigating the phenomenon.

Experimental procedures

Single crystals of the Cu-8 at.% Al alloy with (112) [111] orientation were obtained by the Bridgman technique. The initial orientation of the samples was within 2 • of the ideal position. Samples with dimensions of 10 × 10 × 10 mm 3 were deformed in plane strain compression (channel-die test) at the nominal strain rate of 10 -4 s -1 . The deformation was performed at 77 K by immersing the channel-die rig in liquid nitrogen. In order to reduce the frictional constraint between the specimen and the compression rig, a Teflon TM lubricant was used during the testing. The samples were deformed up to final reductions of ∼80%, using multistage tests. However, a thickness reduction of about 50% was chosen for a more detailed analysis of the influence of substructure (a mixture of twinned matrix and SB) on texture changes.

Specimens for microscopic investigations were cut from the deformed crystals with edges parallel to extension (ED) and normal (ND) directions. The microstructure and microtexture evolution during deformation was analysed by systematic local orientation measurements (orientation mapping) in transmission (TEM) and scanning (SEM) electron microscopes. The local orientations were characterized by TEM using a 200 kV PHILIPS CM20 with automated Kikuchi line based system and high resolution SEM JEOL 6500 F equipped with field emission gun and electron backscattered diffraction facilitates. Details of the acquisition of diffraction patterns, image corrections, line detection and indexing in TEM were described elsewhere (e.g. [START_REF] Morawiec | Automatic orientation determination from Kikuchi patterns[END_REF]. Postprocessing analysis of the orientation maps was performed using HKL Technology Channel 5 software. The microstructural and crystallographic aspects of twinning and shear banding were followed also using high resolution TEM (Technai G 2 FEG20).

Results

One dominant system of twins has been usually observed at low deformations even though another twin system can be seen to operate in small isolated areas (e.g. [START_REF] Hirsch | Mechanism of deformation and development of rolling texture in polycrystalline FCC metals[END_REF][START_REF] Paul | Shear band microtexture formation in twinned face centered cubic single crystals[END_REF]. Although these secondary twins are not rare, the proportion of the secondary to primary twin areas is always very small. The inclination of these fine second generation twins with respect to the compression plane varies; it depends mainly on the orientation of the preexisting twin lamellae. The main set of twins is a result of twinning on the (111) slip plane, and appears as a broad band penetrating the whole sample along transverse direction (TD). Detailed high resolution TEM observations confirm that twin areas dominate the substructure. Platelets of the residual initial matrix are on average 1-5 nm thick (Fig. 1a). In some cases their thickness is only a few atomic layers. The characteristic scale of the twinmatrix (T-M) layer structure developed during the medium deformations is preserved during further deformations and practically independent of the applied reduction. The thickness of the fine second generation twins is also very small (Fig. 1b).

The The orientations characteristic for the twinned matrix and SBs can be analysed in a more systematic manner by SEMand TEM-based orientation mappings. Figure 3(a) shows a SEMFEG/EBSD orientation map using band contrast, that is a function of the Kikuchi band quality factor (white for high quality, black for low quality, usually in heavily deformed areas). Thus the darker, longitudinal areas (lower image quality factor) refer to the SBs position. The primary matrix very quickly disappears and after moderate strains practically the entire volume of the sample is replaced by twinned areas. Figures 3(b) and(c) clearly demonstrate the dominance of the G{110} 100 orientation with some (±)TD 110 scattering, but also there are little scatterings around 112 directions. The orientations in the neighbouring twinned matrix are significantly misoriented by 20-35 • , mainly around the 110 axis. These effects are clearly visible on the essential part of the distribution of misorientation axes presented in Fig. 3(d), in which the strong scattering of the misorientation axes between 110 and 112 directions is observed. Moreover, the nearprimary-matrix orientations ({114} 221 ) are occasionally observed in some areas. Within the areas occupied by macroscopic SBs (the elongated dark regions of Fig. 3(a)), the normals of the (111) planes are significantly more inclined to ND than in the adjacent areas outside the SB.

Figure 4(a) is a TEM bright field image of an area where the twinned matrix is crossed by a well-developed SB. The band thickness is about 800 nm and its internal microstructure is composed of slightly elongated subcells with longer axis situated nearly parallel to the shear direction. Here, the twin boundaries lying outside the band and visible on bright field images as thin, dark lines, are inclined to ED by ∼15 • . The angle between the SB plane and the compression plane is in the range 40-42 • . For the nearest {111}-type plane (i.e. coplanar slip and twinning plane) to coincide with the shear plane, it needs to be rotated by (+)25-30 • about TD.

A similar area is covered by the TEM orientation map given in Fig. 4(b). This 2.5 µm × 2.5 µm image was created with the step (and beam) size of 25 nm. The map reflects microtexture and microstructure of the twinned matrix and SB. The same colour code in the orientation map and the corresponding {111} pole figure (Figs 4b andc) is used. The orientation map shows no traces of the matrix orientation within the SB. As already mentioned, the very thin needles of primary matrix outside the band occur only sporadically. For very low stacking The map point orientations are represented in the {111} pole figures of Fig. 4(c). Practically only one group of orientations, scattered around the Goss{110} 001 position is observed. The orientations of the areas outside the band were grouped near (221)[114] T for the twins and (447)[778] M for the matrix; the latter are rarely observed (and correspond to the areas covered by red lines). The SB exhibits a wide range of orientations resulting from (+)TD rotations of the orientations identified within the twinned matrix. They are grouped within a broad range of orientations near Goss(110)[001] (marked by dotted circles), with a scattering ±10 • around TD (Fig. 4c). It is also visible that none of orientations originating from the primary matrix were detected within the band.

The {111} pole figure of Fig. 4(c) shows that the maximal deviation of the SB orientations with respect to the orientations identified within the twinned matrix reaches 15-20 • . This is more clearly visible on the misorientation profile along a line scan across the band. An example is given by the TEM line scan of Fig. 4(d). Gradual orientation changes along the marker line (see Fig. 4b) drawn across the band reach 15 • with respect to the first point located outside the band and having the twin orientation. The misorientation axes were found to be very close to TD 110 (see Fig. 3b), as previously reported, for example [START_REF] Paul | Shear band microtexture formation in twinned face centered cubic single crystals[END_REF].

Discussion

The opinion that the structure of deformation twins promotes the nonhomogeneous mechanism of plastic deformation in the form of shear banding is widely accepted in the literature (e.g. [START_REF] Blicharski | Structural inhomogeneity of deformed austenitic stainless steel[END_REF][START_REF] Duggan | Deformation structures and textures in cold-rolled 70:30 brass[END_REF][START_REF] Hirsch | Correlation of deformation texture and microstucture[END_REF][START_REF] El-Danaf | Deformation texture transition in brass: critical role of micro-scale shear bands[END_REF][START_REF] Paul | Shear band microtexture formation in twinned face centered cubic single crystals[END_REF]. However, the microstructure and texture details of the transition from a homogeneous (twinning) to a nonhomogeneous (shear banding) mode of deformation are still not clear.

The experimental true stress-strain curve σ = f(ε) shown in Fig. 5 clearly indicates a nonmonotonic increase in stress during straining. Stress and strain were calculated by σ = F/A and ε = ln(h o /h), where F, A, h o and h are the current compression load, sample compression surface, and initial and current specimen thickness, respectively. Over a relatively broad strain range, the periodic, high frequency stress relaxation is associated with the propagation of deformation twins through the sample thickness. The growth of broad clusters of deformation twins is observed after a critical flow stress. It is followed by an abrupt stress drop and a jerky-type discontinuous flow with relatively small stress variations. At higher deformation (ε>0.45), only strong individual stress drops are observed; they are associated with the development of macroscopically visible clusters of SBs. Although the curve is not smooth, the amplitude of the jerky flow and significant further drops at larger reductions are small comparing the stress level. This macroscopic behaviour can be correlated with microstructure development.

The homogeneous slip in twinned face centred cubic metals is by the presence of an array of closely spaced twin boundaries. In such a case, the only slip systems which can continue to operate are those for which the slip plane is parallel to twinning plane. This process induces a rotation of the T-M layers towards the compression plane, and then increases the critical resolved shear stress required for slipping. Since the twin boundaries are thought to be an effective barrier for dislocation motion on slip planes other than the twinning plane, this consequently causes high stress (and dislocation) concentration at the boundaries of the 'potential' SB. The dislocation concentration (on twinning planes) along boundaries of SB must induce local lattice reorientation. This causes the imposed plastic deformation to be accommodated through a nonhomogeneous mechanism of shear banding; the dislocations destroy the twin structure and create a localized slip in the form of an SB. The lattice rotation brings the twinning planes progressively into a position parallel to the SB plane and finally opens up the possibility of shear along reoriented parts of the (111) slip planes (e.g. [START_REF] Wagner | Formation of Cu-type shear bands and their influence on deformation and texture of rolled f.c.c. {112}(111) single crystals[END_REF][START_REF] Paul | The role of shear banding on deformation texture in low stacking fault energy metals as characterized on model silver single crystals[END_REF]. Finally, the (111) plane is situated parallel to the shear plane and long distance slip occurs across the entire crystal thickness. This leads to strain accommodation on a macroscopic scale (manifested by strong stress relaxation observed on the stress-strain curve) by gliding of two crystal parts along the SB.

Conclusions

The influence of shear banding on deformation texture and microstructure in low stacking fault energy Cu-8 wt.% Al single crystal with (112)[111]-initial orientation deformed at 77 K has been characterized by TEM and SEM including orientation mapping. Access to high-resolution orientation maps has opened new possibilities for the analysis of orientation changes within and outside the SBs. 
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 1 Fig. 1. (a) High resolution TEM observations of the substructure consisting of layers of matrix and primary and secondary twins in sample deformed to logarithmic strains of 0.7. (b) First and second generations of twins observed in more global scale (bright field image). ND-ED section.

  Fig. 2. TEM microstructure showing advanced stage of shear band formation against a background of the compact twin-matrix layer structure after deformation of 0.7. The differences in orientations within SB and twinned matrix close to SB/(T-M) boundary are presented in the ND-ED section.
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 3 Fig. 3. Compact clusters of macroscopic shear bands. (a) Kikuchi band contrast map, (b) corresponding {111}, {110} and {100} pole figures and (c) inverse figures. (d) Essential part of the misorientation axes distribution between particular pixels within shear band. Local orientation measurements by SEMFEG/EBSD with step size of 200 nm.fault energy metals, practically only the group of orientations, connected with twins is visible. For all orientations shown in the map, TD is closely parallel to the [110] axis.The map point orientations are represented in the {111} pole figures of Fig.4(c). Practically only one group of orientations, scattered around the Goss{110} 001 position is observed. The orientations of the areas outside the band were grouped near (221)[114] T for the twins and (447)[778] M for the matrix; the latter are rarely observed (and correspond to the areas covered by red lines). The SB exhibits a wide range of orientations resulting from (+)TD rotations of the orientations identified within the twinned matrix. They are grouped within a broad range of orientations near Goss(110)[001] (marked by dotted circles), with a scattering ±10 • around TD (Fig.4c). It is also visible that none of orientations originating from the primary matrix were detected within the band.The {111} pole figure of Fig.4(c) shows that the maximal deviation of the SB orientations with respect to the orientations identified within the twinned matrix reaches 15-20 • . This is more clearly visible on the misorientation profile along a line scan across the band. An example is given by the TEM line scan of Fig.4(d). Gradual orientation changes along the marker line (see Fig.4b) drawn across the band reach 15 • with respect to the first point located outside the band and having the twin orientation. The misorientation axes were found to be very
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 4 Fig. 4. (a) TEM bright field microstructure of well-developed shear band and corresponding (b) TEM orientation map obtained with step size of 25 nm. (c) {111} pole figure for the orientation data presented in (a). (d) Point-to-origin misorientation angle profile across shear band, in which the origin lies outside the band and has the twin orientation.

Fig. 5 .

 5 Fig. 5. The true stress-strain curve obtained in a plane strain compression test. Observed discontinuities are due to (micro and macro) twinning and shear banding. Kink-type bands are considered to be the precursors of SBs leading to a positive crystal lattice rotation. The present work shows how the mechanism of lattice rotation within emerging SBs may lead to a near-Goss{110} 001 texture component with large (±)20 • scattering. As strain becomes localized a rotation occurs in the bands and the twinning (111) planes rotate away from the compression plane. The reorientation of (111) planes towards the SB plane facilitates further dislocation slip in the shear direction on coplanar slip systems.