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Two major types of Cube bands/segments have been observed in heavily (90%) cold rolled Al-0.1wt %Mn using the EBSD technique with a FEG SEM: i) intergranular "transition bands" as thin cube segments aligned along RD between S and Cu oriented grains and ii) as transgranular "strain localized" bands situated in some particular grains. Their evolution is studied by light annealing at 275°C and 300°C and EBSD observations of exactly the same areas to directly correlate local deformation substructure with recrystallization. Only the intergranular cube "transition bands" give rapid recrystallization nucleation to cube grains of dimension >10µm. In particular the fastest growing cube grains have a near 40°<111> relation with part of their surroundings.

The origin of the cube recrystallization texture in fcc metals such as aluminium or copper has not yet been completely resolved. It is well known that some cube texture remains after heavy cold rolling, particularly for a small starting grain size and after very large deformations [1][2]. However crystal plasticity calculations do not predict cube components after heavy cold rolling. Of course, despite this incomplete understanding of the cube texture origin, this phenomenon is used in many industrial processes, for example the production of aluminium sheet for capacitor foils [START_REF] Verlinden | Pergamon Materials Series[END_REF]. Dillamore and Katoh [START_REF] Dillamore | [END_REF] have proposed the formation of Cube transition bands during deformation. But until now, little experimental proof of their theory exists. Alternatively, deformed cube segments have been postulated to be fragmented "leftovers of the original cube grains" [5]. In any case, deformed cube has already been observed by transmission electron microscopy (TEM) [5][6][7]. More recently, the electron backscattered diffraction technique (EBSD) using a field emission gun scanning electron microscope (FEG-SEM) enables the analysis of the surroundings of some deformed cube fragments [8][9]. Thus, using this EBSD technique, the aim of this study is to directly correlate the local deformation substructure with recrystallization nucleation after light annealing on exactly the same area (and hence circumvent the "destroyed evidence" problem [10]). This paper recalls some interesting observations already published in [8].

Samples of high purity Al-0.1wt%Mn, with an average grain size of 260µm and a weak texture, were cold deformed in channel-die to a thickness reduction of ε=90%. The characteristic cold rolled fcc texture components of the β-fibre represent more than 90% of the deformed microstructure: 48% of S, 38% of Cu, 12% of Br and 1.8% of cube. The texture components as well as the relation between their different variants are presented in table 1. The longitudinal sections (RD-ND) and some transverse sections (ND-TD) from the mid-thickness of the as-deformed samples were mechanically ground then electropolished for EBSD measurements. The complex arrangements of high-angle and low-angle boundaries of the microstructures were analysed using TSL-EDAX orientation imaging microscopy (OIM) on a FEI Quanta 3D FEG-SEM. Precise EBSD analyses (0.1µm or 0.3µm stepsize) were performed on selected areas.

Texture definition.

The originality of the method is that we have selected areas of RD-ND sections containing cube fragments present in the deformed state. By means of precise EBSD measurements, we have followed the microstructure evolution of those selected areas from the deformed state to the subsequent annealed ones. Heat treatments were performed at 275°C and 300°C in an air furnace. This technique provides a direct microstructure link between the heavily cold rolled and annealed areas. Our methodology is quite easy to handle and differs from some previous in-situ annealing studies [11][12] carried out using a heating stage in the microscope. The following paragraphs present the two major types of Cube bands/segments that have been observed in the deformed microstructure. They appear either as bands/segments of transgranular "strain localized" bands situated in a grain or as intergranular "transition bands" between two distinct grains. Their behaviour after light annealing appears quite different.

The first main type of cube fragments observed in the heavily deformed microstructure is the socalled transgranular "strain-localized" bands. They consist of cube fragments/bands inclined about 10-15° to RD in a highly heterogeneous matrix. Fig. 1. presents two examples taken from two distinct samples. Cube components (<15°) are highlighted in red. The presence of inclined cube fragments is unequivocal. The spread of orientation is quite large inside the deformed grains, mainly rotated about near-TD axes (see {111} pole figures). After light annealing, 30 minutes at 275°C (Fig. 1a) and 1 hour at 300°C (Fig. 1b), EBSD scans were performed to analyze the microstructural evolutions. Recrystallization (or extended recovery) occurs as one can observe well-defined new grains (cube and non-cube) in both annealed samples. The recrystallized cube grains grow in areas containing cube fragments in the deformed state. However, all recrystallized grains are about the same size, implying that these cube grains do not have a growth advantage compared with their neighbours. Some cube impingement (orientation pinning) may also hinder growth here.

Examples of cube segments (red) in the deformed state in "strain localized" grains and the same area after annealing at 275°C (a) and 300°C (b). {111} pole figures are presented. In figure (b), micro-hardness indentation served as a marker to locate the selected area.

A recent collaborative study was carried out on the evolution of cube grains in Channel-die compression using split sample (following the method described in [13]). Thus after 80% of thickness reduction, cube fragments were observed in the original cube grains, embedded in a microstructure similar to Fig. 1.

The second main type of cube fragments is denoted "intergranular", since they appear near a grain boundary. In general, they lie between two grains of different β-fibre components, mostly S or/and Cu orientation. These cube fragments are roughly horizontal of thickness 1-2µm and side length 5-15µm. Fig. 2. shows some transition cube segments on the longitudinal (Fig. 2a) and transverse (Fig. 2b-c) sections. They appear on either horizontal or vertical grain boundaries. An orientation scan across the cube bands reveals a very abrupt misorientation change at the interface (more than 15° over 0.1µm). Interestingly in Fig. 2a, one side of the boundary is a homogeneous S I -type matrix. The other side is more heterogeneous, composed of Cu II -Rd. Looking more carefully at the {111} pole figure, the scattering of this Rd-texture seems to arise fom the Cu II component toward cube component, by a rotation around a <111>-axis of the Cu II . Finally, cube components have one <111>-axis in common with each neighbouring grain. This relation can be found in Fig. 2. as well as in Fig. 3. Nevertheless, the chance of finding intergranular cube fragments after deformation is quite small. This phenomenon is not systematic on all the grain boundaries. Because of the large grain size of the starting material and limited number of grain boundaries after heavy deformation over a very large area, we were not able to quantify statistically the presence of intergranular cube fragments.

Examples of intergranular "transition" cube segments (red/pink) in the deformed state: (a) longitudinal section; (b-c) transverse section. {111} pole figures are presented.

Fig. 3. illustrates the behaviour of such intergranular "transition" cube after 1 hour annealing at 300°C. In the deformed state, cube fragments lie on the boundary between two distinct β-fibre variants (containing some random orientations on one side). Thus, recrystallized cube grains appear after annealing exactly on the area where such cube transition bands existed (Fig. 3a-b). Grains are elongated, growing into the two neighbouring grains predominantly along the RD direction. It should be accepted that we cannot rigorously prove that the observed cube fragments are the effective cube nuclei for recrystallization. The latter may also grow from the bulk below the surface. However, all recrystallized cube grains were found in areas with pre-existing cube heterogeneities in the deformed state; thus it appears that the "destroyed evidence" problem has been overcome. Also all cube fragments do not lead systematically to recrystallized cube grains as can be seen in Fig. 3c.

Examples of cube segments (red) in the deformed state as an intergranular "transition band " and recrystallized grains on exactly the same area after 1hr annealing at 300°C (RD-ND section).

{111} pole figures in the deformed state are taken only nearby the boundary containing cube fragments.

Moreover, the fastest growing grain of the area checked after annealing at 300°C had an orientation relation within 15° of 40°/<111> with its surroundings (see Fig. 3a). After annealing at 275°C, only one recrystallized grain was formed on the analysed area (Fig. 4.). Unfortunately, as the first EBSD scan of the deformed state is made "blind", we missed the most interesting part of the deformed state, i.e. the microstructure from where the grain has grown. Anyway, because it exists some strain heterogeneity (blue and yellow) near the grain boundary, it is not impossible that near-cube fragments could arise from this kind of heterogeneities. This could be the nuclei for recrystallization. In any case, the near-cube recrystallized grain (pink) has also relation within 15° of 40°/<111> with its surrounding, S III -Cu II and S II -Cu I matrices. It has grown enormously after 30min annealing at 275°C. But the growth is much more limited after two further annealing steps (1h and 2h). Interestingly, the grain has grown on the strain heterogeneities. Nevertheless, one recrystallized grain has grown from the "blue" heterogeneity after 2h annealing.

Growth evolution during annealing at 275°C of a near-Cube recrystallized grain (pink) into two different β-fibre components. Note the heterogeneities (blue and yellow) in the vicinity of the grain boundary. {111} pole figures are presented.

These two kinds of cube fragments have not been clearly reported in the previous literature. However, they appear to be the most important sites of recrystallization. For the microstructural evolution after annealing at 300°C, the fraction of cube segments giving rise to recrystallized cube grains (the nucleation efficiency) can be estimated by comparing the density of cube grain before and after annealing. is evaluated as a function of their local environments. An efficiency of about 20% is found for "transgranular" strain localized cube segments as opposed to about 40% for the "intergranular" cube fragments. The higher efficiency for the latter is certainly due to the high local misorientation with the surrounding. An orientation relation within 15° of 40°/<111> favours grain growth only in the first stages of recrystallization. The question of the formation of the "intergranular" cube fragments remains unclear. Theyssier and Driver [14], by studying Al bi-crystals of Brass and S orientations hot-deformed in channel-die (ε=1.5 at 300°C), observed a very surprising phenomenon. Some near-cube grains were formed on the boundary between the two grains during the deformation. So we can suggest, that, for heavily cold rolling (ε>90%), cube fragments may arise from some exceptional strain heterogeneities at the interface of two grains, mostly between two β-fibre components. Unfortunately, relatively few studies have focused on the study of heavily deformed microstructures, and even less on the grain boundary heterogeneities. In copper, Mishin and Gottstein [2] show clearly a significant increase of the cube component after 95% of cold rolling in sample composed of ultra-fine grains (0.2µm) compared to a sample composed of coarse grains (70µm). The authors mentioned a microstructural instability which can "develop local deformation inhomogeneities to accommodate the increasing rolling strain".
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In conclusion, two major types of Cube bands/segments have been observed in heavily (90%) cold rolled Al-0.1wt %Mn using the EBSD technique with a FEG SEM. Only the intergranular cube "transition bands" give rapid recrystallization nucleation to cube grains of dimension >10µm. In particular the fastest growing cube grains have a near 40°<111> relation with part of its surroundings. The "intra-granular" cube bands do not appear to possess a growth advantage compared with their surroundings and develop a mixture of cube and non-cube recrystallized grains. Finally, this article is an invitation to look deeper in the deformed state in order to understand the origin of the deformed Cube fragments and their behaviour after annealing.
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