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Introduction

Rolling with imposed asymmetry has been investigated numerously in the quest of through thickness shear texture in rolled sheets [START_REF] Kim | Analysis of deformation textures of asymmetrically rolled aluminum sheets[END_REF][START_REF] Lee | Analysis of deformation textures of asymmetrically rolled steel sheets[END_REF][START_REF] Huang | Effects of thickness reduction per pass on microstructure and texture of Mg-3Al-1Zn alloy sheet processed by differential speed rolling[END_REF][START_REF] Sidor | Microstructural and crystallographic aspects of conventional and asymmetric rolling processes[END_REF][START_REF] Beausir | Analysis of microstructure and texture evolution in pure magnesium during symmetric and asymmetric rolling[END_REF][START_REF] Roumina | Deformation Geometry and Through-Thickness Strain Gradients in Asymmetric Rolling[END_REF][START_REF] Orlov | Asymmetric Rolling of Interstitial-Free Steel Using Differential Roll Diameters[END_REF][START_REF] Lapovok | A comparison of continuous SPD processes for improving the mechanical properties of aluminum alloy 6111[END_REF][START_REF] Ren | Evolution of microstructure, texture, and mechanical properties in a twin-roll cast AA6016 sheet after asymmetric rolling with various velocity ratios between top and bottom rolls[END_REF]. Asymmetric conditions in rolling can be imposed by the change in roll diameters ratio, difference in peripheral speed of rolls or just by having mismatch in lubrication. The imposed asymmetry in the processing can rotate the conventional rolling texture into shear texture even in the mid thickness area of a sheet where normally plane strain condition of deformation prevails [START_REF] Dhinwal | Effects of Processing Conditions on Texture and Microstructure Evolution in Extra-Low Carbon Steel during Multi-Pass Asymmetric Rolling[END_REF][START_REF] Dhinwal | Tailoring One-Pass Asymmetric Rolling of Extra Low Carbon Steel for Shear Texture and Recrystallization[END_REF][START_REF] Dhinwal | Unlocking Deformation Path in Asymmetric Rolling by Texture Simulation[END_REF]. Based on varying the sheet entry sequence, the net shear effect imposed by the applied asymmetric conditions is either accumulated or reversed in multi-pass rolling.

Very few publications exist where the possibility of strain path change in asymmetric rolling is briefly described [START_REF] Lee | Analysis of deformation textures of asymmetrically rolled steel sheets[END_REF][START_REF] Orlov | Asymmetric Rolling of Interstitial-Free Steel Using Differential Roll Diameters[END_REF][START_REF] Amagadzie | Effect of asymmetric rolling on the microstructure and mechanical properties of wrought 6061 aluminum[END_REF]. Thus, there is a lack of knowledge about what to expect when strain path change applied in asymmetric rolling. Although the significance of applied strain path change in terms of rolling direction is elaborated numerously in the literature of symmetric rolling. For example: reverse rolling by 180° rotation about the normal direction (ND) is an industrial practice at the roughening stage of the hot rolling process to break-down the cast structure before the hot rolled slab goes into continuous unidirectional rolling. Whereas, applying 90° rotation about the normal direction in alternate passes of conventional rolling is termed as cross rolling. A true multi-step cross rolling process has been regarded to produce more or less cube type deformation texture that renders tetragonal symmetry to the rolled sheet of cubic materials [START_REF] Öztürk | Deformation and recrystallization textures in cross-rolled sheets of copper and α-brass[END_REF][START_REF] Böcker | Development of cross-rolling textures in Armco-iron[END_REF][START_REF] Böcker | Influence of pass sequence on cross-rolling textures in Armco-Iron[END_REF]. The symmetric rolling of cubic materials also showed that the microstructure evolution becomes more diffused and increases dislocation density more in case of strain path change than in monotonic mode [START_REF] Gurao | Effect of strain path change on the evolution of texture and microstructure during rolling of copper and nickel[END_REF][START_REF] Gurao | Evolution of Texture and Microstructure in Commercially Pure Titanium with Change in Strain Path During Rolling[END_REF][START_REF] Huh | On the influence of cross-rolling on shear band formation and texture evolution in Low carbon steel sheets[END_REF]. Nevertheless, the reverse rolled sheet near the surface presents lower dislocation density and dissolution of sub-structures than the conventional rolling method [START_REF] Black | Effect of strain path on recrystallisation kinetics during hot rolling of Al-Mn[END_REF]. In the initial stages of multi-pass rolling, it is evidenced that the strain path change affects the regular arrangements of dislocations as compared to the monotonic case and decreases the intragranular misorientations in high strained rolled sheets [START_REF] Gurao | Evolution of Texture and Microstructure in Commercially Pure Titanium with Change in Strain Path During Rolling[END_REF][START_REF] Black | Effect of strain path on recrystallisation kinetics during hot rolling of Al-Mn[END_REF][START_REF] Choi | A study of the influence of strain path change on the microstructure and mechanical properties of low carbon steel using plate and bar rolling[END_REF][START_REF] Wrόbel | Influence of strain path on texture and microstructural development in polycrystalline Cu and Cu-5 wt % Al alloy[END_REF]. It is also noticed that the conventional rolling yields more elongated bands of deformed grains than the forward-reverse or complex rolling paths which form more equiaxed grains [START_REF] Black | Effect of strain path on recrystallisation kinetics during hot rolling of Al-Mn[END_REF][START_REF] Choi | A study of the influence of strain path change on the microstructure and mechanical properties of low carbon steel using plate and bar rolling[END_REF]. In case of hexagonal close packed (HCP) materials, monotonic symmetric rolling renders a strong basal texture, which results in pronounced anisotropic mechanical behavior and poor formability.

Whereas, cross-rolled HCP materials showed increase in twinning activities and an effective decrease in the basal texture intensity [START_REF] Al-Samman | Influence of strain path change on the rolling behavior of twin roll cast magnesium alloy[END_REF][START_REF] Lim | Enhancement of mechanical properties and formability of Mg-MM-Sn-Al-Zn alloy sheets fabricated by cross-rolling method[END_REF][START_REF] Sahoo | Texture and microstructure evolution of commercially pure titanium during hot rolling: Role of strain-paths[END_REF][START_REF] Chen | Effects of texture on anisotropy of mechanical properties in annealed Mg-0.6%Zr-1.0%Cd sheets by unidirectional and cross rolling[END_REF][START_REF] Xiong | Microstructure and mechanical properties of annealed Mg-0.6wt%Zr sheets by unidirectional and cross rolling[END_REF][START_REF] Catorceno | Effects of cold and warm cross-rolling on microstructure and texture evolution of AZ31B magnesium alloy sheet[END_REF].

In general, the term severe deformation is used for the rolling process when the total thickness reduction of a sheet is 90% or above. Such high total thickness reduction in a rolled sheet is also considered to form ultra-fine to nano grains in symmetric rolling due to the high amount of strain [START_REF] Saha | Microstructural and textural changes in a severely cold rolled boronadded interstitial-free steel[END_REF][START_REF] Saha | Formation of nano-to ultrafine grains in a severely cold rolled interstitial free steel[END_REF][START_REF] Saha | Texture and grain growth characteristics in a boron added interstitial free steel after severe cold rolling and annealing[END_REF][START_REF] Saha | Effects of severe cold rolling on the texture and grain boundary character of a Ti-Nb IF steel[END_REF]. The increase in some special coincidence site lattice (CSL) boundaries in severe cold rolled interstitial free steel was comprehended by the evolution of deformation texture components [START_REF] Saha | Microstructural and textural changes in a severely cold rolled boronadded interstitial-free steel[END_REF][START_REF] Bhowmik | Evolution of grainboundary microstructure and texture in interstitial-free steel processed by Equal-Channel Angular Extrusion[END_REF][START_REF] Park | Evolution of recrystallisation textures from cold rolling textures in interstitial free steel[END_REF][START_REF] Garbacz | The relationship between texture and CSL boundaries distribution in polycrystalline materials-I. The grain boundary misorientation distribution in random polycrystal[END_REF][START_REF] Garbacz | The relationship between texture and CSL boundaries distribution in polycrystalline materials-II. Analysis of the relationship between texture and coincidence grain boundary distribution[END_REF]. Such emergence in some particular CSL boundaries with evolution of deformation texture components is required to examine when strain path change is applied in rolling. In addition to the effect of strain path change, severe high strain regime like 90% rolling and above is yet to examine in asymmetric rolling. In such severe deformation regime, symmetric rolling of interstitial-free steel showed characteristic changes in both microstructure and texture development [START_REF] Saha | Microstructural and textural changes in a severely cold rolled boronadded interstitial-free steel[END_REF][START_REF] Saha | Formation of nano-to ultrafine grains in a severely cold rolled interstitial free steel[END_REF][START_REF] Saha | Texture and grain growth characteristics in a boron added interstitial free steel after severe cold rolling and annealing[END_REF][START_REF] Saha | Effects of severe cold rolling on the texture and grain boundary character of a Ti-Nb IF steel[END_REF].

In the current investigation, an extra low carbon steel having ferritic structure was examined by symmetric and asymmetric rolling up to 99% thickness reduction in monotonic mode and also by changing the strain path sequence for the asymmetric case. The obtained results from asymmetric rolling were compared with the symmetric mode in the same conditions of rolling. Silicon steel is one of the specific grade of ferritic steel whose application to produce efficient transformers and electric motors requires both textured and non-textured sheets.

Thereby, the selection of a ferritic steel grade in this study is to find viable paths to produce both shear textured sheets and weak textured sheets by cold rolling. Nevertheless, the scope of the present investigation is not limited to silicon steel but equally applicable to materials that are highly anisotropic by nature and present reduced formability. For example, it will be shown in this work that there are rolling strain paths that can introduce almost random texture with high yield strength, therefore can be highly desirable when the anisotropic behavior is sought to be replaced by the isotropic one.

Experimental Methodology

The nominal chemical composition of the extra low carbon steel used in our experiments was 0.03% C, 0.15% Mn, 0.006% Si, 0.043% Al, 0.02% Cr, 0.01% Ni, 0.003% Cu and 0.001% Ti (wt. %). The hot rolling was carried out at 1000°C during which the thickness was reduced from 27 mm to 12 mm. The hot rolled sheet was kept in furnace for one hour at the same temperature, for homogenizing the microstructure. After heat treatment, the homogenized sheet was air-cooled. After this homogenization, the average grain size was about 36 µm, which was measured by optical micrography using the linear intercept method. Samples with dimensions of 8 mm x 40 mm x 70 mm in thickness, width and length, respectively, were machined from the homogenized sheet for the subsequent cold rolling. Both symmetric and asymmetric rolling were carried out using smooth and dry rolls at room temperature. The 1:2 roll diameter ratio was opted for the asymmetric condition. The thickness reduction per pass (TRPP) was in the range of 10-50%, applied for both symmetric and asymmetric rolling until 75% total thickness reduction.

Above this total thickness reduction, the experiments continued with 50% TRPP. The selection of such TRPP (50%) and roll diameters ratio (1:2) were based on previous investigations where a through thickness shear texture formation was observed in these conditions of asymmetric rolling [START_REF] Dhinwal | Effects of Processing Conditions on Texture and Microstructure Evolution in Extra-Low Carbon Steel during Multi-Pass Asymmetric Rolling[END_REF][START_REF] Dhinwal | Tailoring One-Pass Asymmetric Rolling of Extra Low Carbon Steel for Shear Texture and Recrystallization[END_REF]. Along with monotonic mode of rolling, three types of strain paths: 180° rotation about Transverse (TD), Normal (ND) and Rolling (RD) directions were applied after each pass for the change in the sheet entry sequence. Fig. 1 represents a schematic of the strain path change investigated in the current experiments. A grid of fiducial marks was indented on the TD surfaces of the initial samples. This was done in order to evaluate the effect of strain path change on the inclination angles of the marks [START_REF] Roumina | Deformation Geometry and Through-Thickness Strain Gradients in Asymmetric Rolling[END_REF][START_REF] Black | Effect of strain path on recrystallisation kinetics during hot rolling of Al-Mn[END_REF][START_REF] Yu | Fabrication of ultra-thin nanostructured bimetallic foils by Accumulative Roll Bonding and Asymmetric Rolling[END_REF]. Fig. 1. Schematic of different strain path changes applied after each pass of asymmetric rolling.

The samples subjected the total thickness reduction up to 95% were deformed by 50% TRPP. Further rolling was carried out until 99% by changing the TRPP to 25-30%. The aim of change in the TRPP from 50% to 25-30% was to investigate the extent of re-rotation of the shear texture and its effect on the microstructure.

For microstructure representation, the mid thickness region of the TD plane was scanned by Electron Back Scattered Diffraction (EBSD) detector equipped on a Zeiss LEO 1530 field emission gun scanning electron microscope (FEG-SEM). For sample preparation, the electrolytic polishing method was used after grinding the samples with 4000 grade emery paper. The parameters for electrolytic-polishing were: TENUPOL A2 solution consisting of 700 ml ethanol (C2H5OH), 100 ml butyl glycol (C6H14O2) and 70 ml perchloric acid (60%) (ClO4), at 31 V, 1 A, 15-20°C, with a fluid flow rate of 20, for 15 seconds.

The EBSD data were acquisitioned with the AZTEC software of Oxford Instruments.

The ATEX software was used for their post processing analysis [START_REF] Beausir | Analysis Tool for Electron and X-ray diffraction[END_REF]. For EBSD scans, 0.06-0.08 µm step size was used based on the finest feature of interest to be indexed. The overall indexation rate hit was above 85% for all the cases of EBSD scans. The microstructure was examined on inverse pole figure (IPF) maps. The used color code corresponded to the orientation of the rolling direction (RD) with respect to the crystal coordinate system where RD was parallel to the x-axis. For calculating grain sizes, grains with less than two pixels were excluded and the equivalent circle area was used to compute their diameter. For grain boundary identification, the minimum disorientation tolerance angle was 5°. For more clarity of the microstructure, only grain boundaries having disorientation 15° and above were presented in the IPF maps.

Nevertheless, disorientation angles of 2° and above were also taken into account for the analysis of different types of grain boundaries. The internal disorientation average map was constructed on the basis of the internal disorientation between the average orientation of the grain and the given pixel. In order to make grain size distributions more meaningful, the area-density function of grain size was constructed as reported in Ref. [START_REF] Toth | Notes on representing grain size distributions obtained by electron backscatter diffraction[END_REF]. The bin size was kept the same for plotting the grain size distributions for the different rolling cases.

For the bulk texture measurements, the standard sample preparation was used in terms of cutting, grinding and polishing until 1.0 µm diamond suspension. The ND plane from the mid thickness of the rolled sheets was exposed to X-ray diffraction for obtaining three raw pole figures; {110}, {200}, {112}. Each raw pole figure was scanned up to 70° in the ψ angle and 360° in Φ with step size of 5° by keeping the sample position for 3 seconds for each measurement point. The ATEX software was used for the texture analysis. No sample symmetry was imposed to plot the Orientation Distribution Functions (ODFs) from the three raw pole figures because of the asymmetric conditions in rolling. The preferred texture components of symmetric rolling and also the shear textures lie in the ϕ2 = 45° section of Euler space, thus only this section of the ODFs is presented. For a quantitative analysis of the preferred texture components, the ODFs were integrated within 10° orientation distance from the ideal positions to get the intensities of the texture components. For comparison, the theoretical intensity of the texture components corresponding to a random texture is also presented together with the textured values.

For Transmission Electron Microscopy (TEM), the 95% rolled samples were prepared by twinjet electro-polishing. The electrolytic solution was constituted of 95% ethanol (C2H5OH) and 5% perchloric acid (HClO4). The temperature of -21°C, flux 24 and current 58-60 mA were the operating parameters for the sample perforation. The 99% rolled samples were very thin, therefore, focused ion beam (FIB) was used for the sample preparation. All sample examinations were carried out in the mid thickness region of the TD plane of the samples on a JEOL 200 kV TEM, operated at 160 kV.

Results

To rationalize the deformation state in strain path change, Fig. 2 shows the behavior of indentation marks on the TD plane. Their positions are shown after the first and second passes, for 30% TRPP in each pass at roll diameters ratio of 1:2. It is apparent for 180° rotation about ND that the inclination of a vertical line defined by the indentation marks achieved after the second pass is almost recovered, so the shear strain is nearly reversed. This is expected from the geometry of this strain path. As for the case of 180° rotation about RD, there remains significant inclination. Therefore, this strain path does not produce effective shear reversal in asymmetric rolling. For the case of 180° rotation about TD, in the second pass, there is a large increase in the inclination angle, and the orientation of the line is the same as in the monotonic (unidirectional) mode of rolling. Fig. 2. Profiles of inserted pins in the first pass and after the second pass for no rotation, as well as with 180° rotations around ND, TD and RD in second pass for an asymmetry ratio of 1:2 with 30% TRPP. (The yellow lines indicate the inclinations of initially vertical lines). Fig. 3 represents the strain path change effect on the resultant bulk texture after asymmetric rolling for 75% total thickness reduction in a sheet. Despite of having a relatively small TRPP of 10%, the effect of strain path is significant in the texture intensity along both the α and γ fibers of symmetric rolling. The changes are more prevailed in case of shear reversal modes for the ND and RD rotations. Along with the effect of strain path change on deformation texture, the influence of the TRPP is also evidenced in Fig. 3. The resultant texture for the monotonic and TD rotation cases shifts towards the shear texture with increase in TRPP whereas its tendency differs noticeably in case of shear reversal modes. Fig. 3. ф2 = 45° sections of ODFs at mid thickness of a 75% asymmetrically rolled sheet with 10%, 30% and 50% TRPP, where a strain path change of 180° rotation about (TD), (ND) and (RD) was applied, compared with monotonic (unidirectional) case. The texture was measured by X-ray diffraction. Fig. 4 shows the resultant texture of a sheet rolled by 50% TRPP for a total thickness reduction of 95%. These EBSD measured textures also show the effects of shear accumulation/ shear reversal. With increased total thickness reduction, the symmetric rolling texture completely rotates into the shear texture and strengthening occurs at shear addition mode. Nevertheless, shear reversal mode by ND and RD rotation still shows characteristic differences both in terms of extent of rotation and texture intensity. The measured textures in Fig. 5 show how the textures obtained after 95% total thickness reduction (Fig. 4) was affected by further 99% rolling by reducing the TRPP from 50% to 25-30%. With reduced TRPP, the shear texture rotates back towards the symmetric rolling texture to a certain extent. The effect is maximum for the ND rotation. Fig. 4. ф2 = 45° sections of ODFs from mid thickness of a 95% asymmetrically rolled sheet with 50% TRPP, where a strain path change of 180° rotation about the (TD), (ND) and (RD) was applied in each alternate pass and compared with monotonic (unidirectional) case. The texture was measured by EBSD. Fig. 5. ф2 = 45° sections of ODFs in mid thickness of a 99% asymmetrically rolled sheet. The TRPP was 50% up to 95% rolling, then continued with 25-30% TRPP up to 99% rolling. (Continuation of the case shown in Fig. 4.)

The quantitative analysis of preferred texture components also reaffirms the relationship between the preferred texture components of shear texture and symmetric rolling, as reported in Ref. [START_REF] Dhinwal | Effects of Processing Conditions on Texture and Microstructure Evolution in Extra-Low Carbon Steel during Multi-Pass Asymmetric Rolling[END_REF] (Fig. 6). The rotated cube, f1, f2 and i texture components of rolling rotate to strengthen the shear texture components F, J1, J2, D1, and D2 in Fig. 6a for the shear accumulation case. Rotation about TD is a good epitome for the shear reinforcement. The resurgence exactly occurs back into the same rolling texture components (rotated cube, f1, f2 and i) from shear texture components when the imposed rotation is reduced by decreasing the TRPP from 50% to 25-30% for further rolling (Fig. 6b). The IPF maps obtained at 95% total thickness reduction are presented in Fig. 7. The microstructures show the effects of the applied strain path in terms of grain fragmentation and orientation gradients. Similar to the texture results, very distinguishable differences in the two modes of shear reversal strain paths; about ND and RD, also prevailed in their microstructures represented by the corresponding IPF maps. The IPF maps in Fig. 8 present the effects of further rolling until 99% with reduced shear strain by changing the TRPP from 50% to 25-30%. Fig. 9 shows the IPF maps of the symmetric rolled sheets for 95% and 99% total thickness reductions with reduced TRPP from 50% to 25-30%. The effect of increased severity from 95% to 99% total thickness reduction is well visible in terms of the reduced thicknesses of elongated bands (Fig. 9). The measured grain size distributions are displayed in Fig. 10 obtained from the same dimensional EBSD maps. The initial grain size was 36 µm (note that all average grain sizes were calculated by volume averaging). After symmetric rolling to 95% it was reduced to 5.3 µm, and by further rolling to 99% the final average grain size was 3.2 µm. Much smaller grain sizes were obtained after asymmetric rolling for both monotonic and strain path change modes, except for the 180° rotation around ND. It is also well visible in Fig. 10 that for symmetric and for the 180° ND rotated asymmetric rolling, the grain size distributions showed a bimodal nature. Note that there were some large grains with individual sizes, which are connected by a parabola in the distributions. (These parabolas were introduced in Ref. [START_REF] Toth | Notes on representing grain size distributions obtained by electron backscatter diffraction[END_REF]. Actually, any point in the distribution belongs to a parabola which can be identified by a number N, where N means the number of grains being in the same bin.) It is important to point out that increase in grain size can also be observed in Fig. 10 for asymmetric rolling between the 95% and 99% states when the strain path change was applied around TD. For TD rotation, the grain size increased noticeably from 0.70 µm to 1.04 µm, whereas only a small increment was observed in case of monotonic mode from 0.90 µm to 0.93 µm. The case of shear reversal by 180° rotation around RD was different when its average grain sizes were compared at 95% and 99% deformation states. The values were 0.84 µm and 0.83 µm, respectively, meaning no change. Fig. 10. Grain size distributions measured on the TD plane of 95% rolled in symmetric and asymmetric modes with 50% TRPP and for their further rolling until 99% with 25-30% TRPP.

The ellipticity of a grain is defined by:

1 b E a = -, (1) 
where b and a are the small and large axes of an ellipsoidal shaped grain. The measured grain shape ellipticity distributions are displayed in Figs. 11a and 12a for 95% and 99% rolling deformations with the average values presented in Table 1. The largest ellipticity values were for symmetric (0.70) and monotonic asymmetric rolling (0.75). The smallest value was 0.57, obtained for asymmetric rolling for the strain path with 180° TD rotation for 95% deformation. It is also apparent from the data in Table 1 that the ellipticity increased slightly for all strain paths going from the 95% to the 99% thickness reduction state. The grain-internal disorientation distributions can be readily obtained from IPF maps and can give relevant information on the deformed state. They are displayed in Figs. 11b and12b for the 95% and 99% thickness reduction states. As can be seen in these figures, the disorientation values can go up to 15°, although the grain detection criterion was set to 5°. This is possible because internal disorientations can be larger than the disorientation for grain boundary detection. The reason is the existence of strong orientation gradients within the grains. The figures show two distinct cases; for symmetric rolling and also for the ND-rotated asymmetric one, there is a peak in the 5°-10° interval, while for all other cases the peak is in the range of 1°-4°. This is for both the 95% and 99% cases. Note that the oscillating nature in the distribution for the large angles is due to the bimodal grain size distribution; there are some large grains for the symmetric rolling and also for the ND-rotated asymmetric one which make large contribution to the distribution value due to their large weight in area fraction.

Fig. 13 represents the variations in grain boundary characteristics for both symmetric and asymmetric rolling at 95% and 99% total thickness reductions. It is noticeable that the grain boundary characteristics are influenced by the selection of the strain path. For shear accumulation strain path modes, the fraction of high angle grain boundaries further increased and it dominated noticeably over the shear reduction modes and also over the symmetric rolling case. Another aspect of microstructures examined in highly strained and strain path change conditions is the Coincidence Site Lattice (CSL) boundaries distribution and their trends, see Fig. 14. It shows the percentage of specific CSL boundary lengths with respect to the total boundaries from CSL ∑3 to ∑23. The most frequent ones are the ∑3, ∑9, ∑11, ∑17b and ∑21b boundaries, for all conditions. A general trend is that there is not much difference in the distributions for the 95% rolling case whether symmetric or asymmetric rolled. It is also the same for the symmetric 99% rolled experiment. However, for the 99% asymmetric rolling cases with strain path changes, specific CSL boundaries increase significantly. They are the ∑3, ∑11, ∑17b and ∑21b

boundaries that became much more frequent. In order to have more insight into the microstructure characteristics at submicronic level in highly strained deformation states, Fig. 15 presents transmission electron micrographs obtained on the TD plane at mid thickness for symmetric and asymmetric rolling with strain path change. For all cases, well developed dislocation cell structures were revealed with long dense dislocation walls (DDWs) oriented in the rolling direction. Substructures between DDWs are also evident, mainly with walls perpendicular to RD. It is also noticeable that the characteristic difference between two cases of rolling lies in terms of having more globular sub cell structures at 95% and later forming very thin DDW at 99% rolling in case of asymmetric rolling than in symmetric rolling. In general, the dislocation density is very high and the spacing between DDWs is smaller for the 99% rolling case with respect to the 95%. 

Discussion

The present investigation examines the effects of sheet entry sequence in alternate passes of asymmetric rolling on texture and microstructure evolution. is also the point where the friction force changes its directional sense. In case of symmetric rolling, the positions of the two neutral points lie on the same vertical line for the top and bottom surfaces of a sheet. However, it is not the case for asymmetric rolling. Due to the difference in the positions of the neutral points, a cross-shear region forms in the deformation zone [START_REF] Roumina | Deformation Geometry and Through-Thickness Strain Gradients in Asymmetric Rolling[END_REF][START_REF] Dhinwal | Unlocking Deformation Path in Asymmetric Rolling by Texture Simulation[END_REF][START_REF] Salimi | Modified slab analysis of asymmetrical plate rolling[END_REF][START_REF] Hwang | Analytical and experimental study on asymmetrical sheet rolling[END_REF]. The cross-shear region onus for through thickness shear effect in asymmetric rolling [START_REF] Roumina | Deformation Geometry and Through-Thickness Strain Gradients in Asymmetric Rolling[END_REF][START_REF] Dhinwal | Unlocking Deformation Path in Asymmetric Rolling by Texture Simulation[END_REF].

It has been also observed in various studies that the shear effect is higher near the faster roll than

at the slower roll in asymmetric rolling [START_REF] Kim | Analysis of deformation textures of asymmetrically rolled aluminum sheets[END_REF][START_REF] Lee | Analysis of deformation textures of asymmetrically rolled steel sheets[END_REF][START_REF] Roumina | Deformation Geometry and Through-Thickness Strain Gradients in Asymmetric Rolling[END_REF][START_REF] Dhinwal | Effects of Processing Conditions on Texture and Microstructure Evolution in Extra-Low Carbon Steel during Multi-Pass Asymmetric Rolling[END_REF]. The neutral point associated with the faster roll is shifted more towards the exit side of the rolling zone than the neutral point of the slower roll. Hence, it causes a difference in the material flow speed at both interfaces of the sheet surface and induces bulk shear deformation in the material.

In monotonic (or unidirectional) asymmetric mode, always the same side of the sheet surface is exposed to the faster roll during multi-pass rolling (Fig. 1, path 1). Whereas, by implication of 180˚ rotation about the transverse direction (TD), the surface of the sheet in contact with the faster roll is replaced with the other side in the next pass (Fig. 1, path 2).

However, the shear direction sense remains the same despite of the exchange in surface position between two passes. This is due to the two-fold symmetry of the simple shear process which is invariant to a rotation of 180°around the TD direction (i.e. the direction perpendicular to both the shear direction and the shear plane normal). In this situation, the shear strain within the sheet is accumulating in the same direction. A consequence of this is that the texture is rotating from the pure shear to the simple shear position uniformly through the thickness of the sheet.

It is apparent from the indentation marks in Fig. 2 for 180° rotation about ND that the shear strain is nearly reversed after the second pass. This is predicted from the geometry of this strain path, see above. As for the case of 180° rotation about RD, there remains significant inclination. As discussed above, this strain path does not produce effective shear reversal in asymmetric rolling. For the case of 180° rotation about TD, in the second pass, there is a large increase in the inclination angle, and the orientation of the line is nearly the same as in the monotonic (unidirectional) mode of rolling.

The consequences in reverse shear mode with 180° rotation about ND can also be anticipated. In this case, the contact surface of the sheet facing to a given roll does not change, thus, the same shear conditions apply but in reverse direction as compared to the previous pass (Fig. 1, path 3).

The reverse shear effect by 180° rotation about RD offers a different scenario of the deformation state than the other two rotations about ND or TD. In case of RD rotation, the sheet surface in contact with the neutral point of the faster roll experiences smaller shear in the next pass compared to the shear before (Fig. 1, path 4). Same thing occurs but in reverse order at the sheet surface which was previously in contact with the slower roll. Consequently, an imbalance occurs in the shear value which affects the effective reversal of the shear, and the texture rotation related to it. The deformation state is more complex compared with the other strain path changes.

Therefore, 180˚ rotation about RD does not lead to full shear reversal, while the ND-180° path would be more effective for that purpose.

Texture

The main characteristic of textures obtained by asymmetric rolling is a rotation of the rolling texture in the shear direction, which appears in the ODF as a shift in Euler space along the ϕ axis. It can be quantified by the displacement of the rotated cube component in the direction of the D1 or D2 shear texture components [START_REF] Dhinwal | Effects of Processing Conditions on Texture and Microstructure Evolution in Extra-Low Carbon Steel during Multi-Pass Asymmetric Rolling[END_REF], see Figs. 345. This shift is increasing for strain paths where shear is accumulating. It depends also very much on the TRPP value, as it has been shown in Ref. [START_REF] Dhinwal | Effects of Processing Conditions on Texture and Microstructure Evolution in Extra-Low Carbon Steel during Multi-Pass Asymmetric Rolling[END_REF][START_REF] Dhinwal | Tailoring One-Pass Asymmetric Rolling of Extra Low Carbon Steel for Shear Texture and Recrystallization[END_REF] that it is the highest for 50% TRPP (see Fig. 3).

The effect of shear reversal by strain path change is quite noticeable even at small TRPP, see (Fig 3) at 10%. Though, the resultant texture still represents a symmetric rolling texture with very weak texture intensity for the strain path rotation about RD. There is a regain in the intensity of the rolling texture components for relatively small TRPP values in shear reversal mode, which is due to the insufficient amount of induced shear strain to compete with the prominent plane strain compression [START_REF] Dhinwal | Effects of Processing Conditions on Texture and Microstructure Evolution in Extra-Low Carbon Steel during Multi-Pass Asymmetric Rolling[END_REF][START_REF] Dhinwal | Tailoring One-Pass Asymmetric Rolling of Extra Low Carbon Steel for Shear Texture and Recrystallization[END_REF].

The effectivity of shear reversal in ND over RD rotation can be concluded from Fig. 5 where the TRPP was reduced to 25-30% starting from the 95% total thickness reduction obtained previously with 50% TRPP. For ND rotation, the texture is a symmetric rolling texture, while for RD rotation several preferred rolling components are missing and there are no shear components at all, see also in Fig. 6b. Fig. 5 also shows the sensitivity of the rotation of the texture to the change in TRPP. Now, both the monotonic case and the 180° rotation about TD represents reduced rotation of the shear texture than what was achieved at 95% rolling with 50% TRPP (Fig. 4).

When the TRPP was reduced from 50% to 25-30% for further rolling, the intensities of the preferential texture components were strongly affected (Fig. 6b). In this case, the plane strain compression state was reinforced by the reduction in effectiveness of shear as compared to its previous state. Therefore, despite being in shear reinforcement mode, for strain path rotation about TD, there was a regain in strength of the symmetric rolling texture components on the expenses of diminishing strength in the shear texture components. Nevertheless, both shear reversal modes in ND and RD rotations showed good strengthening in symmetric rolling texture components as compared to their strength at the 95% rolled condition.

Microstructure

The experimentally measured average ellipticity values are presented in Table 1 for 95% and 99% total thickness reduction in a sheet by symmetric and asymmetric rolling. The geometrically expected ellipticity for 95% and 99% rolling deformations can be obtained by the following formula, assuming that the initial shape was spherical:

[ % ] 1 0 0 1 0 0

1 r E = - ⋅ - . ( 2 
)
Where r is thickness reduction in [%] and E is the ellipticity.

For 95% and 99% rolling deformation, the geometrically expected ellipticity would be 0.9975 and 0.9999, respectively. These geometrically expected ellipticities are far from the measured values presented in Table 1. This difference is a known effect, which is due to the grain fragmentation process at large plastic strains. This can be rationalized if one calculates from the measured ellipticity the rolling reduction to which the measured values would correspond if grain shape change is only happening due to the geometrical changes of the specimen.

In equation 2, by taking the experimentally measured ellipticity E, one can obtain the corresponding geometrical rolling thickness redaction r in [%]. The application of this formula shows that the range of measured average ellipticities in Table 1 (between 0.75 and 0.51) corresponds to the thickness reduction range of only 50% -30%, which is far from the applied thickness reductions (95% -99%). Therefore, it is clear from this geometrical calculation, that the grain shape is strongly affected by some other, non-geometrical processes.

As the above calculation was done for rolling deformation only, it is necessary to study what can be the effect of additional shear on grain shape, which can appear when asymmetric rolling is applied. It can be readily seen that by adding shear, the geometrical change would be a further elongation of the grains. This is because the shear plane is the rolling plane and the shear direction is the rolling direction, which involves similar elongation of grains as for rolling.

However, when the ellipticity data in Table 1 are compared between the cases for rolling only and asymmetric rolling (i.e. rolling + shear), it is clear that the ellipticities are smaller in the latter case, not larger.

The above grain shape analysis clearly shows that the obtained ellipticity values are strongly affected by grain fragmentation. Indeed, the imposed strains were large enough so that the grain subdivision mechanism was operating in both symmetric and asymmetric rolling. It is known from many studies in severe plastic deformation (SPD) that during large strain new geometrically necessary boundaries (GNBs) are formed, which are built up from geometrically necessary dislocations (GNDs). The GNDs are generated by deformation heterogeneities which lead to significant orientation gradients within the grains. The existence of large orientation gradients within the grains are indicated by the measured grain-interior disorientation angle distributions shown in Figs. 11b and12b. It has been shown in Ref. [START_REF] Yu | Fabrication of ultra-thin nanostructured bimetallic foils by Accumulative Roll Bonding and Asymmetric Rolling[END_REF] that the grain fragmentation process is much faster for shear than for rolling. Therefore, when shear is present, the grain fragmentation process is more effective. So, the observed lowering of ellipticity when shear strain is involved can be understood by the fact that shear promotes more the grain fragmentation process than rolling. This type of effect is similar to the Accumulative Roll Bonding (ARB) process where residual shear strain increases the grain fragmentation but shear is not the dominating deformation mode [START_REF] Lee | Role of shear strain in ultragrain refinement by accumulative roll-bonding (ARB) process[END_REF].

Earlier investigations on symmetric rolled interstitial free steel reported to have evidence of partial recovery and signs of grain growth when the total thickness reduction is about 99% [START_REF] Saha | Microstructural and textural changes in a severely cold rolled boronadded interstitial-free steel[END_REF][START_REF] Saha | Formation of nano-to ultrafine grains in a severely cold rolled interstitial free steel[END_REF][START_REF] Saha | Texture and grain growth characteristics in a boron added interstitial free steel after severe cold rolling and annealing[END_REF]. However, in the present investigation there is no sign of grain growth apart from partial recovery after increasing the total thickness reduction from 95% to 99%. The grain size distribution also reaffirms the absence of grain growth and continuation of grain fragmentation for symmetric rolling (Fig. 10). As can be seen in the TEM images in Fig. 15, with increase in total thickness reduction to 99%, symmetric rolling formed more round entanglement of dislocation loops in the ultrafine grains. However, still the microstructure essentially consisted of elongated bands, mainly of thin bands than thick ones. They became thinner as compared to the 95% total thickness reduction.

As shown in Fig. 10, the grain size slightly increased (instead of decreasing) for the TDrotated asymmetric rolling experiment between the 95% and 99% rolling stages; from 0.7 µm to 1.04 µm. Earlier investigation also reported grain coarsening in ECAP deformation of low carbon steel [START_REF] Gu | Texture induced grain coarsening in severe plastic deformed low carbon steel[END_REF]. In that work it was shown that the coarsening was induced by the coalescence of grains due to the evolution of the crystallographic texture. Recent 3D simulations also show that indeed, the texture evolution can induce coalescence of adjacent grains if they converge to the same stable orientation [START_REF] Zhang | Simulation of texture induced grain coarsening in FCC polycrystals during SPD by coupling the Taylor crystal plasticity model with a 3D topological aggregate[END_REF]. It is reported in [START_REF] Zhang | Simulation of texture induced grain coarsening in FCC polycrystals during SPD by coupling the Taylor crystal plasticity model with a 3D topological aggregate[END_REF] that up to 30% of the grains population can be affected by the texture-induced grain coalescence phenomenon. It is likely that the same phenomenon took place in the present experiments when large shear was created by the asymmetric rolling conditions. Shear has a special role in the grain coalescing phenomenon as shear deformation mode permits large orientation changes, so the probability of approaching orientations of neighbor grains is larger than in other modes, like simple rolling.

It is reported that CSL boundaries ∑3, ∑9, ∑11, ∑17b, and ∑21b form between two grains when a rotation relationship exists between them around a common axis like <111> and <110> in ferritic steels [START_REF] Garbacz | The relationship between texture and CSL boundaries distribution in polycrystalline materials-I. The grain boundary misorientation distribution in random polycrystal[END_REF][START_REF] Garbacz | The relationship between texture and CSL boundaries distribution in polycrystalline materials-II. Analysis of the relationship between texture and coincidence grain boundary distribution[END_REF][START_REF] Watanabe | The importance of grain boundary character distribution (GBCD) to recrystallization, grain growth and texture[END_REF]. The most preferred symmetric rolling texture components also related to each other by similar axis rotation relationship, thus, the frequency between them increases for certain CSL boundaries if the texture component strengthens [START_REF] Saha | Microstructural and textural changes in a severely cold rolled boronadded interstitial-free steel[END_REF][START_REF] Saha | Texture and grain growth characteristics in a boron added interstitial free steel after severe cold rolling and annealing[END_REF][START_REF] Watanabe | The importance of grain boundary character distribution (GBCD) to recrystallization, grain growth and texture[END_REF][START_REF] Watanabe | Grain boundaries in rapidly solidified and annealed Fe-6.5 mass% Si polycrystalline ribbons with high ductility[END_REF]. The specific increase in these CSL boundaries in case of 99% asymmetric rolled sheets with or without strain path change can also be connected (at least partially) to the strengthening of symmetric rolling texture components. With increased rolling from 95% to 99%, the strengthened rolling texture components represent <110> and <111> type rotation relationship between them (Fig. 10b), especially when shear deformation is also present. However, such strengthening in symmetric rolling texture components is not solely responsible for increase in these specific CSL boundaries. In that case, symmetric rolling would have showed higher fraction of CSL boundaries due to increased strengthening in its texture components at 99% rolling than the observed increase in CSL boundaries in the asymmetric cases.

The strengthening in symmetric rolling texture components with the strain path change is not significant except for the 180° rotation about ND, which produces a texture similar to the symmetric rolling due to the effective shear cancellation. Nevertheless, 180° rotation about ND also presents increased fraction of CSL boundaries compared to the symmetric rolling. In fact, when the texture after 180° rotation about RD was examined, then it was found weak and neither fall in the category of shear texture nor into the symmetric case of rolling. However, it still yielded an increase in CSL fractions as compared to the strongly textured symmetric rolling.

Based on such differences in CSL fraction and the texture strength, it is more likely that the combined effect of both increased grain fragmentation and change in grain shape, which is attributing to the specific increase in the fraction of CSL boundaries than the strengthening in symmetric rolling texture components alone. Therefore, the specific CSL orientation relationships can favor grain boundary movements, producing in this way also grain size increase.

Conclusions

The current case study examined the effects of strain path change coupled with increased total thickness reduction until 99% thickness reduction in rolling. The evolved texture and microstructure were analyzed in details. The following main salient results can be concluded from the investigation:

1.

For a given geometry of deformation in asymmetric rolling, 180° rotation about the rolling direction produces the weakest texture, approaching even the random one.

2.

The 180° rotation about ND is very effective to reproduce symmetric rolling texture and the evolved texture in this case can have either both strong α and γ fibers or just only γ fiber depending on the value of the thickness reduction per pass.

3.

The ellipticity of grains is strongly affected by the grain fragmentation process, and is reduced when shear component is present because higher fragmentation rate corresponds to shear deformation.

4.

The grain size increase in asymmetric rolling in the thickness reduction range of 95% -99% can be attributed to orientation change induced coalescence of neighbor grains.

5.

The fractions of ∑3, ∑9, ∑11, ∑17b and ∑21b Coincidence Site lattice (CSL) orientation relationships increase in asymmetric rolling which can be attributed to orientation changes between neighbor grains due to large plastic strain.

Fig. 6 .

 6 Fig. 6. Volume fractions of preferred ideal texture components of rolling and shear (a) after 95% rolling with 50% TRPP and (b) continued to 99% rolling with 25-30% TRPP. The horizontal black line in plots represents the theoretical randomness for 10° disorientation.

Fig. 7 .

 7 Fig. 7. The microstructures in IPF maps taken on the TD plane after 95% asymmetric rolling with 50% TRPP for different strain paths. (The RD direction is colored according to the key color diagram.)
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 1112 Fig. 11. Frequency distribution of (a) Ellipticity and (b) Grain internal disorientation average for 95% rolled in symmetric and asymmetric modes with 50% TRPP.
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 13 Fig. 13. Grain boundary characteristics for (a) 95% rolled with 50% TRPP and (b) 99% further rolled with 25-30% TRPP.

Fig. 14 .

 14 Fig. 14. Coincidence Site Lattice (CSL) distributions at 95% rolled with 50% TRPP and 99% rolled with 25-30% TRPP after 95% rolled with 50% TRPP for (a) symmetric (b), (c) and (d) asymmetric mode with strain path change.

Fig. 15 .

 15 Fig. 15. Transmission Electron Microscope (TEM) imaging on TD plane of 95% rolled in symmetric and asymmetric modes with 50% TRPP and for their further rolling until 99% with 25-30% TRPP.

  It was observed that both sheet entry sequence and the selection of asymmetric rolling parameters led to atypical textures compared to what appears in monotonic (unidirectional) asymmetric rolling. The obtained results are discussed below in three sub-sections; deformation geometry in strain path change, texture and microstructure. 4.1 Deformation geometry in strain path change Any change that occurs in the deformation state by just 180° rotation about the three major axes; TD, ND and RD of asymmetric rolling, is related to two factors. The first factor is the sheet surfaces that are in contact with the rolls. The second factor is the position of the neutral points associated with the rolls and sheet contact surfaces in each subsequent pass. A neutral point is the point where the contact point attains the same speed as the concerned roll. It

Table 1 .

 1 Average ellipticity values at 95% and 99% total thickness reductions for symmetric and asymmetric rolling.

		average ellipticity -area weighted	average ellipticity -number weighted	Deformation mode
		Sheet rolled up to 95% total thickness reduction with 50 % TRPP
	Symmetric rolling	0.70	0.64	Plane strain compression
	Asymmetric rolling, monotonic	0.64	0.57	Plane strain compression + shear accumulation
	Asymmetric rolling, 180° TD rotation	0.57	0.51	Plane strain compression + shear accumulation
	Asymmetric rolling, 180° ND rotation	0.66	0.58	Plane strain compression + effective shear reversal
	Asymmetric rolling, 180° RD rotation	0.59	0.52	Plane strain compression + not effective shear reversal
	Rolling continued form 95% to 99% total thickness reduction with 25-30% TRPP
	Symmetric rolling	0.68	0.58	Plane strain compression
	Asymmetric rolling, monotonic	0.75	0.67	Plane strain compression + shear accumulation
	Asymmetric rolling, 180° TD rotation	0.70	0.62	Plane strain compression + shear accumulation
	Asymmetric rolling, 180° ND rotation	0.66	0.63	Plane strain compression + effective shear reversal
	Asymmetric rolling, 180° RD rotation	0.64	0.58	Plane strain compression + not effective shear reversal
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