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3. Results

3.1. PSC of polycrystalline copper

3.1.1. Macroscopic changes at the sample scale

The structure of fine-grained copper in the reductions 
ranged between 40% and 70% illustrate the gradual tendency to 
macro-scale strain localization in two families of MSBs. Both 
families of MSBs operates in planes inclined at an angle of about 
45°, which corresponds to the position of the plane of maximal 
shear stress, as presented in (Fig. 1). After the deformation to 

50%, the MSBs were formed a characteristic V shaped set of 
two families (Fig. 1 and 2). The width of each set was 1.5-2 mm 
and they were positively and negatively inclined at ~45° to ED. 
The scratches made on the longitudinal plane (along ED) showed 
a well-defined rotation (Fig. 2), of opposite sign within each set 
of macro-shear bands. This rotation occurs with the increasing 
inclination of the line segments crossed by MSBs. The values of 
the rotation angles inside MSB1 and MSB2 attain ~ ±20° (Fig. 3). 
The inclination of the lines decreased outside the bands. Clearly 
the macroscopic rotation observed within both families of bands 
influences the crystal lattice rotations of grains situated within 
the MSB volumes. 

Fig. 1. Macroscopic shear bands developed in fine-grained copper. Samples deformed in channel die up to: (a) 40%, (b) 50%, (c) 60% and (d) 
70%. Optical micrographs on longitudinal section, i.e. perpendicular to TD

Fig. 2. MSBs formation and shear deformation in copper samples deformed in channel-die. (a) Initial position of scratches 
after 24% reduction. (b) Bending of the scratches within MSB1 and MSB2 after further 25% deformation up to a final 50% reduc-
tion. Optical micrographs on longitudinal (i.e. ND-ED) plane





2239

3.1.2. Slip propagation across grain boundaries 
in coarse-grained copper. SEM/EBSD analysis

The accumulation of SBs into bundles and their propagation 
through grain boundaries is an important problem in the process 
of MSBs formation. The sharp crystallographic texture develop-
ment, observed at increasing deformation, favours the penetration 
of slip in the macro-shear band area through the neighbouring 

grains. The situation is simple when neighbouring grains have 
a similar orientation, and the {111} planes coincide with the 
plane of maximum shear stress. Slip penetration, however, oc-
curs in regions of quite different orientations. Nevertheless, from 
the crystallographic point of view, the existence of a common 
plane for both areas is required; it is along this plane that slip 
can penetrate the boundary. This was clearly visible within the 
grains lying inside the MSB, as presented in (Fig. 6).

Fig. 5. Microstructure observed inside the area of MSB1 showing slip propagation across the neighboring grains. The {111} pole figures showing 
that neighboring grains are nearly complementarily oriented and one of the {111} planes is parallel to the shear plane. Bright field imaging in 
TEM and TEM local orientation measurements based on Kikuchi patterns

Fig. 6. Slip propagation across boundaries between two neighbouring grains in coarse-grained copper. Orientation map displayed as a ‘function’ of 
IPF colour code and corresponding particular areas the {111} pole figures. SEM/EBSD local orientation measurements with step size of 100 nm. 
Red circles marked the poles of {111} planes important for slip propagation across the grain boundary
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periodically and the accumulated point-to-origin misorienta-
tions varied by ~35° but their axes were close to one of the 
<112> poles, as a ‘summary’ slip direction of two slips in the 
<110> directions.

3.2. Macroscopic shear bands in fine-grained 
AA1050 alloy

3.2.1. Microstructural changes as result 
of MSB formation 

Before PSC the AA1050 alloy possesses a considerable 
stored energy due to the prior deformation by ECAP and is 
highly anisotropic. It is expected that PSC, after the change 
of deformation path, quickly leads to well-defined MSBs and 
texture changes. The microstructural features of the MSBs 
were analysed by optical microscopy on re-polished and etched 
samples. The etching revealed changes in the inclination of the 
traces of the flat grain boundaries during their incorporation 
into the MSBs areas. 

(Fig. 9a) shows that the traces of the boundaries observed 
in areas well away from the band are straight and parallel to ED. 
The very first plastic instability, by which the shear banding 
began, i.e. the initial distortion of the lamellae within narrow 
areas, were due to their kinking, as observed in the ND-ED sec-
tion. This process were initiated near the sample corners, where 
the grain boundary kinking was the greatest. Near the sample 
corners, a rigid rotation of the lamellae by ~15-30°, together 
with their relative translation in the areas outside the band were 
observed. In the areas near the sample centre, the inclination of 
the grain boundary traces gradually decreased. This suggests that 

the MSB propagated from the surfaces in contact with the anvil, 
near the sample corners, towards the sample centre. 

At the MSBs boundary, the traces of boundaries between 
the flat grains reveal diverse inclinations, varying from 0° to 
about 30°, to ED, forming transition layers separating the core 
of the MSB from the matrix, as earlier observed by Hong et al 
[32] by TEM. The core region of each MSBs is bounded by two 
transition layers, in which the boundaries between the flat grains 
are progressively bent. The transition layers have a thickness 
smaller than or comparable with the core region. 

The traces of the grain boundaries revealed a well-defined 
rotation of opposite sign within each set of bands (Figs. 9). The 
sense of this rotation is such as to increase the inclination of the 
layers with respect to ED, i.e. opposite to that of the lamellae 
which rotate towards the compression plane. (After the ECAP 
processing, the layers are inclined ~20° to the compression 
plane, whereas, during PSC, they rapidly align parallel to the 
compression plane [29]). To a first approximation, the boundaries 
rotate with respect to the un-sheared areas around an axis close 
to TD, which is parallel to the shear plane and perpendicular 
to the shear direction. A comparison between both families of 
MSBs indicates a clockwise and counter clockwise rotation in-
side MSB1 and MSB2, respectively. This brings the traces of the 
grain boundaries closer to the shear plane, as observed earlier for 
twinned structures of different fcc metals, e.g. [17-19,22,23]. The 
orientation maps measured within the areas of both families of 
MSBs (Figs. 9b and d) and in the neighbouring matrix (Fig. 9c) 
confirm the opposite rotations in MSB1 and MSB2. Therefore, 
it is deduced that the textures in the MSB1 and MSB2 areas are 
essentially different. 

The orientation maps of MSB1, MSB2
 and the neighbouring 

matrix in the ND-TD section revealed that all the layers were 

Fig. 8. Microstructure of fine-grained copper deformed ~80% in rolling. (a) Orientation map displayed as a ‘function of Schmid factor’ in grey 
scale and the {111} pole figures corresponding particular (marked) grains. SEM-FEG/EBSD local orientation measurements with step size of 
100 nm. Black arrows marked important poles of {111} planes
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Fig. 10. Distribution of shear strain along MSB1 (a) and MSB2 (b). Values from band core [29]

Fig. 11. Orientation changes due to MSB2 formation. SEM/EBSD orientation map measured in ND-ED plane with step size of 500 nm (a) and 
corresponding {111} pole figures of MSB2 (b) and matrix (c) area. IPF (||ED) colour code was applied [29]

one of two groups of orientations. In the matrix area, some of the 
{111} planes are situated almost parallel to ED, but are inclined 
by an angle of 10-20° to the compression plane (Fig. 11c). As the 
matrix is sheared into MSB2, the orientation map again reveals 
two types of lattice rotation. The first one (marked by black ar-
rows on (Fig. 11b) is associated with a counter-clockwise rigid 
body rotation of the MSB2 texture with respect to the matrix, by 
an angle of ~22° around TD. The second one (marked by dotted 
black arrows) is due to the alignment of the particular {111} 
planes (normals indicated by white dotted circles) parallel to TD. 

4. Discussion

4.1. Geometrical description of mechanism 
of MSB formation 

This experimental observation raise important question 
connected with origin of the local lattice kinking as a precursor 
to shear band. Some details of this description are based on the 
approach used in earlier work to explain the local lattice rotation 
in twinned structures of Cu-Al alloy, e.g. [28]. From geometrical 
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point of view, the two most important stages of macro-shear 
banding are shown in an idealized form in (Fig. 12a). 

The first step coincides with clockwise (MSB1) or counter-
clockwise (MSB2) re-orientation of layers within the area of 
MSB’s. 

The proposed scenario depicts the sequence of events lead-
ing to local kinking of layers, crystal lattice rotation and long 
distance shear within the band. The first event of this scenario 
is due to re-grouping of dislocations into low-energy dislocation 
boundaries, as presented in (Figs. 12b and c). This arrangement 
of dislocations along the border of ‘potential’ MSB enables 
stress relaxation and leads to double lattice kinking with traces 

inclined at ~ 45o to ED (the inclination depends on the actual 
state of anisotropy). As a result, the closest {111} planes rotates 
parallel to the plane of maximum shear (Figs. 12d-e). This in-
creases the Schmid factor of the systems operating on this {111} 
plane. At the initial stage localized dislocation glide (Figs. 12b 
and c) on this plane intensifies the rotation tendency within the 
MSBs. Newly generated dislocations are located at the MSBs 
border and accommodate increased rotation of the crystal lattice 
within the band. Finally, as the {111} planes in neighbouring 
layers are situated parallel to the shear plane long distance slip 
occurs along the band.

Fig. 12. Schematic presentation of the rotations inside the MSBs. (a) Re-orientation of the structure elements inside MSBs and displacement of 
the layers outside the bands. (b)-(e) Re-orientation of the traces of {111} planes due to MSBs formation observed in (b)-(e) ND-ED plane. (b), (c) 
Shear stress induced re-grouping of dislocations into low energy arrangements (short distance dislocation movement) leading to double kinking 
on the MSB borders and then (d) and (e) long distance movement on re-oriented {111} slip planes inside MSBs [29]

4.2. Local lattice rotation vs. slips organization 
within macroscopic shear bands

In all analyzed grains lying inside the MSBs a strong ten-
dency to grain subdivision and strain-induced re-orientation was 
observed. Their crystal lattice rotated in such a way that one of 

the {111} slip planes became nearly parallel to the direction of 
the maximum shear. A natural consequence of this rotation is the 
formation of a specific macro- shear band microtexture which 
facilitates slip propagation across grain boundaries along the 
shear direction without any visible variation in the slip direc-
tion. The possibility of local re-orientation of the crystal lattice 






