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AN SEM/EBSD STUDY OF SHEAR BANDS FORMATION IN Al-0.23%wt.Zr ALLOY DEFORMED
IN PLANE STRAIN COMPRESSION

KRYSTALOGRAFICZNE ASPEKTY FORMOWANIA SIĘ PASM ŚCINANIA W STOPIE Al-0.23%wag.Zr
ODKSZTAŁCANYM W PRÓBIE NIESWOBODNEGO ŚCISKANIA

The crystal lattice rotations induced by shear bands formation have been examined in order to investigate the influence of
grain boundaries on slip propagation and the resulting texture evolution. The issue was analysed on Al-0.23wt.%Zr alloy as a
representative of face centered cubic metals with medium-to-high stacking fault energy. After solidification, the microstructure
of the alloy was composed of flat, twin-oriented, large grains. The samples were cut-off from the as-cast ingot in such a way
that the twinning planes were situated almost parallel to the compression plane. The samples were then deformed at 77K in
channel-die up to strains of 0.69. To correlate the substructure with the slip patterns, the deformed specimens were examined
by SEM equipped with a field emission gun and electron backscattered diffraction facilities.

Microtexture measurements showed that strictly defined crystal lattice re-orientations occurred in the sample volumes
situated within the area of the broad macroscopic shear bands (MSB), although the grains initially had quite different crystallo-
graphic orientations. Independently of the grain orientation, their crystal lattice rotated in such a way that one of the {111} slip
planes became nearly parallel to the plane of maximum shear. This facilitates the slip propagation across the grain boundaries
along the shear direction without any visible variation in the slip plane. A natural consequence of this rotation is the formation
of specific MSB microtextures which facilitates slip propagation across grain boundaries.
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W pracy analizowano wpływ rotacji sieci krystalicznej wywołanej pojawieniem się pasm ścinania na propagację poślizgu
poprzez granice ziaren oraz na ewolucję tekstury. Badania prowadzono na próbkach stopu Al-0.23%wag.Zr, jako reprezenta-
tywnym dla grupy metali o średniej i dużej energii błędu ułożenia. W stanie wyjściowym w mikrostrukturze stopu dominowały
duże, silnie spłaszczone ziarna, bliźniaczo względem siebie zorientowane. Z odlanego wlewka wycinano próbki w ten sposób,
że płaszczyzny zbliźniaczenia usytuowane były równolegle do płaszczyzny ściskania. Badania zachowania umocnieniowego
analizowano w próbie nieswobodnego ściskania prowadzonej w temperaturze 77K. Próbki odkształcano do zakresu ∼50%
zgniotu. Analizę zmian strukturalnych prowadzono w oparciu o pomiary orientacji lokalnych w SEM wyposażonym w działo
o emisji polowej.

Wyniki pomiarów orientacji lokalnych pokazują, że w obszarach zajmowanych przez makroskopowe pasma ścinania
występuje ściśle zdefiniowana tendencja rotacji sieci krystalicznej, pomimo, że początkowe ziarna posiadały silnie zróżnicowaną
orientację. Niezależnie od orientacji poszczególnych ziaren, w obszarze makroskopowych pasm ścinania ich sieć krystaliczna
rotuje w taki sposób, że w każdym ziarnie jedna z płaszczyzn {111} ‘zmierza’ do nałożenia się z płaszczyzną maksymalnych
naprężeń ścinających. Umożliwia to propagację poślizgu poprzez granice ziaren wzdłuż kierunku ścinania bez widocznej
zmiany w kierunku poślizgu. Naturalną konsekwencja takiej rotacji jest uformowanie się specyficznej tekstury ‘wnętrza’
makroskopowych pasm ścinania.

1. Introduction

Shear bands (SB) or their compact clusters, called macro-
scopic shear bands (MSB), are frequently observed exam-
ples of unstable behavior of fcc metallic materials at large
strains. However, their formation and development within the
as-deformed structures and their influence on the overall tex-
ture evolution are still not completely understood.

The crystallographic aspects of shear banding in single
crystals of medium-high stacking fault energy (SFE) metals

had been analyzed in the past, e.g. [1-4] and for low SFE met-
als, e.g. [5-10] using X-ray diffraction or local orientation mea-
surements in TEM and SEM. It was stated that, regardless of
SFE, the shear banding is preceded by the formation of obsta-
cles to homogeneous dislocation glide in the crystallite. How-
ever, the formation of these obstacles is strongly influenced by
the crystallography and SFE. Two groups of SB can be distin-
guished. If the obstacles are fine, twin-matrix lamellae, typical
for metals with low SFE, the SBs are classified as brass-type.
If the precursory obstacles are the elongated dislocation walls
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of a cell block structure, the shear bands are of the copper-type.
They are typically observed in materials with high or medium
SFE. In both cases, the rotation-induced mechanical instability
within narrow areas of the anisotropic structure of elongated
cells or twin-matrix layers leads first of all to the kink-type
bands and next to the formation of SBs [9,11].

There is still no agreement on the fundamental prob-
lem whether the slip within the SBs is crystallographic or
non-crystallographic, i.e. whether glide occurs on {111} planes
along <110> directions in fcc metals. In the case of twinned
structures of metals with low or middle-high SFE, there is
a question how twin-oriented lamellas are incorporated into
SBs, and it is not clear if SBs can modify the global defor-
mation texture, and if they can, what is the mechanism of the
modification?

The opinion that SBs are non-crystallographic derives
from macroscopic observations and general considerations of
the stability of the {112}<111> orientation at high strains, as
initially proposed in [12,13]. A second argument used by au-
thors advocating non-crystallographic character of SBs, e.g.
[12-14] is that the macroscopically observed shear occurs in
a plane different from the {111} plane in the matrix (twinned
or non-twinned). On the other hand, the concept of crystallo-
graphic nature of SBs is based on the assumption of their for-
mation as a result of local lattice re-orientations, e.g. [7-9,11].
This rotation leads to kink-bands as a precursor of SBs [7], and
as a consequence, to re-orientation of the {111} plane towards
the shear plane [8,11,15]. In polycrystalline metals the situa-
tion can be quite complicated [16]. In this case macroscopic
shear bands very often cross the grain boundaries without any
significant change in the shear direction. From the point of
view of crystallography, the requirement of slip propagation
across grain boundaries leads to some basic questions about
the mechanisms responsible for slip system organization along
traces of the shear plane within differently oriented grains (or
their fragments) situated inside the sheared zone. In this con-
text, the main debate again centers on whether slip within an
MSB is crystallographic or non-crystallographic.

These fundamental controversies clearly indicate that de-
spite considerable interest in shear banding, the real elemen-
tary mechanism of SB nucleation, their development, and
their contribution to the formation of rolling deformation and
recrystallization textures still constitutes a set of unresolved
problems.

In this work, the (micro)texture development in polycrys-
talline Al-0.23%wt.Zr alloy has been investigated in order
to characterize the influence of local lattice re-orientations
within the structure of flat feathery grains (formed under
certain heat and flow conditions during unidirectional solid-
ification) on the formation of macroscopically visible clus-
ters of shear bands and slip propagation across grain bound-
aries. Computer-automated electron backscattered diffraction
(EBSD) is a particularly suitable method of investigating the
phenomenon.

2. Material and methods

The material used in this work was Al-0.23wt.%Zr alloy.
After unidirectional solidification the twin boundaries between

flat, feathery grains were formed. They were situated parallel
to the solidification direction. The compact clusters of twins
constitute the material used to develop MSB. Samples with
dimensions of 10×10×10 mm3 were carefully machined using
a wire saw from the as-grown ingots.

The samples were cut-off in such a way that the twin-
ning planes were situated almost parallel to the one of the
sample plane. In channel-die rig the twinning planes were
situated parallel to the compression plane (Fig. 1). The sam-
ples were deformed in plane strain compression at a nomi-
nal strain rate of 10−4s−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 specimen and
compression rig, a 50 µm thick TeflonTM lubricant was used
during testing. The samples were deformed up to final strains
of 0.69, using multi-stage tests. At each step (∼0.2 strain),
the TeflonTM ribbon was changed, so that friction was very
low. The ratio between the height and the length of the test
pieces was restored to 1 at the beginning of each deformation
step. A thickness reduction of about 0.69 was chosen for a
detailed analysis of the influence of internal MSB substruc-
ture on slip propagation across grain boundaries and texture
changes.

Fig. 1. Microstructure and texture of feathery grains in Al-0.23wt.%
alloy after unidirectional solidification. Orientation maps and corre-
sponding {111} pole figures measured in: (a) and (c) ND-ED sec-
tion, (b) and (d) ND-TD section. ‘All Euler’ color code was applied.
SEM/EBSD measurements with step size of 2 µm

Specimens for optical microscopy observations and local
orientation measurements were cut from the deformed crys-
tals perpendicular to transverse direction (TD), i.e. with edges
parallel to extension (ED) and normal (ND) directions. The
indices {hkl}<uvw> represent the texture component that has
the {hkl} plane parallel to the ND-ED plane and the <uvw>
direction parallel to the ND. The sample coordinate system
for channel-die is presented in Figure 1.

The local changes in crystallographic orientations of ini-
tial and deformation-induced structures were investigated by
SEM – QUANTA 3D FEG SEM equipped with a field emis-
sion gun (FEG) and facilities for electron backscattered dif-
fraction (EBSD). The voltage of 20 kV, the working distance
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of 10 mm, and the specimen tilt angle of 70 degrees were
used. The microscope control, pattern acquisition, and in-
dexing were done using the TSL OIM Analysis 5 software
(EDAX, Inc., Mahwah, NJ). The mappings were carried out in
the beam scanning mode mostly with the step size of 100 nm.

3. Results and discussion

3.1. Initial microstructure and texture

The microstructure and texture of samples after solidifi-
cation was characterized by SEMFEG/EBSD system in two
sections, i.e. perpendicular to TD and ED. The orientation
maps made in both sections shows that the width of flat grains
varies slightly in different areas of the sample. In ND-ED sec-
tion the traces of the grain boundaries were mostly parallel to
ED, as presented in Fig. 1a. The thickness of particular grains
ranged between 30 µm and 60 µm. An EBSD system iden-
tified these boundaries as twin-type. Accordingly, the texture
was dominated by two twin-related components.

The boundaries between grains are situated almost par-
allel to the compression plane. The slight deviation is
well-visualized by an additional sample characterization in
ND-TD section (Fig. 1b) that shows the traces of the twin-
ning planes to be inclined by ∼10◦ to TD. The microstructure
observed in this section seems to be finer with respect to those
observed in ND-ED ones. In that case, the width of particular
grains ranged between 20 µm and 40 µm. The texture of the
initial material was dominated by two, twin-related compo-
nents, as presented on {111} pole figures in Figs. 1c and d.
The flat, twin related grains were almost perfectly distributed
inside whole volume of initial material.

3.2. The matrix orientation changes. Deformation
induced crystal lattice rotation

Different volumes of the sample undergo different rota-
tion tendency. At the first approximation the rotation process
can be ‘described’ by the inclination angle changes of the ini-
tial grain boundaries. It is important to remember that before
the deformation, the traces of most of the grain boundaries
observed in ND-ED section were situated parallel to ED.

The microstructures and textures of the alloy after strains
of 0.36 and 0.69 in middle areas of the sample (i.e. outside the
MSB) are presented in Fig. 2. The analysis of the orientation
maps and corresponding {111} pole figures clearly shows that
particular grains undergo independent rotation around select-
ed axes. The middle areas of the sample clearly show that the
traces of initial grain boundaries are still parallel to ED. How-
ever, the crystal lattice of both groups of grains undergoes
significant (and differently ‘directed’) rotation, as compared
to initial positions. The {111} pole figures well document the
rotations around axes lying near the TD. Most of the rotation
axes were close to the <112> direction. This indicates that the
slip systems of {111}<110>-type, play a decisive role in the
strain accommodation during the deformation. Moreover, the
slip systems that decide about the observed rotation tendency
of each group of grains were characterized by the highest
Schmid factor.

Fig. 2. Microstructure and texture of feathery grains in middle
area of the deformed samples. Orientation maps and corresponding
{111} pole figures after: (a) and (c) 0.36 strain, (b) and (d) 0.69 strain.
‘IPF (||Y)’ color code was applied. SEM/EBSD measurements with
step size of 100 nm. ND-ED section

The analysis of the grain boundaries shows that the
boundaries separating the grains periodically lose and regain
twinned character due to strain induced rotation. After strains
of 0.36 and 0.69 in the middle areas of the sample (Figs. 2a
and b) the grain boundaries do not fulfill twin-relation (Bran-
don criterion). This clearly indicates that within differently
oriented grains the dominating slip systems lead to different
rotation tendencies. Additionally, after higher strains the areas
saturated by sub-grain boundaries occupy a significant part of
the crystallites. As a result the substructure is finer than that
observed in the initial state and after the strains of 0.36. The
thickness of flat grains, i.e. the distance between grain bound-
aries along ND, decreases to about 10-20 µm after strains of
0.36 and below 10 µm after strains of 0.69.

Fig. 3. Misorientation profile along line scan parallel to ED af-
ter strain of (a) 0.36 and (b) 0.69. Middle areas of the samples.
SEM/EBSD measurements with step size of 100nm. ND-ED section

In the middle area of the sample for the range of defor-
mations below 0.69 the misorientation angle of misorienta-
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tion relations between the grains attains values between 10◦

and 15◦ (Fig. 3), and the misorientation axes are close to a
<112> direction. Within particular grains no significant differ-
ences in the distribution of misorientations were observed, as
presented in Fig. 3a and b showing two lines scan along ED.

3.3. Shear bands formation – macroscopic analysis

The samples did not deform homogeneously in the
channel-die. The most characteristic feature of the deformation
microstructure is the formation of band-like heterogeneities of
deformation in the form of shear bands. The shear bands and
their compact clusters called macroscopic shear bands are re-
vealed by optical microscopy in the anodized ND-ED plane.
At lower deformations (strain below 0.36) the substructure
is composed of relatively broad (and only slightly marked)
bands inclined at ∼45◦ to ED (Fig. 4a). They penetrate the
whole volume of the sample in plane parallel to TD and show
a clearly marked tendency to intersect the grain boundaries.

Fig. 4. Macroscopic shear bands formation in sample after strain
of: (a) 0.36 and (b) 0.69. Details of the microstructure observed in
secondary electrons in SEM, in areas of: (c) – MSBle f t , (d) – ma-
trix between MSB and (e) – MSBright . Optical microscopy and SEM
imaging in secondary electrons

As a result of this intersection a pronounced displacement of
the grain boundary fragments and their rotation is prominent.
After the strains of 0.69, the differences were observed in the
intensity of plastic flow due to successive strain localizations
within MSBs. The MSBs practically fill the whole thickness of
the sample and form a characteristic V shaped set of two fam-
ilies (Fig. 4b). The width of each set was 0.8-1.0mm and they
were positively and negatively inclined at ∼45◦ to ED. The
grain boundaries observed on the longitudinal plane showed
a well-defined rotation (Figs. 4c-e) of opposite sign within
each set of bands. This rotation occurs with the increasing
inclination of the boundary segments crossed by MSBs. The
values of the rotation angles inside MSBle f t and MSBright at-
tain ∼ ±20-25◦ (Figs. 4c and e). The inclination of the traces
of grain boundaries decreases outside the bands.

The MSBs are composed of (micro-)shear bands, as pre-
viously observed in low SFE metals, e.g. [7, 11]. These
(micro-)shear bands are clearly inclined by about ±40-45◦

with respect to ED. They run across the whole thickness of
the crystal and show only slightly different inclinations with
respect to ED. Within the MSBs, most of the substructure of
particular grains is occupied by areas with a high density of
dislocation sub-boundary arrays and separated by thin areas
with a low density of misoriented sub-boundaries, as observed
in Ag [9] and Fe [17]. The traces of the (micro-)shear bands
were more intensively grouped close to both top corners of
the sample. The intensity of shearing within MSB decreases
in areas near the bottom surface.

A more detailed analysis within selected areas made by
means of SEM/BSE imaging (in the same section) clearly
confirms the tendency of opposite sign crystal lattice rota-
tion within symmetrically situated MSBs (Figs. 4c-e). At the
first approximation within narrow areas of the shear bands the
traces of grain boundaries rotate around TD towards the shear
planes.

3.4. Slip propagation across grain boundaries and MSB
induced textural changes

The analysis of crystal lattice rotations in particular grains
was based on local orientation measurements. This part of
the analysis was dedicated to explanation of the mechanisms
responsible for the slip propagation across grain boundaries.
After strains of 0.69 two sets of MSBs located symmetrically
with respect to the plane perpendicular to ED extending over
the entire sample thickness. These broad MSBs observed in
the plane perpendicular to TD are made of compact packets
or bundles of SBs.

Figures 5a and b show the EBSD maps made in the re-
gions of the localized shear in the sample compressed up to
strains of 0.69. More or less parallel (micro-)shear bands are
the important ‘components’ of the deformation microstruc-
ture in the area of MSB. In all analyzed grains a tendency
to grain subdivision and a strong strain-induced re-orientation
was observed. From the point of view crystallography, the
areas of MSB were characterized by a crystallographic orien-
tation different from the surrounding matrix (for comparison
see Fig. 2).

In the case of both sets of MSB the microtextures of
whole orientation maps shows the formation of two, near-
ly complementary S{123}<634> orientations. It is visible that
the crystal lattice inside the particular MSB rotates around
axes lying close to TD in opposite ‘directions’. This specific
crystallographic texture development, observed at increasing
deformation, favors the penetration of slip in the MSB area
through the neighboring grains along planes inclined at ∼45◦

to ED. The crystal lattice rotated in such a way that one of
the {111} slip planes became nearly parallel to the plane of
the maximum shear. A natural consequence of this rotation is
the formation of a specific MSB microtexture which facilitates
the slip propagation across grain boundaries along the shear
direction without any visible variation in the slip direction, as
observed earlier in polycrystalline copper [16].
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Fig. 5. Microstructural and textural changes in areas of macroscopic
shear bands showing opposite tendency of crystal lattice rotation.
Orientation maps and corresponding {111} pole figures in areas of:
(a) and (c) – MSBle f t , (b) and (d) – MSBright . SEM/EBSD measure-
ments with step size of 100 nm. ND-ED section. ‘IPF (||Y)’ color
code was applied

Figures 6 and 7 show the more detailed orientation maps
taken within the deformed microstructure of an MSB. Since
the grain boundaries are crossed by (micro-)shear bands,
characteristic steps are formed on the boundary. This indi-
cates large shear strains due to localized slip associated with
(micro-)shear bands. The orientations of grains are shown in
attached {111} pole figures. It is again clearly marked that the
crystal lattice of particular grains rotated in such a way that
one of the {111} slip planes became nearly parallel to the plane
of maximum shear although the orientations of neighboring
grains were quite different. Additionally, in each case one of
the <011>or <112> – type directions, lying in these planes,
systematically tended to coincide with shear direction.

Fig. 6. Details of microstructural and textural changes in the areas of
MSBle f t . (a) Orientation map, and (b) and (c) the {111} pole figures
showing textures of particular grains. (d) Misorientation line scan
along ED, typically observed in both groups of grains. SEM/EBSD
measurements with step size of 100 nm. ND-ED section. ‘IPF (||Y)’
color code was applied

This leads to the important conclusion that the macro-
scopically observed shear plane in fact consists of small parts
limited to particular grains (or their fragments). These parts
were only slightly deviated from the macroscopic shear plane.
It is important also to note that the higher the strain, the small-
er the deviations from the macroscopically observed shear
plane.

Fig. 7. Details of microstructural and textural changes in the areas of
MSBright . (a) Orientation map, and (b) and (c) the {111} pole figures
showing textures of particular grains. (d) Misorientation line scan
along ED, typically observed in both groups of grains. SEM/EBSD
measurements with step size of 100 nm. ND-ED section. ‘IPF (||Z)’
color code was applied

The accumulation of (micro-)shear bands into bundles
and their propagation through grain boundaries is an important
problem in the process of MSB formation in polycrystalline
metals. The situation is simple when neighboring grains have
a similar orientation, and the {111} planes coincide with the
plane of maximum shear stress; depending on the state of
anisotropy the shear plane is inclined usually at 35-45◦ to ED
(45◦ for isotropic material). Slip penetration, however, occurs
in regions of quite different orientations. Nevertheless, from
the crystallographic point of view, the existence of a common
{111} 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. Along the grains,
the crystal orientation changed periodically and the accumu-
lated point-to-origin misorientations varied by 20-25◦ (Figs.
6d and 7d) but their axes were close to one of the <112> or
<110> poles.

4. Conclusions

Microtexture measurements on polycrystalline
Al-0.23%Zr alloy compressed in the channel-die have been
used to analyse the propagation of macroscopic shear bands.
They showed that well-defined crystal lattice re-orientations
occurred in segments of grains situated within the area of the
broad MSB, although neighboring grains initially had quite
different crystallographic orientations.
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Their crystal lattice rotated in such a way that one of
the {111} slip planes became nearly parallel to the direction
of maximum shear. A natural consequence of this rotation
is the formation of specific MSB microtextures which facili-
tates slip propagation across grain boundaries along the shear
plane without any visible variation in the slip direction. It was
thereby established that shear banding occurred across grain
boundaries by the continuity of slip direction although the slip
plane did not coincide exactly (in some cases) in the adjacent
grains.
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