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An experimental evidence of deformation twinning in coarse-grained aluminium is presented for the first time using electron
backscatter diffraction technique. This phenomenon occurs when using a novel method of severe plastic deformation referred
to as dynamic channel angular pressing. A pressing die had two channels of equal cross-sections intersecting at an angle
of 90°. A special gun accelerated the sample up to the speed of 100 m s and directed it into the die. As a result, the strain
rate was about 10° s™'. Twin-oriented mesobands of 3 to 20 um in width appear predominantly near grain boundaries after
deformation. Crystallographic characteristics of the mesobands formed in two different grains were examined in detail.
Analysis of a deviation of their misorientations from the ideal twin misorientation showed that the first mesoband family
could be formed at an early stage of the first pass of the dynamic channel angular pressing, while the second family — at a
later stage. The mesobands were suggested to form by successive nucleation and coalescence of microscopic twins during the
shear localization. Results have shown that in aluminum, which is characterized by higher stacking fault energy and higher

dislocation mobility, deformation twinning occurs only under high strain-rate dynamic deformation.
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1. Introduction

It is well established that initial grains of polycrystalline
materials are subdivided into smaller regions (fragments)
under large plastic strains. Fragment’s misorientations
increase while sizes decrease with increasing strain [1-3].
Based on this phenomenon of fragmentation, different
methods of severe plastic deformation have been developed
for grain refinement in metallic materials [4]. One of novel
methods of severe plastic deformation is the dynamic channel
angular pressing (DCAP) [5]. It uses the deformation in
a simple shear form similar to the equal channel angular
pressing (ECAP) [6, 7], but with the strain rate by three to
five orders higher. It was shown by transmission electron
microscopy (TEM) that a submicron-fragmented structure is
formed by DCAP, and the dependence of size parameters of
this structure on the number of passes has been investigated
for Cu, Ti and Al alloys [8-11]. However, little is known
about crystallographic features of the fragmentation and
its grain-scale non-uniformity. At the same time, extremely
high strain rates used by DCAP give the grounds to expect
an inhomogeneous character of microstructure evolution.
Indeed, the dynamic character of deformation strengthens

the tendency to shear localization [12], and, in particular,
it stimulates deformation twinning even in FCC metals
with mediate to high stacking fault energy [13-15]. As for
twinning in aluminium, nanoscopic twins were observed
earlier in some special cases at extreme conditions of high
stress [16], e.g., in nanograins [17-19] and at crack tips
[20-21]. Recently, it has been shown that a large-scale
twinning could be produced in Al single crystals using a
method similar to the DCAP: the twins of about 40 pm in
thickness nucleated from the surface and propagated toward
the sample interior [22]. At the same time, until now there has
been no observations of deformation twinning in ordinary
polycrystalline aluminium. Moreover, little is known about
crystallographic features of aluminium fragmentation under
DCAP. The purpose of this work was to characterize the
microstructure induced by DCAP after a single pressing
pass in polycrystalline aluminium using electron backscatter
diffraction (EBSD) technique.

2. Experimental

A sample of commercial aluminium A7 (99.7%) was
deformed by DCAP (comprehensive description of the
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deformation method one can find in [5] and [9]). The die
had two channels of equal cross-section intersecting at an
angle of 90°. The sample was 100 mm in length and 14 mm in
diameter. Special gun accelerated the sample up to the speed
of 100 m s~ and directed it into the die. As a result, the strain
rate was about 10° s™'. The microstructure of transverse
section of the sample was examined, ie. the pressing
direction was perpendicular to the sample surface. EBSD
analysis was performed with SEM Quanta 200 3D FEG, an
EDAX Pegasus system was used to process the obtained data.
The processing of orientation data and the crystallographic
analysis were carried out with MTEX software [23].

3. Results and discussion

The microstructure of aluminium in the undeformed
condition is characterized by a mean grain size of about
1 mm and wavy grain boundaries. Fig. 1 shows the panoramic
orientation map of the aluminium sample after one pass of
DCAP. The map has been obtained with the scanning step of
600 nm. Besides the general orientation non-uniformity of
the original grains, such as the bands of slightly misoriented
subgrains of about 1 um in width and the grain-scale
orientation gradients, one can see specific bands with the
thickness of 3 to 20 um, highly misoriented relative to the
matrix. All these bands, being located in different grains,
expand from grain boundaries into the grains interiors
mostly in vertical direction. Thus, the vertical direction
seems to correspond approximately to the intersection line
of the principal shear plane with the transverse section of
the sample. Thus, the banding may be associated with the
shear localization. Most of the bands have more or less
developed internal microstructure. Taking this into account,
they will be further referred to as mesobands. Two families
of mesobands (regions 1 and 2 in Fig. 1) will be considered
in detail below.

Fig. 2a, which presents an enlarged image of region 1,
shows that misorientations between the mesobands and the
matrix are close to the 3 twin misorientation (rotation by 60°
along <111> axis) according to the Brandon criterion, that is,
the angular deviations Af from the ideal twin misorientation
are less than A6 = 15°/\3=8.66°. Correspondingly, a sharp
peak near 60° is seen on the histogram of misorientation
angles obtained for this region (Fig. 2b). The angular
deviations A0 were also determined locally along some
boundaries of the mesobands. These measurements were
carried out at successive boundary points within the segments
of boundaries (see Fig. 2a), where starting and end points are
indicated by arrows on the orientation map. The results are
presented in Fig. 2c as a function of coordinate defined as
the distance along the straight line connecting the indicated
points. One can see that the deviation A varies along these
boundaries from 2° to 10°. Its average value is about 4° for
segment 1, while it is somewhat higher for segments 2 and 3.
Noteworthy, the morphology of these twins is similar to that
of the deformation twins discovered in Al single crystals by
Zhao et al. [22]. Small deviations from the ideal twin rotation,
also similar to those observed in [22], may be induced by
plastic deformation proceeded after the twin appearance
[24-26].

Recently, it has been shown on an example of compressed
austenitic steel that mean values of the angular deviation A0
on the boundaries of annealing twins are 10° and 15° for the
strains of 0.36 and 0.7, respectively [26]. Considering these
data, the estimated strain accumulated after the twinning
event is about 0.1...0.2. At that, increased deviation level
observed for the segments 2 and 3 may indicate a larger local
strain in those parts of the region.

Therefore, the twins of this family might nucleate at
a later stage of deformation during the first DCAP pass.
Note, however, that the analysis based on the misorientation
data obtained in [26] for the case of compression may
underestimate the post-twinning strain. Actually, in the
presence of deformation twinning a primary slip plane
must coincide with the plane of coherent twin boundary,
and, hence, primary dislocations will not induce additional
misorientation at this boundary. In such a case, the strain-
induced change of misorientation at the twin boundaries
must be relatively small.

Fig. 1. (Color online) Inverse pole map of the pressing direction of
aluminium sample after one DCAP pass.
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Fig. 2. (Color online) EBSD analysis of region 1. Inverse pole
map of the pressing direction superimposed with the boundary
map (a). Black thin lines: 2°<6<15°% black thick lines: 6>15°%
white lines: twin boundaries according to Brandon criterion. The
arrows indicate points between which angular deviations A6 were
determined top-bottom along the boundaries. Misorientation
angle distribution (b), angular deviations Af from the ideal twin
misorientation versus distance along the segments of boundaries
marked on the orientation map by numbers 1, 2, 3 (c).
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The mesobands belonging to the second family (region 2 in
Fig. 1) differ from the bands considered above: they are more
fragmented inside, and their external boundaries are more
ragged. To examine the internal structure of these mesobands
in more detail, the area marked as region 2 was mapped using
the reduced scanning step of 200 nm (Fig. 3). One can see in
Fig. 3a that the level of misorientations inside mesobands is
considerably higher than in the matrix. In addition to multiple
low-angle boundaries extended along the mesobands,
transverse boundaries occur. The steps formed in the points,
where the latter cross the external boundaries of mesobands,
provide evidence that a certain localized shear is associated
with them. Additional information on their structure gives an
image quality (IQ) map (Fig. 3b). A map of this kind is known
to visualize boundaries between small crystallites, though
corresponding orientation map would not necessarily reveal
them [27]. Actually, Fig. 3b shows that the mesobands have
apparent lamellar constitution. As the average lamella width is
close to the scanning step, one cannot exclude an opportunity
of existence of even thinner lamellae among them.

Compared to region 1, misorientations between the
mesobands and the matrix in region 2 show larger deviation
from the original twin misorientation, and very small portion
of the boundaries appears to satisfy the Brandon criterion
(Fig. 3a). This fact manifests itself also in a broadening of the
high-angle peak in the misorientation distribution (Fig. 3c) as
well as in the results of local misorientation analysis (Fig. 3d).
The average angular deviation obtained is ~16°. According
to the results of [26] (see above), such a deviation can be
expected after strain a little larger than 0.7.
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Fig. 3. (Color online) EBSD analysis of region 2. Inverse pole figure
map of the pressing direction superimposed with boundary map
(a). The arrows indicate points between which angular deviations
AQ were determined top-bottom along the boundaries. IQ map
(b), misorientation angle histogram (c) and angular deviations Af
from the twin misorientation versus distance along the segment of
boundaries marked on the orientation map by numbers 1, 2, 3 (d).
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Therefore, our analysis suggests that we deal with twins
in both regions examined, but they formed at different
stages of the deformation. Evidently, the occurrence of
deformation twinning depends on the grain orientation. If
the initial orientation is favorable for twinning, the twins
may nucleate early during deformation. In other grains,
the twinning may occur only at a later stage, if they attain
a favorable orientation as a result of deformation-induced
lattice rotation.

It is worth noting that some other band-like formations
with high-angle misorientations relative to the matrix occur
on the panoramic map in Fig. 1, e.g., wedge-shaped region
located upward from the region 2 and indicated by the arrow.
Misorientation of the latter deviates so strongly (by more
than 20° on the average) from the twin one, that it is hardly
worth to discuss its twin origin based on the crystallographic
data only. Nevertheless, one cannot exclude this possibility
with regard to the above consideration.

Notice that earlier deformation twins in FCC metals were
observed mostly in the form of very thin (less than 100 nm
in thickness) lamellae. By contrast, the twins described in
the present study as well as the “macrodeformation twins”
observed by Zhao et al. in Al single crystals [22] were up
to tens of micrometers in thickness. To understand this
controversy, a study of Miyamoto et al. [28] may be of
interest. They observed mesoscopic (5 to 10 um in thickness)
twin-oriented shear bands in copper single crystals deformed
by ECAP. On IQ map, those bands have lamellar internal
structure, which closely resembles the structure revealed
in Fig. 3b. Along with such thick twin-oriented bands,
individual twin lamellae were observed in the matrix by
TEM in [28]. It is the author’s opinion that thick bands were
formed by a coalescence of such microtwins, inheriting their
orientation [28]. The structural similarity mentioned above
allows one to suggest a similar mechanism of the mesoband
formation in aluminium. Though, it realizes at extremely
high strain rates only. After nucleation of a first twin at a
grain boundary, next ones may nucleate more easily due
to the effect of autocatalysis. Then, a mesoband forms as a
mesoscopic shear instability by a formation and coalescence
of multiple microtwins.

4. Conclusions

In summary, deformation twinning was shown to develop
by a formation of mesobands in coarse-grained aluminium
under the DCAP. This process occurs in the grains, which
have orientations favorable for twinning. Based on the
crystallographic analysis, it was concluded that the twins
could nucleate both at an early stage and at a later stage
during the DCAP pass, depending on the initial orientation
of the grain and its rotation trajectory. The mesobands are
suggested to form by successive nucleation and coalescence
of microscopic twins during the shear localization.

In contrast with twinning in copper, observed during
quasi-static deformation by ECAP [28], in aluminum,
which is characterized by higher stacking fault energy
and higher dislocation mobility, deformation twining can
occur only under high strain-rate dynamic deformation
(DCAP).
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