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Abstract. This paper addresses localized plastic flow during equal-channel angular pressing (ECAP) of an 
AA6060 aluminum alloy. We observe an alternating formation of shear bands and matrix bands during ECAP 
that leads to pronounced strain partitioning without cracking. Local deformation is analyzed by considering 
the distortion of indents along flow lines in the center of a split billet. We estimate equivalent strains of about 
3.6 inside the shear bands, whereas plastic deformation in the adjacent matrix bands is almost negligible. 
Microstructural analysis by SEM and STEM confirms that the shear bands exhibit typical features of severely 
plastically deformed microstructures at the onset of forming an ultrafine-grained microstructure. We further 
present statistics of band widths, and we discuss the roles material hardening as well as ECAP die geometry 
(in terms of the inner die radius) in facilitating the recurrent localized deformation that, in the absence of 
crack nucleation, leads to the production of an interesting and novel type of bulk-laminated materials by 
ECAP. 

1 Introduction 
Localization of deformation is a common phenomenon in 
materials science; examples include Lüders bands (in 
mild steels) [1], Portévin-Le Châtelier bands (e.g. in 
aluminum alloys) [2,3], or martensite bands related to the 
stress-induced phase transformation (e.g. in shape 
memory alloys [4–6]). In many cases, localized 
deformation is directly related to material failure. This is, 
for instance obvious, for adiabatic shear bands formed at 
high strain rates, where a locally increased amount of 
plastic deformation results in (locally) more pronounced 
energy dissipation, a (local) increase of temperature, and 
thus in (locally confined) thermal softening that in turn 
leads to an even more pronounced concentration of further 
deformation inside the forming shear band [7,8]. ECAP – 
one of the most promising severe plastic deformation 
methods that allows to produce bulk ultrafine-grained 
(UFG) materials [9–11] – is also often limited by shear 
band formation accompanied by crack nucleation and 
growth that ultimately leads to billet fragmentation [12–
14].  

In the light of these predominantly detrimental effects, 
here we consider a somewhat surprising and special 
situation where repeated shear localization actually results 
in the generation of a new type of UFG material with bulk 
lamellar structure. We have recently studied ECAP of an 
AA6060 aluminum alloy that has been cold-worked by 
extrusion at room temperature prior to ECAP, [15]. 
Interestingly, the material exhibits a pronounced and 

recurrent formation of shear bands, separated by much 
less deformed regions (which we refer to as matrix bands 
in the remainder of this paper). No damage occurs under 
the processing conditions used in our ECAP experiments. 
The resulting billets consist of alternating layers of shear 
and matrix bands that exhibit very different 
microstructural and mechanical properties, respectively. 
In this paper, we briefly present information on the initial 
material and on the ECA-pressing procedure. We analyze 
local deformation by considering the distortion of indents 
in a split billet, and we discuss the resulting 
microstructural features of shear vs. matrix bands. We 
furthermore study band widths and their distributions in 
the billets. Finally, we briefly discuss two potential factors 
that influence the recurrent formation of shear and matrix 
bands, material hardening capacity and ECAP die 
geometry.  
 

2 Material and experiments 
An AA6060 aluminum alloy of commercial purity was 
investigated. The material with the chemical composition 
0.49Mg-0.45Si-0.16Fe-0.026Mn-0.003Cu-0.003Zn-
(bal.)Al (in wt.-%) was obtained in a cast condition. It was 
first homogenized at 530 °C for 12 hours followed by 
water quenching. Prior to ECA-processing, the material 
was processed by extrusion at room temperature, 
introducing an equivalent strain of approximately 1.3. In 
contrast to commercial extrusion, this processing step can 
be considered as a first part of  the severe plastic deformat-
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Fig. 1. Overview of the repeated formation of shear and matrix bands during ECAP of the cold-worked AA6060 aluminum alloy. 
(a) EBSD micrograph of the undeformed initial microstructure. (b) Low-magnification side-view on the end-piece of a billet after 
ECAP; shear bands (bright) and matrix bands (dark) form an alternating pattern. Band thickness is approximately constant from top to 
bottom of the billet, but in the very top/bottom layers (indicated by red dashed lines), the deformation appears to be more homogeneous. 
(c) EBSD micrograph of a region encompassing both undeformed material (upper left) and material that has passed the ECAP die’s 
plastic deformation zone (lower right), consequently exhibiting pronounced grain refinement.  
 
ion process (which is then followed by the main step 
during ECAP itself) since the pressing temperature is 
below the recrystallization temperature of the material.  

ECAP billets with the dimensions of 15x15x50 mm³ 
were cut from the cold extruded material parallel to the 
extrusion direction. ECAP was conducted in a laboratory 
scale 90°-die (details of its design, which features 
movable walls to reduce friction between die and billet, 
are given in [16]) at room temperature and a pressing 
speed of 20 mm/min. Assuming an idealized shear zone 
geometry, as proposed by Iwahashi et al. [17], a single 
ECAP pass in a 90°-die is often estimated to result in an 
equivalent strain of 1.15. In order to further reduce 
friction during processing, a suitable wax-based lubricant 
(Bechem Beruforge 150D) was used [18]. A back-
pressure of 150 MPa was applied to ensure that the 
deformation zone remained relatively thin and that no 
corner gap (i.e., an empty region near the outer corner of 
the die) occurred.  

Microstructural analysis was performed by optical 
microscopy, electron backscatter diffraction (EBSD) and 
low voltage scanning transmission electron microscopy 
(STEM). The samples were prepared using a standard 
grinding and polishing procedure followed by either 
etching in a 4 % sodium hydroxide solution (optical 
microscopy) or in colloidal silica (EBSD). STEM foils 
were prepared by electrolytic and ion polishing. Electron 
microscopy was conducted using a Zeiss Neon40EsB 
field emission microscope. During EBSD analysis, a 
suitable post-processing of the raw data was performed, 
including a slight clean-up, neighbor confidence index 
(CI) correlation and a grain CI standardization with a 
minimum CI of 0.1.  
 
3 Strain partitioning during ECAP 
Fig. 1a shows an EBSD micrograph of the microstructure 
of the investigated aluminum alloy, taken from the end 
piece of a billet (shown as a macro scale micrograph in 

fig. 1b). This region has not passed through the plastic 
deformation zone in the ECAP die and therefore it is 
representative for the initial cold extruded material. The 
macroscopic view in fig. 1b reveals an alternating 
arrangement of two different types of bands (both with 
approximately similar volume fractions), oriented parallel 
to the main shear plane in the ECAP die: shear bands that 
appear much brighter in the micrograph and dark matrix 
bands. Both types of bands exhibit an almost constant 
thickness from the top to the bottom of the billet; because 
of the geometrical constraints posed by the rigid exit 
channel of the ECAP die, the very top (width ≈ 500 µm) 
and bottom (width ≈ 300 µm) regions appear to be 
deformed more homogeneously as indicated in fig. 1b 
(indeed, as discussed in greater detail in section 4, these 
regions are characterized by band branching). Figure 1c 
presents a magnified EBSD micrograph taken from the 
region surrounding the ECAP die’s plastic deformation 
region (as highlighted in fig. 1b). An effective grain 
refinement is observed in the lower right hand-side of the 
plot (black lines indicate high angle grain boundaries), 
which represents a material volume that has been passed 
through the plastic deformation region. In contrast, coarse 
grains are observed on the upper left hand-side of the 
micrograph, corresponding to material that has not passed 
the plastic deformation region.  

One focus of our previous study [15] was a detailed 
analysis of the local deformation path of material points 
passing through the plastic deformation region. We used 
a simple visio-plastic mapping technique by tracking 
indents that were prepared on a polished inner surface of 
a lengthwise split billet. An equidistant grid of hardness 
indents (Rockwell cone indenter) with a spacing of 
400 µm was prepared on the interior surface (see fig. 2). 
To prevent a plastic collapse of the indents during ECAP, 
a filling with an epoxy resin was applied prior to 
reassembling the billet. In order to ensure the 
characterization of the “steady-state” deformation 
condition, ECA-pressing was interrupted and the L-
shaped billet (as shown schematically in fig. 2a) was 
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extracted without further deformation by removing two 
walls of the die.  

 

 
 
Fig. 2. (a) Schematic view of the L-shaped billet produced by 
interrupting an ECAP pass, showing the undeformed and 
deformed regions studied regions studied in greater detail. 
(b) Magnified view of the grid of indents in the undeformed 
region. (c) Grid of indents adjacent to the thin shear zone. Shear 
bands, characterized by pronounced plastic deformation, appear 
darker than the neighboring and much less deformed matrix 
bands. (d) Extracted positions and shapes of individual indents, 
determined from (c). By following the displacement of one line 
of indents, the deformation path through the ECAP die can be 
documented (indicated by the red line).  
 

Fig. 2b shows a low magnification optical micrograph 
of the square grid of indents located in the entrance 
channel of the die (i.e. in the region that had not been 
subjected to plastic deformation in the shear zone of the 
die prior to interrupting the test). Despite the split billet 
having been put back together and subjected to a partial 
ECAP pass, the grid is undistorted, as are individual 
indents. This further indicates that our approach of 
analyzing grids in a split billet primarily records plastic 
deformation once it happens in the shear zone. Once 
material points are pushed close to the shear zone of the 
ECAP die, plastic deformation obviously commences, 
figs. 2c and d. This is obvious both from the shapes of 
single indents, and from the representative deformation 
path highlighted by a red line in fig. 2c, located on the left 
of figs. 2c and d. The deformation path already deviates 

significantly from the vertical orientation in the entrance 
channel of the die prior to reaching the shear zone itself 
(which is located close to the position of the left-most 
shear band in figs. 2c and d). In good agreement with 
analytical models of plastic flow in ECAP dies, like 
Beyerlein and Tomés fan-shape model [19,20] or Tóth et 
al.’s super-elliptical flow line function approach [21,22], 
some initial plastic deformation is already accumulated 
along this part of the deformation path.  

As discussed in detail in [15], a careful reconstruction 
of the shapes of the distorted indents (by fitting ellipses, 
fig. 2d) allows to analyze the deformation history along 
representative paths. From the considerably elongated 
indents inside the shear bands it is obvious that these 
regions have been severely deformed far exceeding the 
nominal shear strain that is typically introduced by a 
single pass of ECAP using a 90° die. A simple analysis 
comparing indents in matrix and shear bands yields an 
estimated equivalent plastic strain due to this massive 
shear of about 3.6, [15]. In contrast, the matrix bands next 
to those severely sheared regions experience much less 
strain. Indeed, a comparison of the shapes of the 
corresponding indents with those in front of the shear 
zone reveals no differences, which is a strong indication 
that the matrix band regions have not been sheared further 
at all while passing the ECAP die’s deformation zone.  

It is particularly worth noting that the macroscopic 
deformation introduced into the billet must of course 
conform to the boundary conditions imposed by the 
ECAP die’s geometry. The severe shear deformation 
inside the shear bands thus must be counterbalanced by 
the considerably reduced amount of plastic deformation 
in the matrix bands – a process that can be aptly referred 
to as recurrent strain partitioning. Considering the 
effective displacement vectors associated with 
deformation in a shear band an in an adjacent matrix band, 
this is obviously the case: the overall deformation results 
in horizontal material flow, i.e., parallel to the die’s top 
and bottom in the exit channel (see black arrows in fig. 
2d).  

The low-resolution optical micrograph in fig. 3a, taken 
from the same perspective as in figs. 1 and 2, was further 
used to evaluate band widths, and to document band 
branching that occurs near the top and bottom surfaces of 
the billet. Fig. 3a confirms our estimate that shear and 
matrix bands exhibit similar width distributions; since 
they are arranged in an alternating pattern, their volume 
fractions are approximately 50%. We highlight that band 
thickness does not vary significantly across the entire 
thickness of the billet, as shown by additional analyses 
from different cutting and viewing directions, [15]). By 
placing lines perpendicular to the interfaces between the 
bands, and employing a simple line intersection analysis, 
the shear band width distribution plot shown in fig. 3b was 
determined. A closer inspection of the band structures in 
fig. 3a reveals that band branching occurs primarily near 
the bottom of the billet in a relatively wide zone, 
providing a gradual transition from the predominant reg-
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Fig. 3. (a) Shear and matrix bands, observed from the side of the billet exhibit a mostly constant thickness throughout the billet, but 
towards the top and (more pronounced) the bottom surface, band branching occurs (this transition region is highlighted in red). 
(b) Histogram of band width values determined from (a) using the line-intercept method. Shear band width exhibits a bimodal 
distribution with two peaks that can be directly related to the different regions in the billet (band widths in transition region: red; band 
width values in the main volume of the billet: grey).  
 
ion of constant shear band width towards the outer 
material layers at the very bottom of the billet, which (due 
to the geometric constraints of the die) exhibits an 
apparently homogeneous deformation. Consequently, the 
shear band width distribution is bimodal with two distinct 
peaks that can be directly related to the different regions 
in the billet. In the region of band branching (also 
highlighted in red in fig. 3a), thin bands (red bars in the 
histogram, fig. 3b) with widths below 200 µm are 
observed. Shear bands in the center part of the billet (grey 
bars in fig. 3b) approximately follow a normal distribution 
with a peak at a width of about 320 µm. Simple averaging 
of all band widths over the entire billet results in a mean 
value of 266 µm. To summarize, the statistical analysis 
demonstrates that the shear bands in this billet exhibit 
quite constant widths, typically on the order of several 
hundreds of microns.  

4 Microstructural features of shear and 
matrix bands 
Representative results of our detailed microstructural 
analysis are presented in fig. 4. EBSD was performed in 
the two different orientations shown schematically in Fig. 
4a. The EBSD micrographs shown in figs. 3b and c 
highlight representative microstructures for both, shear 
and matrix bands. Both images show a considerable grain 
refinement in the shear bands originating from a large 
amount of plastic deformation. In contrast, relatively large 
and much less deformed grains are clearly visible in the 
matrix bands. Even the elongated morphology of the 
grains formed by the previous room temperature extrusion 
can still be observed. It is moreover obvious that there still 
remains a pronounced crystallographic texture, especially 
in the matrix band regions. These findings agree well with

 
 

 
 

Fig. 4. Microstructural analysis of shear and matrix bands: (a) Schematic representation indicating the orientation of elongated grains 
(resulting from prior cold extrusion) and highlighting the viewing directions corresponding to the EBSD micrographs in (b) and (c). 
(d) The STEM image at higher magnification of the microstructure inside a single shear band clearly shows the formation of an UFG 
microstructure.  
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the results of our strain analysis described above. Because 
of the very small grain size inside the shear bands and the 
physical limitations of EBSD measurements, additional 
low voltage scanning transmission electron microscopy 
(STEM) was performed, fig. 4d. These regions clearly are 
characterized by a fully developed UFG microstructure: 
The small, elongated grains have a length of 
approximately 500 nm and a width of about 200 nm. The 
sharply defined boundaries between individual grains in 
the STEM image indicate substantial misorientations 
between grains – i.e., the boundaries have the 
characteristics of high angle grain boundaries. We 
emphasize that this observation is uncommon for 6xxx-
series aluminum alloys deformed by a single ECAP pass; 
usually, multiple-pass ECAP, with a number of passes of 
about 4 (which corresponds to an equivalent strain of 4.4) 
is needed to generate the microstructural characteristics 
found in our shear bands.  
 

5 Effect of strain hardening and ECAP 
die geometry on recurrent strain 
partitioning 
The key scientific question raised by our experimental 
observations is why, and how, recurrent strain partitioning 
by shear banding during ECAP of the cold-worked 
AA6060 alloy occurs. Quite generally, unstable plastic 
flow may be expected when material hardening is 
insufficient to counterbalance softening effects (such as 
thermal softening, strain rate softening in materials with 
negative strain rate sensitivity, transformation softening, 
texture softening, or additional microstructural softening 
mechanisms), [23–26]. Indeed, shear band formation in 
aluminum subjected to high strains (but with shear 
banding on a much smaller length scale) has been 
investigated in detail, and discussed in relation to 
hardening behavior by Korbel and co-workers in the 
1980s [27–30].  

The role of different types and amounts of material 
hardening can also be evaluated in a straight-forward 
manner from a phenomenological, continuum mechanical 
point of view. Horn et al. recently analyzed our ECAP 
process by dedicated finite element simulations, carefully 
modeling the geometry of our die and varying the material 
behavior of the billet, [31]. The results of this study agree 
remarkably well with our experiments, particularly in 
terms of the resulting band widths. The numerical study 
demonstrated that the assumption of kinematic hardening 
is required to properly model shear band formation, 
whereas isotropic hardening only leads to homogeneous 
deformation in the simulations. Interestingly, when one 
numerically considers materials with different hardening 
rates and strain hardening capacities, distinct regions 
(associated with different types of homogeneous or 
inhomogeneous deformation during ECAP) can be 
identified in a representative stress-strain plot, fig. 5. One 
might expect from our general discussion of unstable 
plastic flow that a material with an overall low hardening 
rate and a low strain hardening capacity might be prone to 
localized deformation. However, such a material behavior 
(represented by flow curves in the lower region in fig. 5) 

is shown in [31] to only result in minor strain fluctuations; 
no distinct shear or matrix bands are formed and plastic 
strains only exhibit small gradients inside the billet. A 
more pronounced degree of strain hardening (i.e., stress-
strain curves typically located inside the center region of 
the diagram in fig. 5), as expected, leads to stable plastic 
flow; no bands are formed and the deformation is mostly 
homogeneous (with some deviations, of course, in regions 
at the very top or bottom of the billet, where the ECAP die 
geometry affects the local stress states). Most importantly, 
the simulations reveal that materials with a pronounced 
initial strain hardening rate that quickly levels out after 
using up a certain amount of strain hardening capacity are 
prone to recurrent strain partitioning, forming well-
defined shear and matrix bands as observed in our ECAP 
experiments.  

 

 
 

Fig. 5. Schematic comparison of different uniaxial flow curves 
as function of effective plastic strain, highlighting different 
material responses to ECAP, [31]: materials with a low 
hardening capacity exhibit only minor fluctuations in terms of 
equivalent plastic strain in only weakly defined bands. An 
increased hardening capacity suppresses this effect and leads to 
an apparently homogeneous deformation of the billet. In 
contrast, materials with a high initial hardening rate and a 
sufficiently large hardening capacity exhibit fully developed 
shear and matrix bands as observed in our experiments.  
 

From a materials science point of view, it is 
furthermore critical to understand which microstructural 
conditions promote strain partitioning. Clearly, the cold-
worked microstructure prior to ECAP leads to the kind of 
mechanical behavior identified by the phenomenological 
finite element simulations, [31]. Moreover, we have 
shown in [15] that the material behavior during ECAP 
exhibits a pronounced orientation dependence: billets cut 
with different orientations with respect to the cold 
extrusion direction, when subjected to similar ECAP 
processing conditions, can exhibit either strain 
partitioning or conventional, homogeneous shear 
deformation. This obviously demonstrates that texture 
plays an important role. While a first tentative analysis of 
texture effects is discussed in [15], we acknowledge that 
further work is required to fully understand the effects of 
texture on shear band formation and unstable plastic flow 
in our AA6060 alloy during ECAP.  

We also recorded the temporal evolution of the 
pressing force during ECA-pressing, analyzing distinct 
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stress drops, [15]. Because of the optimized lubrication 
conditions (and because billets of the same alloy, but with 
different orientations, can exhibit homogeneous 
deformation under similar processing conditions), these 
stress drops cannot be related to stick-slip phenomena. 
Indeed, we clearly document that the stress drops can be 
directly associated with individual shearing events. The 
following qualitative scenario can therefore be used to 
describe recurrent strain partitioning mechanistically: as 
the billet is pressed through the die, stresses build up 
locally in the ECAP die’s shear zone region (associated 
with strain hardening as discussed above) until they reach 
a critical value that leads to nucleation and rapid growth 
of a shear band through the billet’s cross section. This 
dynamic process, and severe plastic deformation inside 
the shear band, result in mechanical unloading of the 
adjacent material, which follows the leading shear band 
through the deformation zone without additional massive 
shearing – until stresses gradually increase again and the 
entire process is repeated. This scenario implies a crucial 
role of local stress states, and this further suggests that 
specific details of the ECAP die geometry may have a 
significant effect on unstable plastic flow and shear band 
formation.  
 

 
 

Fig. 6. Variation of mean shear band width as a function of the 
inner corner radius of the ECAP die. Insets show optical 
micrographs of shear and matrix bands (similar viewing 
direction as in figs. 1-3). With increasing corner radii, shear 
bands become wider and less well defined; for R = 5 mm, a 
transition towards an almost homogeneous type of deformation 
is observed.  

 
To test this hypothesis, we modified a special detail of 

our ECAP die, its inner corner radius, where stress peaks 
are likely to occur during ECA-pressing, [31,32].  Fig. 6, 
where the average shear band width is plotted as a 
function of the inner corner radius, summarizes the results 
of this experimental parameter study. The micrographs 
presented as in-sets in fig. 6 further give an impression of 
the resulting shear and matrix band structures in the billets 
that were otherwise subjected to similar pressing 
conditions. Our earlier ECAP experiment was performed 
in the die with a nominally sharp inner corner radius (R » 
0 mm), which acts as a local stress raiser and leads to 

pronounced stress gradients in its vicinity. Increasing 
corner radii lead to reduced local stress peaks and less 
pronounced stress gradients. This obviously correlates 
with increasing (mean) shear band widths. An inner 
corner radius of 5 mm still results in recurrent strain 
partitioning; however, the shear bands are much less well-
defined than in the cases involving smaller radii. While an 
in-depth analysis of local deformation in the different 
shear band populations produced using different die 
geometries is on-going work, it appears that the case of 
R = 5 mm represents a transition state towards an almost 
homogeneous shear deformation. Clearly, our novel 
experimental results confirm a pronounced effect of 
ECAP die geometry, most likely related to the local stress 
state and its interaction with the nucleating shear bands, 
on the characteristic widths of shear and matrix bands. 
This observation opens an additional pathway that 
potentially allows to modify the structure of bulk 
laminated billets produced by ECAP of AA6060 by 
relatively simple engineering approaches, particularly 
ECAP die design.  

 
6 Summary and conclusions 
The experimental and numerical results presented in this 
paper address a novel phenomenon during ECAP of a 
cold-worked AA6060 alloy: strain partitioning by 
recurrent formation of shear bands and matrix bands. The 
resulting materials are characterized by alternating layers 
of these bands, with mean bands widths of several 
hundreds of microns, and can be considered as a type of 
bulk laminated material with partially UFG layers. Plastic 
deformation in the shear bands is significantly larger than 
expected for a single ECAP pass in a 90° die, and this 
excessive straining is counter-balanced by considerably 
smaller amounts of straining in the matrix bands. 
Microstructural analysis by electron microscopy confirms 
this observation; even after a single pass, microstructural 
features typically associated with UFG materials are 
identified inside the shear bands.  

Additional numerical analysis and novel experimental 
work was performed in order to understand which factors 
promote unstable plastic flow and shear banding during 
ECAP of this alloy. From a mechanical point of view, 
kinematic hardening and a high initial hardening rate 
combined with a low hardening rate at higher strains leads 
to the formation of distinct shear and matrix bands that 
agree well with our experimental observations. This kind 
of mechanical behavior is of course intricately linked to 
texture of the initial material. Finally, it was shown that 
the local stress state (and the stress gradient) at the inner 
die corner, which can be manipulated by modifying the 
corner radius geometry, has a pronounced effect on shear 
band widths.  

We note in closing that the bulk laminated AA6060 
material produced by ECAP, in addition to posing some 
scientifically challenging questions, exhibits interesting 
mechanical properties, with the UFG microstructures 
inside the shear bands significantly deviating from the 
mechanical behavior of the less deformed matrix bands. 
A more detailed analysis of both the local and global 
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mechanical behavior of the bulk laminated materials will 
be addressed in a companion paper.  
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