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Abstract

The plastic deformation during equal-channel angular pressing (ECAP) can be affected by
various material- and processing-related factors. For instance, the initial crystal orientation
and grain size play an important role in determining the material flow, which may cause
localized deformation in terms of macroscopic deformation banding. In this study, we
use a continuous cast AA1080 aluminum alloy with coarse columnar grains to analyze the
influence of casting texture on the local material flow during ECAP. Billets are extracted
with their columnar grains inclined either in the same direction as the ECAP shear plane or
opposite to it. Visio-plastic analysis is performed on split billets. The pass is interrupted
halfway through the ECAP tool to accurately capture steady-state deformation conditions.
Flow lines at several positions within the billet are identified based on the positions of
deformed and undeformed marker points and fitted to a phenomenological model based on
a super-ellipse function. For further characterization, hardness measurements, optical and
electron microscopy are carried out on the ECAP-deformed samples. Significant differences
in terms of local material flow and microstructure evolution regarding the resulting crystal
orientation and deformation banding are observed. Our results confirm and emphasize the
importance of initial grain size and texture effects for ECAP processing.

Keywords: AA1080; equal-channel angular pressing; flow line model; visio-plastic analysis;
analytic modeling; deformation bands

1. Introduction

Among the variety of severe plastic deformation processes that have been studied
in the past decades, equal-channel angular pressing (ECAP) has emerged as one of the
best established techniques for the production of ultrafine-grained microstructures in bulk
materials up to industrial scale [1,2]. In recent years ECAP has been successfully adapted
for the improvement of mechanical properties in conventional, easy as well as hard to
deform materials such as aluminum [3] and magnesium [2,4], respectively, and also for the
processing of metal matrix composites [5], high-entropy alloys [6,7], or even metal chips as
a novel approach for solid state recycling [8,9].

In principle, ECAP can be understood as pressing a metallic billet (of usually circular
or square cross-section) through an angled die, as shown schematically in Figure 1a. As
it passes the region near the intersection of the entrance and exit channels, the material
is heavily sheared. This region is referred to as plastic deformation zone (PDZ). The
amount of (shear) strain imposed on the material thus depends strongly on the used die
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geometry, often described in terms of the channel angle ® and the angle of curvature ¥ (see
Figure 1a). The Iwahashi formula [10] is typically used to estimate the equivalent strain (per
pass) based solely on these two parameters. While this approach allows for a first-order
approximation of the total strain based on die geometry alone, it does not account for several
effects documented repeatedly in experimental work regarding the overall degree of grain
refinement and the homogeneity of the billet after deformation [11]: On the one hand, this
includes processing conditions such as processing temperature [12,13], friction [11,14,15],
or back-pressure [16-18], which have been shown to considerably affect the resulting
microstructures and their homogeneity. On the other hand, material-related properties
such as the stacking-fault energy [19-21], (as-received) grain size [22], and initial material
conditions in terms of pre-ECAP thermal [23] and/or mechanical [24] treatments can
significantly affect the efficiency of ECAP. More particularly, the characteristic texture of the
initial material can play a key role in determining the homogeneity of strain accumulation
during ECAP.

Experimental studies on ECAP of single crystals of aluminum [25-27], copper [21,28,29],
and nickel [30] have documented the formation of clearly inhomogeneous deformation
structures, which often take the form of macroscopically visible striations with different
orientations within the deformed billets. These macroscopic deformation (or shear) bands
are mostly oriented in the same direction as the shear plane of the ECAP tool, although
the tilt angle varies for individual experiments and even within the same sample [26].
Orientation differences between the center and the sides of the billet have, for instance,
been attributed to frictional effects between the billet and the die walls [30]. In the vertical
direction (i.e., y-direction in Figure 1, placing the deformed billets in the exit channel), the
processed Al and Cu single crystals showed significant variations in the thickness of the
deformations bands that were oriented horizontally in the cross-sectional plane [21,25]
whereas the cross-section of the deformed Ni single crystal showed thin horizontal bands
only in the lower half of the billet; the upper region was characterized by a more complex
structure of two perpendicular groups of broad bands that were inclined at an angle of
about 45° with respect to the horizontal axis [30].

The influence of initial grain orientation has recently also been studied on an atomistic
scale for different crystal structures by means of molecular dynamics modeling [31-33].
These investigations demonstrate that there are significant orientation effects on the homo-
geneity and magnitude of shear strains as well as grain rotation angle and grain fragmen-
tation during ECAP of single crystals. For aluminum, the differences between an initial
<100> orientation ([100] direction oriented parallel to the x-axis and [010] direction oriented
parallel to the y-axis, when described in our reference coordinate system, Figure 1) and an
initial <111> orientation ([111] direction oriented parallel to the x-axis and [110] direction
oriented parallel to the y-axis) were most pronounced. The <100> sample experienced
smaller amounts of shear strain and the highest degree of lattice rotation, while the <111>
sample experienced the highest shear strains and the lowest lattice rotation, because its
initial orientation is favorable for the activation of multiple slip systems [31]. Plastic defor-
mation of single crystals by the activation of multiple slip systems can lead to the formation
of deformation bands with different crystal rotations that may span the entire crystal and
therefore often become macroscopically visible. For polycrystalline materials, deformation
banding again depends on the initial orientation of the individual grains, and also on grain
size and strain (i.e., on ECAP die geometry), and the generated bands are constrained by
the grain boundaries [34,35].
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Figure 1. (a) Illustration of the ECAP principle. The channel angle ® and the angle of curvature ¥
have a significant influence on the degree of straining in the material. (b) Schematic representation of
the Téth flow line model, adapted from refs. [36,37]. Material flow in the PDZ approximately follows
a super-circular arch, and the curvature of the flow line can be defined by the flow parameter n.
Increasing values of 1 correspond to a more pronounced change of direction—i.e., more pronounced
shear—along the flow line.

A different type of macroscopic band formation has been observed during processing
of a polycrystalline AA6060 aluminum alloy that was extruded at room temperature prior
to ECAP [24]. The material underwent severe cold working and exhibited a strong texture
with mainly <111>-oriented crystallites parallel to the direction of extrusion, i.e., parallel
to the longitudinal axis of the ECAP billet. As a result, strain partitioning by recurrent
shear localization during ECAP occurred, leading to the formation of alternating matrix
and shear bands oriented parallel to the shear plane. These matrix and shear bands, with
a characteristic thickness of about 300 microns, are characterized by relatively low and
considerably higher local shear strains, respectively. This also affects the local mechanical
properties as well as the resulting macro-scale of the ECAP-deformed material, which can
be considered as a new type of bulk-laminate structure. Clearly, the texture prior to ECAP
plays a key role in triggering the strain partitioning mechanism that leads to the formation
of shear and matrix bands, but this effect is not yet understood in detail.

In the present study, we analyze the effect of a strong casting texture on the local
material flow during ECAP and on the resulting microstructures of a continuous cast,
commercially pure aluminum alloy with directionally grown coarse columnar grains.
In previous studies we have already demonstrated that extrusion of this material leads
to unusual macro- and microstructures that are formed due to the initial orientation of
the columnar grains with respect to the direction of extrusion and the local tensile and
shear deformation during extrusion [38]. To describe homogeneous vs. inhomogeneous
deformation, we further employ the flow line model of Téth et al. [36,37], which describes
the material flow in the plastic deformation zone along different super-circular paths
characterized by the flow exponent 1, as shown schematically in Figure 1b. This analytical
approach has been successfully applied to ECAP of OFHC copper [39] and of an AA6060
aluminum alloy [40] and facilitates a quantitative comparison of the local flow behavior.

2. Materials and Methods

We used a commercially pure AA1080 aluminum alloy obtained from Hydro Alu-
minium Deutschland GmbH (Bonn, Germany). The continuous cast material had a chemical
composition of 0.035i-0.08Fe-balance Al (wt.%) and consisted of coarse columnar grains
that grew at an angle of about 22° with respect to the casting direction (CD) as discussed
in detail in [38]. Billets with dimensions of 15 x 15 x 47 mm? were extracted with their
longitudinal axes parallel to the radial direction (RD) of the cast material (see Figure 2a) for
ECAP processing. For visio-plastic analysis of the local material flow, these billets were cut



Metals 2025, 15, 904

40f 15

(a)

in half along the CD-RD plane and etched with a macro etchant (300 mL of distilled water,
225 mL of hydrochloric acid, 112 mL of nitric acid, and 40 mL of hydrofluoric acid) prior to
deformation to ensure the correct sample orientation during ECAP. One semi-billet of each
sample condition was marked with a dot grid consisting of 14 flow lines, as shown schemat-
ically in Figure 1b. The dots (with a diameter of about 450 um and spacings of 1 mm) were
applied by laser etching. The billet halves were then reassembled and ECAP-deformed in a
modular, friction-optimized ECAP tool with a channel angle of 90°, as shown schematically
in Figure 2b. The ECAP pass was interrupted at a plunger stroke of about 30 mm in order
to allow for analysis of the material flow during steady state deformation. The movable die

walls (green) and the front wall (blue) were then removed for extraction of the L-shaped
billet halves.
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Figure 2. Overview of billet extraction and ECAP processing: (a) (Semi-)billets were extracted with
their longitudinal axes parallel to the radial direction of the cast material. Resulting from their initial
tilt, the columnar grains (as visible in the macro-graph) are inclined either in the same (//) or the
opposite (X) direction as the ECAP shear plane (highlighted in red). (b) For visio-plastic analysis of
the local material flow, one semi-billet per condition was laser-etched (to obtain a dot grid pattern)
and then processed with its original counterpart in a modular ECAP tool.

For optical flow line analysis, the deformed billets were photographed with a mir-
rorless camera and a macro lens. The center point coordinates, as well as the distances of
the flow lines from the outer billet edges, were determined from the photographs using
the Core]DRAW 2017 (Corel Corporation, Ottawa, ON, Canada) graphic design software.
After a slight correction of the data to better meet the symmetry criterion of the super-
ellipse function

(d=x)"+(d—y)" = (d—x)" M

of T6th’s flow line model [36,37], the data points were fitted to Equation (1) in the OriginPro
2022 (OriginLab Corporation, Northhampton, MA, USA) software using the method of
total least squares for regression analysis. In this model, n = 2 represents flow along a
circular arch, whereas n — oo corresponds to a sharp corner in the flow line, which would
result from ideal simple shear in a vanishing PDZ. Experimentally observed flow lines
typically fall between these two limiting cases [36,37,39].

Vickers hardness (HV1) measurements were conducted on the y-z-plane in the fully
deformed material sections of the billets after the visio-plastic analysis using an auto-
mated hardness tester (Wilson TUKON 1102, ITW Test & Measurement GmbH, Leinfelden-
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Echterdingen, Germany). The distance between indentation sites was 1 mm. For each
constant value of y, three measurements were performed in the center region of the billet.

For microstructural characterization, ECAP processing was additionally performed
using bulk material billets. The deformation was also interrupted as described above. For
optical microscopy, samples from longitudinal and cross-sectional cuts were embedded
and prepared by a standard grinding and polishing routine, and subsequently etched for
about 1 min in a solution consisting of 100 mL of distilled water, 6 mL of hydrochloric acid,
2 mL of phosphoric acid, and 12 mL of hydrofluoric acid. Stereo-microscopic images were
taken with a Zeiss Stemi 2000-C (Carl Zeiss AG, Oberkochen, Germany) optical microscope.
Bright field images and interference contrast images were taken with an Olympus GX51
(Olympus Deutschland GmbH, Hamburg, Germany) microscope. Vibratory polishing of
the samples was conducted for 60 min in an aqueous colloidal silica solution to allow for
additional electron-backscatter diffraction (EBSD) measurements. EBSD data were collected
using a Neon 40 EsB field emission scanning electron microscope (Carl Zeiss AG) equipped
with a DigiView IV EBSD camera (EDAX Inc., Mahwah, NJ, USA). Post-processing in the
OIM Analysis 8.6 (EDAX Inc.) software included careful clean-up of the raw data based on
the neighbor confidence index correlation (<0.05). Additionally, X-ray diffraction (XRD)
was performed on the deformed material for global texture analysis. Incomplete {200},
{220}, and {111} pole figures (0 < & < 80°) were collected in a Bruker D8 DISCOVER (Bruker
Corporation, Billerica, MA, USA) using Co-K«x-radiation and a collimator with a diameter
of 1 mm. Post-processing of the raw data included background correction; calculation of
corresponding orientation density functions; and plotting of complete {100}, {110}, and
{111} pole figures, and was carried out in the MTEX toolbox (version 5.8.2) for the MatLab
R2020a (MathWorks, Natick, MA, USA) software package [41].

3. Results and Discussion
3.1. Flow Line Analysis and Mechanical Properties

Figure 3 shows photographs of the billets used for the evaluation of local material flow.
Though only one half-billet in each experiment was prepared with a dot grid (right-hand
side images), the pattern was also imprinted on the other billet half (left-hand side) during
deformation. Plastic flow during conventional ECAP, in principle, is a two-dimensional
deformation, with no displacement in the z-direction. The internal surfaces correspondingly
remain planar during ECAP, and only some minor surface roughening was observed.
Therefore, an analysis of indent positions provides direct information on the material flow.

The overview images in Figure 3 clearly demonstrate that the initial orientation of the
coarse columnar grains with respect to the shear plane significantly alters the material flow.
We also note that, first, the laser-engraved dots are much more compressed for the sample
orientation //, which complicates the identification of individual points in the optical
flow line analysis. Second, compared to ECAP with the shear plane parallel (//) to the
longitudinal axes of grains, the so-called corner gap—i.e., the region exempt from material
flow, clearly visible by the absence of material near the outer corners of the L-shaped
billets—for the sample orientation X is much more pronounced. Third, processing with this
sample orientation (X) leads to the formation of macroscopic deformation bands, oriented
perpendicularly to the shear plane (see magnified inset), near the bottom part of the billet.

Figure 4 shows the results of the visio-plastic flow line analysis as a function of
the normalized distance from the top of the billet s = (d — y)/d. This means that s =0
corresponds to a position on the top surface while s = 1 corresponds to a position at the
bottom; we have previously introduced the parameter s as it facilitates a comparison of
differently sized billets, e.g., [39]. Since the two flow lines near the inner corner of the billet
consist only of a small number of data points within the PDZ, the fitting process could not
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be carried out successfully in this narrow region. Therefore, the distributions of n-values
(Figure 4a) and of the resulting equivalent von Mises strains (Figure 4b) are plotted only
for the flow lines starting from s = 0.2. For sample orientation //, the n-values increase
slightly for s-values corresponding to the region near the inner tool corner. With increasing
distance from the inner corner, starting from s ~ 0.6, the n-values increase more strongly.
In contrast, for sample orientation X, the distribution of n-values is more homogeneous
and at an intermediate level compared to //. Towards the outer regions of the billet the
values are slightly decreasing. In general, both distributions diverge from the nearly linear
increase in n-values from top to bottom that we observed in previous studies for ECAP of
OFHC copper [39] and an AA6060 aluminum alloy [40] using the same ECAP tool. The
distribution of n-values for // is quite similar to the findings of Panigrahi et al. [16], who
performed industrial scale ECAP in a similarly designed ECAP tool using a commercially
pure aluminum alloy (AA1050) and who also found an increase of the flow exponent with
a larger slope in the bottom part of the billet starting from about s = 0.6. It is interesting to
note that, despite differences in terms of the initial material condition (rolled) and ECAP
processing parameters (backpressures of 30 MPa and 60 MPa), Panigrahi et al.’s and our
results represent quite similar flow exponent distributions.

Figure 3. Macro-scale photographs of the semi-processed billet halves for ECAP with the sample
orientations // (top) and X (bottom).

Calculating equivalent (von Mises) strain values based on the flow exponent, 7, is
quite tedious for arbitrary tool geometries [39]. While the relation between n and equivalent
strain is non-linear, it is at least monotonous: larger n-values correspond to larger amounts
of accumulated equivalent strain. Moreover, for 90° tools such as the ECAP tool used in the
present study, integration along a flow line through the PDZ can be reduced to [36,37,39]

2 m(n—1)

&M = %m )

Equation (2) has been used to determine local plastic strain values in the present study.
In general, the distributions of local plastic strains, shown in Figure 4b, are somewhat
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similar to the distribution of n-values. However, for small values of the flow exponent
(2 < n <5), deviations between adjacent flow lines result in more pronounced differences
with respect to the amount of plastic strain compared to n-values of 15 and higher. The
distribution of von Mises strain values is, therefore, nearly linear for sample orientation //,
covering strains from about 0.92 to 1.11. In contrast, the calculated local strains for sample
orientation X range approximately from 1.03 to 1.08. They are at a comparatively high level
and can be considered to be almost constant in the center part of the billet.

25 : . . . 115 : . : : 60 : : : :
20 ] 110 ] 551 ] ]
151 ] 1.05] 1 _, 50 §
& E E
10] ] 1.00] ] 45] ]
5] 7k 0.951 ] 40 )
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0 . ! | : 0.90 , . . ] 35 | . ! :
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Figure 4. Distributions of (a) n-values obtained from the visio-plastic flow line analysis, (b) equivalent
von Mises strains, and (c) Vickers hardness as a function of the normalized position along the billet
height, s.

It is generally accepted that complex deformation histories and multi-axial stress-states
can affect microstructural evolution and the resulting mechanical properties of structural
and functional materials [42,43]. An increase in hardness after severe plastic deformation,
likewise, is to be expected in most materials subjected to ECAP. It is less clear, however,
whether the gradients in strain distributions observed in our present study (Figure 4b)
can be directly related to similar gradients in the hardness distributions across a billet.
Figure 4c shows the results of the Vickers hardness measurements, which we consider to
be representative of local mechanical properties. For sample orientation X, the distribution
of hardness is similar to the distribution of the equivalent von Mises strain in the analyzed
region of about 0.2 < s < 0.9. For sample orientation //, however, there are marked
differences between the respective distributions. On the one hand, the calculated local
equivalent strains indicate that the deformation and corresponding hardness is significantly
decreased for the upper and middle part of the billet up to about s = 0.6 compared to
sample orientation X, whereas the hardness is higher in the top part of the billet and slightly
drops toward the center of the billet with an increase towards s ~ 0.8 and an additional
decrease in the bottom region. On the other hand, the hardness for sample orientation //
is generally higher than for sample orientation X, although the calculated equivalent von
Mises strains were higher only for the lower third of the billet. We are, therefore, inclined to
conclude that there is no simple correlation between flow line exponents/equivalent strain
values and local hardness values; while this has already been shown for a quasi-isotropic,
cast AA6060 aluminum alloy [40], the present study further emphasizes the influence of
macroscopic anisotropy. Further work, e.g., using nano-indentation, which allows for a
much better spatial resolution to probe the local mechanical properties [31], is required to
fully analyze these observations.

3.2. Microstructural Evolution in the Plastic Deformation Zone

To study the differences in local material flow as a function of the initial orientation of
the columnar grains with respect to the ECAP shear plane, microstructural analysis was
performed on semi-processed billets. Stereo-microscopic images of the region near the PDZ
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are shown in Figure 5a,b for the sample orientations // and X, respectively. Independent
of their initial orientation, the grains generally align with the direction of shearing during
ECAP. As the grains pass through the PDZ, they experience a shear deformation that also
results in further grain elongation. For orientation //, which exhibited an initial tilt angle
of the columnar grains of about 22°, the tilt angle with respect to the x-axis is about 30° after
ECAP. The transition in the PDZ is hardly noticeable. In contrast, processing billets with an
initial grain orientation X results in a pronounced change in grain orientation: the grains
exhibit a tilt angle of about 22° with respect to the x-axis. In addition, the macroscopic
deformation is not distributed homogeneously. Prominent deformation banding can be
observed in the lower section of the billet for sample orientation X, as marked with a solid
white line (see also Figure 3 for reference). Macroscopic deformation bands have also
been observed after ECAP of face-centered cubic single crystals [21,25-27] as well as for a
strongly <111>-textured polycrystalline aluminum alloy [24]. Compared to these reports,
the band structures shown in Figure 5b are far less pronounced, and it is worth highlighting

that they are not oriented parallel to the main direction of shear but instead perpendicular
to it.

Figure 5. Microstructural features near the PDZ (interrupted pass) with the sample orientations //
(top row) and X (bottom row), as indicated by the schematic illustrations on the left. (a,b) Stereo-
microscopic images of the entire deformation zone with markings of the locations of the detail views
(dashed boxes) given in subfigures (c—f) obtained by EBSD measurements with a step size of 1 um
(c,d) and 3 um (e,f), respectively. The color-coded orientation maps represent the crystal orientation
parallel to the exit channel and are superimposed with the corresponding image quality maps.

The color-coded detail views (Figure 5c—f) were obtained from the EBSD measurements
in the respective marked areas and indicate the crystal orientation parallel to the exit channel
(x-axis). While the predominant orientation after processing with sample orientation X
ranges from <001> to <101>, it is predominantly between <111> and <101> for sample
orientation //. The EBSD data confirm the distinct differences in grain deformation and
rotation that were already observed macroscopically. In addition, they allow for a more
in-depth characterization of the shear bands that not only occur in the lower part of the
billet but also in more central regions, as shown in Figure 5f. The two types of bands take up
about the same material volume and are characterized by different crystal orientations and
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tilt angles of the grain boundaries. For bands with a crystal orientation near <001>, the tilt
angle is about 13° with respect to the x-axis. For the alternating bands, the tilt angle is about
31°, and the crystal orientation is more complex with a higher tilt away from <001> towards
<101> and <111>. On average, the two types of bands also result in the macroscopically
observed tilt angle of about 22°. While no macroscopic shear bands were observed for
the sample orientation //, microscopic bands formed within the large columnar grains to
accommodate the severe shear deformation, see marked area in Figure 5c.

It is instructive to further analyze the macroscopic and local reorientation of the
strongly elongated grains of the as-cast condition after ECAP in the light of our flow line
results. Neglecting, in a first-order approximation, local strain partitioning, the 2D material
flow can be described by the deformation gradient [39]

Fj = (i 01> 3)

that maps a point X; prior to deformation to a point x; after passing the PDZ:
X; = Fl] X] (4)
In the 90° ECAP djie, the shear component S can be determined from 7 as

o1 xa/my -
n  TI(2/n)

where I' is the transcendental Gamma function [44]. Considering the central axes of our

elongated, as-cast grains, with an orientation of either +22° (//) or —22° (X) relative

to the x-direction, and taking an average n-value of 10 based on the distributions in

Figure 4a, Equation (3) yields post-ECAP orientations of the sheared and rotated grains

with angles of 33° and 23° for // and X, respectively, which is in excellent agreement with

the experimentally observed orientations.

3.3. Microstructure and Texture in the Fully Deformed Material

Additional metallographic samples were taken from the parts of the ECAP billets that
had fully passed the PDZ. The cross-sections were characterized by means of optical and
scanning electron microscopy as well as XRD. The micrographs in Figure 6 show distinct
band structures for both processing conditions X and //, highlighted by black and white
lines (hatchings). The bands exhibit varying widths and form heterogeneously over the
cross sections, i.e., they are, in general, more pronounced in the lower section of the billets,
as shown in the optical micrographs in Figure 6a—d.

In the upper section of the billet processed with the initial orientation //, there are
narrow horizontal bands that occur only within some grains (see arrows in the inset in
Figure 6a). In contrast, the bands in the lower section of the billet are much broader and
span across several grains (c). These bands are characterized by crystal orientations near
<104> or <313> (e) and contain lamellar sub-grains (g). The formation of bands for this
sample orientation is likely to result from the activation of different slip systems that
contribute with similar amounts to the macroscopic plastic deformation but also entail
crystal rotation towards different stable orientations. The local differences regarding shear
banding in the upper and lower billet sections fall in line with the strain gradient that was
also documented in the visio-plastic flow line analysis (see Figure 4).
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shear plane // longitudinal axes of grains shear plane X longitudinal axes of grains

Figure 6. Microstructural features after ECAP with the shear plane // (left) and X (right) to the
longitudinal axes of the columnar grains. (a—d) Optical micrographs taken from the top and bottom
regions of the fully deformed cross sections, as illustrated for each subfigure. Black and white
hatchings indicate the orientation of intra- and inter-granular deformation bands. (e-h) Color-coded
orientation maps superimposed with the image quality maps obtained from EBSD measurements
in the bottom region of the fully deformed cross sections. The step sizes of the measurements were
1.5 um and 0.5 pm for overview measurements (e,f) and detail views (g h), respectively.

For sample orientation X, the bands are generally oriented at different angles within
former grains (Figure 6a,c). EBSD analysis of bands located in the lower section of the
deformed billet (Figure 6f) showed that they exhibit crystal orientations of <101> for one
type of band and more complex orientations with a maximum near <104>, which is close
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to the initial orientation of the cast material, as well as a wider spread of orientations
for the other bands. The bands with an orientation near <101> consist of fine globular
sub-grains (1, see Figure 6h) with a high density of low-angle grain boundaries. The bands
with the more complex orientation exhibit comparatively coarse, horizontally elongated
substructures (2) with a lower density of low-angle grain boundaries. This may indicate
local strain partitioning with a higher degree of deformation in the bands with smaller
sub-grain size (1), which is supported by the fact that the grain boundaries within these
bands exhibit significantly higher tilt angles after shearing (see Figure 5f). Comparing the
microstructural observations for the two different sample orientations, we note in passing
that the somewhat finer bands for // correlate with a higher hardness level, whereas strain
partitioning (which results in a bimodal structure) for X leads to the lower hardness level,
as indicated in Figure 4c.

The texture measurements by means of XRD were performed at three locations on the
fully deformed cross sections in order to obtain global texture information and to compare
them with our local EBSD data. The corresponding pole figures are given in Figure 7.
For sample orientation //, the preferred crystal orientation <313> in the upper region of
the billet (a) corresponds to an orientation between <111> and <110>. In the center of
the deformed billet (b), the preferred crystal orientation is similar, but the texture is less
pronounced. In the lower region (c), two crystal orientations are present simultaneously: in
addition to the <111> orientation already documented in the middle and upper area of the
semi-finished product, there is a <100> orientation. The occurrence of two orientations in
the lower semi-finished product area is consistent with the microstructural observation of
the formed band structures. For sample direction X, the preferred orientation of the crystals
is close to <100> for all measurement positions (top, middle, and bottom of the billet).
While the proportion of <110>-oriented crystals apparent in the color-coded orientation
image cannot be identified in the pole figures obtained from XRD, the dominant <100>
orientation agrees well with the predominant texture component determined using EBSD
(see Figures 4 and 5).

In closing, we briefly attempt to combine our observations of local flow lines, mi-
crostructural changes, and local and global texture changes into a coherent picture. Our
observations of the orientation changes in the elongated grains, which are fully in line
with the theoretical considerations embodied in Equations (3)—(5), show that the elongated
grains in the case of // orientation need to rotate only a little, and that the main shear
deformation can proceed primarily by plastic slip on slip planes that are close to the lon-
gitudinal grain axes. In contrast, for orientation X, the pronounced rotation required by
the ECAP process also needs to be generated by plastic slip on available slip systems. This
necessitates slip on crystallographic planes that are more strongly inclined away from
the longitudinal grain axes—and that provide considerably shorter mean free paths for
dislocation movement. Dislocation slip, consequently, is impeded by the high density of
grain boundaries in slip direction, and the much more frequent interaction of dislocations
with grain boundaries is likely to affect the hardening behavior, the local stress state in
the PDZ, and thus, ultimately, the distribution of n-values across the billet’s cross-section.
This may well explain why the distribution of n-values for X differs more strongly from the
monotonic increase typically observed in metals with initially globular grains, and why
the X orientation is more prone to pronounced strain partitioning by shear banding. The
resulting microstructure, consisting of less deformed bands adjacent to severely deformed
bands, notably leads to a lower hardness level compared to the // orientation. Ultimately,
the measured hardness distributions (Figure 4c) are affected by the increased anisotropy
and complexity of the band structures documented here for the first time, and more detailed
investigations by nanoindentation (ideally in different loading directions) are envisioned
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as a possible approach to fully understand these interesting results. Even though more
advanced modeling approaches, like the self-consistent visco-plastic model employed by
Beyerlein and Tomé [45], may be needed to mathematically describe the texture changes
documented in the present study, our results strongly highlight the effect of grain orienta-
tion and microstructural anisotropy on microstructural evolution, and particularly on the
phenomenon of strain partitioning by shear banding.

shear plane // longitudinal axes of grains shear plane X longitudinal axes of grains

(100)

(110) (111) (100) (110) 111)

texture intensity level:

y! :\ XRD measurement points
z

.~ on the ECAP cross section

124816

X

Figure 7. Pole figures obtained from XRD measurements on fully deformed cross sections after ECAP
with the orientations // (a—c) and X (d—f).

4. Summary and Conclusions

In this study we have analyzed the deformation behavior of a commercially pure
aluminum alloy with coarse, directionally grown columnar grains during ECAP. For the
two examined sample orientations—with the longitudinal axes of the grains tilted either in
the same direction as the ECAP shear plane (/ /) or opposite to it (X)—the local material flow
and microstructural evolution differ significantly. For sample orientation //, the resulting
material flow is more in line with the conventional deformation behavior of polycrystalline
materials. The microstructure is characterized by narrow, elongated grains oriented parallel
to the direction of shearing. Horizontal band-like structures near the bottom of the billet
likely result from activation of different slip systems in adjacent regions within the coarse
grains. The more complex type of shear banding with bands oriented perpendicular to
the direction of shearing observed in the lower section of the billet for sample orientation
X has not yet been reported for polycrystalline materials. The different characteristics in
sub-grain morphology indicate that some kind of strain partitioning takes place, similar to
our previous observations of shear bands and matrix bands in alternating structures in an
AA6060 aluminum alloy. Clearly, shear banding phenomena can be observed in a wider
class of materials, and it is likely that suitable pre-ECAP textures are needed to trigger this
interesting effect.
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CD Casting Direction

EBSD  Electron-Backscatter Diffraction
ECAP Equal-Channel Angular Pressing
PDz Plastic Deformation Zone

RD Radial Direction
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