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Abstract: This paper presents an analysis of the test and simulation of the equal channel angular
extrusion (ECAE) of a commercial Al 6061-T6 alloy previously extruded. Special emphasis is given
to the analysis and comparison of the simulated values and distribution of equivalent plastic strain
with those calculated with analytical models across the height of the middle section of the deformed
billet. The results reveal the limitations of the analytical models when the effects of the inner die
corner and curvature of the outer wall on the material response during the test are considered for
the ECAE device used in this work. Specifically, in the simulations performed in this work, the
plastic deformation zone, far from being uniform, extends along with the height of the billet where,
in particular, near the inner wall over the inlet and outlet channels, even in the central region of the
billet, the equivalent plastic strain is not homogeneous or discontinuous, varying mainly due to the
effect of the curvature of the outer channel.

Keywords: ECAE; SPD; FEM; aluminum

1. Introduction

The procedure to obtain alloys with ultrafine grains (UFG) through severe plastic
deformations (SPD) includes any process that, subjecting a material to high stress (generally
hydrostatic pressure), gives it a large plastic deformation without a significant change to its
dimensions [1,2]. The equal channel angular extrusion (ECAE) [3] is the most widely used
SPD technique to obtain UFG alloys with increased strength and ductility.

In the ECAE, a punch exerts a force on a billet that flows through a channel with
a constant section along its length while it is deformed in a region called the plastic
deformation zone (PDZ) without changing its cross-sectional shape (Figure 1). In the ECAE,
the main features of the PDZ are function of the process variables and the type and state
of the material to be processed. The prediction and/or a determination of the degree and
distribution of the plastic deformation imposed on a material is a crucial factor to obtain an
alloy with UFG, as it is the driving force for the microstructural changes in alloys deformed
by SPD (granular fragmentation). Hence, it is crucial to be able to describe and determine
the strain developed in the ECAE of a material with a given previous state and condition,
and for an ECAE device with arbitrary geometry.
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Figure 1. Schematic representation of ECAE device. 

Since the publication of [3], in which the authors proposed that the materials pro-
cessed by ECAE are subjected to a discontinuous simple shear strain along the intersection 
plane of the inlet and outlet channels, there have been many articles that have proposed 
modifications of the original technique [4] and analytical models to calculate the strain 
and texture of a material processed by ECAE. The most used analytical models in deter-
mining the history of deformation, texture, and the effective strain of a material processed 
by ECAE are the models published in [5–7] and recently in [8]. Analytical models are use-
ful and very interesting from a theoretical and/or conceptual point of view, but they usu-
ally assume simplifications and geometric idealizations of complex processes that include 
a large number of variables inherent to the material and the tool, and in general, they are 
found to not realistically represent the strain and stress states derived from the flow of the 
material through the PDZ. Another limitation of the analytical models is that the param-
eters, which are far from being universal and change in function of a large number of 
process variables, are obtained from finite element simulations (FEM). For example, in the 
models proposed in [6] and [7], the authors obtained the model parameters from FEM 
simulations. In this way, the authors adjusted the analytical results corresponding to ef-
fective plastic strain—grade and distribution—and texture to the results observed in the 
experiments. 

In contrast, computational studies of the plastic flow, localization, and formability of 
metals including the effects of size or grain morphology in simulation/analysis are pub-
lished in [9,10]. Regarding ECAE modeling, [11–14] and more recently [15–18] highlight 
the inhomogeneity of the strains in materials deformed via this process. Although some 
of the cited articles studied different aspects of aluminum alloys deformed by ECAE, none 
of them emphasized the analysis and characterization of the strain inhomogeneity in Al 
6061-T6 previously extruded. This forming route has recently been proposed as an alter-
native to obtaining AA6XXX series alloys for use in aluminum conductor composite core 
(ACCC) with an excellent weight/conductivity ratio [19,20]. The ACCC conductors de-
signed and manufactured with AA6XXX alloys (100% Al) [21] are an alternative to steel 
reinforced conductors (ACSR), with greater conductivity and strength but greatest 
weight, hence the interest in characterizing the strain inhomogeneity of aluminum alloys 
under the noted conditions. 

In this article, we present an analysis of the test and simulation of one pass in an 
ECAE device with Ψ = Φ = π/2 of a previously extruded commercial Al 6061-T6 alloy. The 
main objective of this article is to address the aspects that have not been studied in depth 
in the bibliography with respect to the relation to the distribution of the values of the 
equivalent plastic strain and its relationship with the deformation history in regions close 
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Since the publication of [3], in which the authors proposed that the materials pro-
cessed by ECAE are subjected to a discontinuous simple shear strain along the intersection
plane of the inlet and outlet channels, there have been many articles that have proposed
modifications of the original technique [4] and analytical models to calculate the strain and
texture of a material processed by ECAE. The most used analytical models in determining
the history of deformation, texture, and the effective strain of a material processed by ECAE
are the models published in [5–7] and recently in [8]. Analytical models are useful and
very interesting from a theoretical and/or conceptual point of view, but they usually as-
sume simplifications and geometric idealizations of complex processes that include a large
number of variables inherent to the material and the tool, and in general, they are found to
not realistically represent the strain and stress states derived from the flow of the material
through the PDZ. Another limitation of the analytical models is that the parameters, which
are far from being universal and change in function of a large number of process variables,
are obtained from finite element simulations (FEM). For example, in the models proposed
in [6,7], the authors obtained the model parameters from FEM simulations. In this way, the
authors adjusted the analytical results corresponding to effective plastic strain—grade and
distribution—and texture to the results observed in the experiments.

In contrast, computational studies of the plastic flow, localization, and formability
of metals including the effects of size or grain morphology in simulation/analysis are
published in [9,10]. Regarding ECAE modeling, [11–14] and more recently [15–18] highlight
the inhomogeneity of the strains in materials deformed via this process. Although some
of the cited articles studied different aspects of aluminum alloys deformed by ECAE,
none of them emphasized the analysis and characterization of the strain inhomogeneity
in Al 6061-T6 previously extruded. This forming route has recently been proposed as an
alternative to obtaining AA6XXX series alloys for use in aluminum conductor composite
core (ACCC) with an excellent weight/conductivity ratio [19,20]. The ACCC conductors
designed and manufactured with AA6XXX alloys (100% Al) [21] are an alternative to steel
reinforced conductors (ACSR), with greater conductivity and strength but greatest weight,
hence the interest in characterizing the strain inhomogeneity of aluminum alloys under the
noted conditions.

In this article, we present an analysis of the test and simulation of one pass in an
ECAE device with Ψ = Φ = π/2 of a previously extruded commercial Al 6061-T6 alloy.
The main objective of this article is to address the aspects that have not been studied in
depth in the bibliography with respect to the relation to the distribution of the values of the
equivalent plastic strain and its relationship with the deformation history in regions close
to the internal and external channels and in the central region of the billet and its variation
in function of the dimensional model used in the simulations in this alloy when being
formed by the ECAE with the noted geometry. To achieve this objective, the simulation
results, such as the equivalent plastic strain in the middle section of the billet, are compared
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with the corresponding results provided by the analytical models proposed in [5,7] and
with those reported in [22]. In addition, to analyze the nature of the deformation, the
evolution of the effective plastic strain, strain rate, and spin tensor components of three
material points are analyzed. Finally, the microhardness across longitudinal and normal
directions and the degree of hardening after one ECAE pass are analyzed in terms of the
strain achieved.

2. Experimental Work

This section describes the experimental methods and techniques used in the present
investigation.

2.1. Material Characterization

The billets used in the tests and simulations were machined from extruded Al 6061
bars in T6 condition. The micrographs of the material were obtained by conventional
manual saw cutting through the longitudinal plane and over the midsection of the billet.
These samples were subsequently polished with cloth and diamond paste with a particle
size < 1 µm in a Prazis metallographic polisher (Prazis, C.A.B.A., Argentina). Finally, the
chemical etching was carried out with the Keller reagent during 30–60 s. The observation of
the microstructure was performed using an Olympus microscope (Olympus, Tokyo, Japan).

Figure 2 shows the optical micrograph image taken from the material before being
formed by ECAE. It reveals the typical aspects of a unidirectional cold formed high stacking
fault energy material with morphological texture, i.e., elongated Al (α) grains in the
extrusion direction (ED) and precipitates such as Mg2Si and/or intermetallic (Fe-Cr)3SiAl12
or simply AlFeSi [23].
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Figure 2. Optical micrograph image of the Al billet before being formed by ECAE (×100).

Tensile tests of the material before the ECAE were carried out according to [24] on
an INSTRON universal testing machine (INSTRON, Massachusetts, USA). The true stress-
strain curve of the material obtained during tests is shown in Figure 3. The elastic region
was identified and characterized. The region with a uniform plastic strain was interpolated
by means of a Hollomon type law [25]. A summary of the values of the Young modulus (E),
Poisson ratio (ν), yield strength (σ0.2), coefficient of resistance (K), and strain hardening
exponent (n) of the Hollomon equation obtained and used in the simulations to be presented
below are listed in Table 1.
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Figure 3. True stress-strain curve.

Table 1. Elastic and plastic coefficients calculated from the true stress-strain curve.

E (GPa) ν σ0.2 (MPa) K n

45 0.3 352.8 480.4 0.074

Finally, the microhardness measurements were made at randomly selected points, the
mean value of the measurements was 90 HV, and the standard deviation was very low.

2.2. ECAE

The test was carried out in the ECAE device shown in Figure 4a. It has two channels
with 10 mm × 10 mm of cross section and Φ = 90◦ and Φ = 120◦. The test and simulation
presented in this article correspond to the channel with Ψ = Φ = 90◦. The fillet radius of the
inner die corner is 1 mm. Figure 4b shows the size of the billet used in the tests, i.e., a square
section with 10 mm side and 55 mm of length. They were machined from extruded Al 6061
bars in T6 condition. Figure 4c shows the billets arranged in the extrusion channels, and
finally Figure 4d shows the billets before and after ECAE processing. The forming process
by ECAE was carried out at a speed low enough to neglect the effects of self-heating and
strain rate on the behavior of the material. Industrial grease for high pressure bearings was
used as a lubricant (YPF, C.A.B.A, Argentina).
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Figure 4. (a) Device used in the ECAE test; (b) dimensions of the billet used in the ECAE test; (c) ECAE
device with billets on 120◦ and 90◦ channels 8; (d) undeformed and deformed billets.

The mechanical characterization of the material includes microhardness and tensile
tests (see Figure 3). The microhardness test was performed with a Leitz tester (Esselte Leitz



Metals 2022, 12, 299 5 of 15

GmbH & Co KG, Stuttgart, Germany). The weight used in the tests was 100 g and the time
of the load application was 30 s. The microhardness was measured in ED and ND through
the center point of the stable region.

Figure 5 indicates, on the scheme of the deformed billet through the central point
of the stable region (point 11), the directions used in the microhardness measurements
(dashed and dot lines) and the material points used in the analysis of the evolution of the
equivalent plastic strain and the strain inhomogeneity according to the ND direction, i.e.,
points 4, 11, and 18.
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and microhardness measurements.

3. Numerical Simulation

The verification of the material response was carried out by modeling the tensile
test and fitting the numerical and experimental curves. The model of the part and
mesh and boundary conditions are showed in Figure 6a. The model was meshed with
3420 hexahedral second order elements with reduced integration—C3D20R. In Figure 6b,
the experimental and simulated true stress-true strain curves are superimposed.
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curve of the billet (before ECAE): experimental and simulated.

The variational formulation of the mechanical problem with boundary and initial
conditions was solved using the finite element method [26]. The simulations were carried
out using the general-purpose finite element code ABAQUS/Standard [27] (Dassault
Systémes Simulia Corp, Vélizy-Villacoublay, France). The ECAE matrix was considered a
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rigid continuum medium and the Al specimens as elastoplastic continuum medium with
isotropic hardening. The plasticity model is associative where the yield criterion considered
is that of the maximum distortion energy. To solve the model, the radial return algorithm is
used with an iterative incremental procedure in an updated Eulerian formulation.

In order to determine an optimal relationship between the computational cost and the
quality of the numerical solution of the ECAE process in the channel used in this work, a
convergence study was first performed. Four simulations were carried out: three with two
dimensional models considering the deformation behavior at the central plane of the billet
in ED, for which plane strain conditions were considered, and the remaining one with a
three-dimensional model. Figure 7 presents and shows the main features of the meshes
used in the simulations. The punch speed imposed in the simulations was 0.1 mm/s. The
simulations consider tangential and normal contact with friction between the outer surface
of the billet and the channel walls, where the friction coefficient used in simulations was
0.1 (typical value used by different authors, for example in [13]). The contact and friction
increase the strain near the inner channel of the ECAE device but in general does not change
its distribution, and decrease the strain inhomogeneity due to the effect of the backpressure
exerted by frictional drag between the surfaces of the billet and exit channel [15].
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4. Results and Discussion

In Figure 8, the values of the equivalent plastic strain of the 21 points of the medium
stable region of the billet shown in Figure 5 at the end of process and the extrusion force are
compared. In Figure 8a, it is observed that the differences between the values of equivalent
plastic strain in the region comprised between the peak, approximately at 1 mm (s = 0.1),
and the minimum, at 8 mm (s = 0.8), are not negligible. At the points of the billet near the
inner channel of the ECAE device, the value of equivalent plastic strain and its gradients
tend to soften for the refined meshes, either two or three-dimensional. Concerning the
increase of equivalent plastic strain on the inner die corner, it is maximum for a three-
dimensional case and tends to decrease as the 2D mesh becomes coarser. Beyond the
contact surface at the billet/inner channel, the transition towards the middle of the billet is
smoother in the three-dimensional case than two-dimensional models and vanishes as the
refinement of the two-dimensional mesh increases (Figure 8a). From the peak (≈ 1mm or
s = 0.1) to the point of contact of the billet with the outer channel at 10 mm or (s = 1), the
values and the variation of equivalent plastic strain are very close for all meshes. Finally, in
the contact region of the billet with the outer channel, the value of equivalent plastic strain
is maximum in the three-dimensional case and is almost constant for the two-dimensional
ones (Figure 8a).

Looking over the extrusion force, the values are similar for all cases. At the initial stage
the differences are negligible. At approximately 12 mm of the punch displacement, the
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extrusion force for the three-dimensional mesh crosses the curves of the two-dimensional
models and becomes greater up to 22 mm, from where the value of the extrusion force
for the four cases reaches the maximum value (Figure 8b). Beyond this displacement, the
extrusion force decreases and at 32 mm practically acquires the same value for all cases.

Based on the analysis carried out and considering that, of the three characteristics re-
gions of a billet deformed by ECAE—head, stable region, and tail (according to [13])—only
in the stable region do the stresses and strains tend to be homogeneous and that the differ-
ences shown in Figure 8a in the middle section of the stable region do not justify the use
of the fine 2D or 3D meshes, the results presented below correspond to the intermediate
two-dimensional mesh.
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Figure 8. (a) Equivalent plastic strain at 21 points indicated in Figure 5; (b) extrusion force obtained
with the meshes shown in Figure 7.

Figure 9 shows the equivalent plastic strain of three points close the inner and outer
channels and in the middle zone of the billet (material points 4, 11, and 18 in Figure 5,
respectively) in function of punch displacement. In Figure 9a–c, the points that delimit the
sections of the graphs for which the gradient of equivalent plastic strain is different than
zero are indicated. To correlate these sections with the position of the material points during
extrusion, in the same figures and on the flow lines of points 4, 11, and 18 are indicated the
points marked in the graphs of equivalent plastic strain in function of punch displacement.
Examining Figure 9a–c, it is observed that the values and the evolution of equivalent plastic
strain are conditioned by the position of the material point in the extrusion channel. They
are marked differently, in value and history, at point 4 with respect to points 11 and 18.

Figure 9a corresponds to point 4 on the lower region of the billet close to the outer
channel, four sections of which ∂εpl/∂d 6= 0 can be identified and are indicated as Section 1,
Section 2, Section 3, and Section 4. In the case of points 11 and 18, at the middle and upper
region of the billet, respectively, unlike point 4 there are two sections in which ∂εpl/∂d 6= 0,
labeled as Sections 1 and 2 in Figure 9b,c, respectively. The values of the equivalent plastic
strain at the end of ECAE at points 4, 11, and 18 are 0.99, 0.89, and 0.37, respectively. As can
be seen, the final equivalent plastic strain is maximum in the material points close to the
inner channel and decreases when moving towards the outer channel.
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An interesting and not very in-depth aspect of the analysis of equivalent plastic strain
values in the ECAE process is its distribution at the end of the process. In the case of point
4, the evolution of equivalent plastic strain has four increments (∆εpl). Its take place at
the four sections at which ∂εpl/∂d 6= 0: 24.7%, 32.2%, 38.0%, and 5.1% (Section 1, Section
2, Section 3, and Section 4 in Figure 8a). The first three ∆εpl represent 94.9% of the total
equivalent plastic strain, which is split almost evenly in the noted increments. In points
11 and 18, the distributions of the final equivalent plastic strain differ from that of point 4
and are similar to each other (see Figure 9b,c). In the case of point 11, the total equivalent
plastic strain is split in two ∆εpl, for which 7.8% and 92.2% of the total equivalent plastic
strain are reached (Section 1, and Section 2 in Figure 9b). At point 18, near to the inner
channel, although it is observed that the total equivalent plastic strain is split in three ∆εpl;
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99.2% of the total equivalent plastic strain is reached in the two initial ∆εpl, 11.0% and
88.2% respectively (Section 1, and Section 2 in Figure 9c), corresponding to the third ∆εpl
being 0.8% of the total equivalent plastic strain (Section 3 in Figure 9c).

The differences in the values and evolution of the equivalent plastic strain shown in
Figure 9 are due to the kinematics of the material points 4, 11, and 18, shown in Figure 10.
Their analysis, in addition to contributing to the detailed description of the evolution of
the process, allows for modeling the evolution of the texture and microstructure based on
polycrystalline simulations based on the deformation histories of each material point. In
Figure 10a–c. it is observed that the rigid rotation (w) is similar in the three points and, as
we move from the external to the internal channel, its magnitude decreases. The magnitude
of the components of the strain rate tensor, D11, D12, and D22, varies inversely to rigid
rotation, and it decreases as we move from the internal to the external channel. A deeper
analysis of the components of the tensor D allows us to justify the sections indicated in
Figure 9a–c. In the case of material point 4 (next to the external channel), there is no section
of the curves for which the components of tensor D have greater preponderance, hence
the final value of the equivalent plastic strain is almost uniformly distributed among the
sections indicated as 1–4 in Figure 9a. In contrast, before the material points 11 and 18
enter to the central fan region (non-null rigid rotation), the components of tensor D are
negligible; when they enter in the noted region, the components of tensor D increase and
acquire the maximum value, hence the greater contribution of Section 2 in Figure 9b–c to
the final value of the equivalent plastic strain.
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Figure 10. Evolution of components of symmetric part of the velocity gradient tensor and accumu-
lative rigid body rotation angle as a function of punch displacement: (a) point 4; (b) point 11; and
(c) point 18.

In Figure 11, the profiles of equivalent plastic strain along ND and ED at the center of
the stable region are shown. As can be seen, in the ED the equivalent plastic strain is quasi-
constant, whereas in the ND it varies along the height of the billet, being more pronounced
in the regions of the billet near the outer channel. Although the analysis developed so far
made light on the values and distribution of equivalent plastic strain of the material points
in the three characteristic regions of the billet at end of the extrusion (Figure 9), the analysis
of the inhomogeneity of the deformation along the height of the specimen deformed by
ECAE involves analyzing the equivalent plastic strain at the 21 points indicated in Figure 5.
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Figure 12 shows the values of equivalent plastic strain in the noted points obtained in
the simulation, the values published in [22], which considers the material as being perfectly
plastic and for which the friction effect was excluded in the simulation, and those calculated
with the analytical models proposed in [5,7] for the geometry of the channel used in this
article. From the analysis of the values obtained in the simulations, the inhomogeneity
of the equivalent plastic strain is observed along ND of the middle section of the stable
region. Looking more closely, four regions can be distinguished. Region I corresponds to
the part of the billet in contact with the inner channel of the ECAE device in which the
equivalent plastic strain reaches the maximum value in this region (1.05) at a distance of
0.5 mm from the inner channel (s = 0.05); on the surface of the inner channel the equivalent
plastic strain is equal to 0.77. This fluctuation could be due to the dimensional limitation of
the model used to catch the localization of the strain at the inner die corner (see analysis of
Figure 8). As we move into the outer channel, the equivalent plastic strain decreases, being
able to distinguish two regions in whose sections the ∇εpl changes. Region II extends from
s = 0.1–0.5 and the equivalent plastic strain decreases from 1.05 to 0.89 (∆εpl = 0.16). In
Region III, the equivalent plastic strain goes from 0.893 to 0.371 and extends from s = 0.5–0.8.
Clearly, the negative ∇εpl is considerably higher in region III due to the effect of the finite
radius of the outer channel. In region IV, close to the outer channel, the equivalent plastic
strain increases from 0.37 to 0.60; this increment is due to the increase of the strain rate
tensor at the starting point of Region IV to the external channel (semicircular regions on
the external channel marked in Figure 9). Finally, comparing the equivalent plastic strain
simulated and values extracted from [22], there are differences in regions I, II, and III, and a
lack of uniformity throughout the entire section, from what is postulated in [5], according
to which the equivalent plastic strain is 0.90, as well as in the so-called central fan region
proposed in [7], for which equivalent plastic strain is 0.93 (α ≈ 17.6 and βm ≈ 54.8) from
s = 0 until s ≈ 0.81.
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Quantitatively the degree of inhomogeneity of the plastic strain shown in Figure 12
can be estimated by calculating the strain inhomogeneity index proposed in [13]:

Ci =
(
εpl, max − εpl, min

)
/εpl, mean, (1)

where εpl, max, εpl, min, and εpl, mean are the maximum, minimum, and mean equivalent
plastic strain along the thickness of the billet. Table 2 shows the values of the listed variables
and the index Ci.

Table 2. Values of εpl,i, with i: max, min, and mean and Ci (Equation (1)) for the meshes shown in
Figure 7.

Mesh Refinement
Equivalent Plastic Strain

CiMin Max Mean

2D
Coarse 0.367 1.068 0.773 0.906

Intermediate 0.370 1.050 0.777 0.870
Fine 0.359 1.042 0.778 0.878

3D - 0.362 1.031 0.789 0.847

The values reported in Table 2 show that as the two-dimensional models use finer
meshes or a three-dimensional model is used, the value of Ci and strain inhomogeneity
tend to decrease. From the analysis of εpl, i with i: max, min, and mean, it is observed that
the variation of εpl, min does not present a clear trend when refining the mesh or using a
three-dimensional model. This makes sense because, as was noted, the εpl, min has its origin
in the value of the angle of the outer channel ψ 6= 90◦. In contrast, the εpl, max tends to
decrease as the two-dimensional mesh is finer or if the three-dimensional model is used
because, as was concluded, the origin of Region I is the spatial dimension of the model and
the refinement of the mesh used in the 2D simulations. From the analysis of the εpl, min and
εpl, max, it follows that the values εpl, mean increase and, as a consequence (see Equation (1)),
the coefficient Ci decreases as the mesh used in the simulations is finer or if the model used
is three-dimensional.

As can be seen from the analysis carried out as a result of ECAE processing in general
and strain inhomogeneity in particular, the material hardness and grains are stretched in
the ED direction.
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Figure 13 shows the microhardness profiles along ED and ND at point 11. In ED, the
hardness presents a soft and slight tendency to increase from the beginning and end of
the stable region towards point 11, where the mean value and the associated standard
deviations were 92 ± 1 HV and 91 ± 2 HV, respectively. In ND, the hardness increases from
the outer to the inner channel, where in the material point 21 of Figure 5, the microhardness
is the highest and equal to 103 HV. In the head and the tail part of the deformed billet,
the measured values showed considerable deviations (the equivalent plastic strains in the
noted regions are inhomogeneous), and the mean values in each one were 110 HV in the
tail and 90 HV in the head.
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Figure 13. Microhardness profiles in central region of the billet along ED and ND at point 11 (dotted
and broken lines in Figure 5).

In Figure 14, the microhardness as a function of the equivalent plastic strain in the
21 points of the middle section of the stable region (dashed line in Figure 5) is plotted.
Clearly and even when the strain hardening of the material shaped is low, it can be seen
that as the strain increases the hardness value does so as well.
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Figure 14. Microhardness as a function of the equivalent plastic strain at the 21 points indicated in
Figure 5.

Finally, Figure 15 shows a micrograph of a midpoint of the central region of the
extruded billet. Comparing the material before and after being processed by ECAE
(Figures 2 and 15), it is observed that the Al grains (α solid solution) and the intergranular
precipitates have stretched in the extruded direction (ED) and their thickness has decreased
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in the normal direction (ND), whereas the precipitates have been deformed and aligned in
ED. The average sizes of the Al grains before and after the deformations were 60.07 µm
and 39.93 µm.
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Figure 15. Optical micrographs image of the Al billet after the ECAE deformation (×100).

5. Conclusions

The main conclusion for the material and ECAE device used in this work (Ψ = Φ = π/2)
is that the equivalent plastic strain is not discontinuous, it is neither uniform throughout
the entire height of the specimen, nor does it have the idealized central fan shape proposed
by other authors.

• Regarding the influence of the model and the refinement of the mesh used in the
simulations, it can be said that the differences in the values of the equivalent plastic
strain in the regions far from the inner walls of the extrusion device are negligible,
being appreciated in the regions near the inner channel due to the localized effects of
inner die corner.

• The billet starts to deform plastically in regions before and after the PDZ, being greater
in the regions close to the inner channel due to the finite radius of curvature of the
outer channel.

• The uniform values of equivalent plastic strain calculated from analytical models are
approximately equal to each other and to the value of simulations at s ≈ 0.5, being
closer to the simulated values in Regions I and II of the 3D mesh, for which the location
effect caused by the inner die corner is captured and the finite radius of the external
channel is less pronounced.

• Concerning the hardening of the material processed in this work, a relationship was
observed between the value of the equivalent plastic deformation reached and the
measured microhardness value. According to the ED and along the line across the
middle height of the stable region, the hardness and deformation are constant and
greater than initially measured. However, according to the ND through the central
point of the stable region, the hardening is directly related to the equivalent plastic
deformation reached in the 21 points used in the analysis.
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