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Abstract

Severe plastic deformation (SPD) processes offer the possibility of improving the mechanical properties of metallic mate-
rials by grain refinement. However, this great potential has so far mostly been applied on a laboratory scale or on small
series. Equal-Channel Angular Pressing (ECAP) also enables to integrate the advantages in industrial processes with large
output—so far, mainly for bars or thick plates. In this paper, we investigate the ECAP process for sheet metal. Preliminary
investigations have shown that cracks form on the surface when aluminum AA5083 sheets are processed. To solve this
problem, we determined the Johnson—Cook fracture criterion for the material and modeled the process numerically. The
simulation was carried out with the superposition of a backpressure and subsequently implemented and validated experi-
mentally. The semi-finished sheet metal products from the ECAP investigation were then mechanically characterized with
microhardness measurements and tensile tests. In addition, the microstructure was investigated with Electron Back Scatter
Diffraction (EBSD). Even comparatively small amounts of backpressure (10 MPa) already result in a significant suppres-
sion of the crack formation in the numerical and experimental investigations. The microhardness measurements indicate a
more homogeneous strain distribution for a sufficient level of applied backpressure which enables the processing of crack-
free sheets in multiple ECAP passes. As with ECAP of bulk materials, tensile tests on the processed sheets show a reduced
elongation to failure (—73%) but a significantly increased yield strength (+ 157%) compared to the initial condition of the
material. Distinct substructures are found in the EBSD measurements and explain this behavior. The findings provide the
basis for using ECAP on an application-oriented scale and demonstrate an advanced manufacturing method for the produc-
tion of high-strength aluminum sheets.

Keywords Equal-Channel Angular Pressing (ECAP) - Johnson—Cook fracture criterion - FEM simulation - Aluminum
AAS5083

1 Introduction transportation and mobility industry, companies are required

by law to design products and processes that are more envi-

Due to the growing climate awareness in society and econ-
omy, a change in environmental strategy is increasingly
expected from industrial companies. Particularly in the
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ronmentally friendly and sustainable. To achieve this, many
companies are using materials that reduce the weight of
the final product. Intelligent lightweight construction can
reduce the energy consumption and thus achieve a more
CO,-friendly result. In the choice of materials that can be
used for this purpose, aluminum will come into even sharper
focus by the year 2030 [1]. Despite the obvious advantages,
it also has limitations in terms of cost and mechanical
strength, which so far restrict its use, especially in the body-
work and crash structures of the automotive industry.
Severe plastic deformation (SPD) processes offer the
possibility of increasing the strengths of metallic materials
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and thus expanding the previously mentioned fields of
application [2]. The process is based on the introduction
of shear strains into the material, whereby substructures
with low-angle as well as new high-angle grain boundaries
can be formed if a sufficient amount of plastic deformation
is applied [3]. The additional grain boundaries are effective
obstacles for dislocation motion during further deforma-
tion, resulting in macroscopically increased strength [4].
However, these processes usually require a large effort in
terms of time and energy. As a result, most of the develop-
ment of existing processes takes place at the laboratory
scale and is thus limited to small quantities [5]. Equal-
Channel Angular Pressing (ECAP), in particular, is one of
these processes that also addresses the possibility of use
on an industrial scale [6]. In ECAP, material is pressed
through an angled channel, introducing a large shear strain
into the material. This results in severe plastic deforma-
tion of the microstructure without altering the macroscopic
dimensions of the material [7]. Two major problems of
the ECAP process are inhomogeneities occurring in the
microstructure of the billet’s cross-section [8, 9] as well
as pronounced crack formation on the material’s surface
[10, 11] (see Fig. 1). To solve these issues, a superposition
of pressure by a counterholder was originally proposed in
the so-called Equal-Channel Angular Extrusion (ECAE)
approach [12]. By superimposing compressive stresses,
cracking and void formation on the surface could be sup-
pressed. In addition, the material could be pressed into the
outer radius of the angled die by the backpressure, resulting
in a more sharply defined plastic deformation zone (PDZ)
characterized by a smaller opening angle and a more uni-
form microstructure [13]. Figueiredo et al. used numeri-
cal studies with a Cockroft-Latham fracture criterion to
investigate process control with a backpressure of 80 MPa
for magnesium deformed at different of strain rates [14].
Frint et al. used a backpressure of up to 200 MPa for the
ECAP of aluminum 6060 to obtain a homogeneous and
crack-free structure [15]. Stolyarov et al. performed ECAP
on aluminum bars with a backpressure of 275 MPa and
were able to reach 16 passes of ECAP, but with a reduc-
tion in strength compared to a backpressure of 100 MPa
[16]. Another way to increase the strains and obtain a more
homogeneous microstructure is multiple forming using

ECAP [17]. It is well documented that the route C (180°
rotation around the ECAP direction for a second pass) con-
tributes to the formation of a homogeneous microstructure
[18].

All of these studies deal with the ECAP of bars or
bulk material. Lightweight applications in the automotive
industry, however, create a need for materials with other
dimensions—such as sheet metals. In general, the ratio
of surface area to volume for semi-finished sheet metal
products increases in comparison to semi-finished products
with a round or square cross-section. This causes the influ-
ence of friction on a larger area and defects on the surface
have a significantly greater influence on the semi-finished
product properties (see Fig. 1c). In addition, sheet cross-
sections run the risk of buckling or wrinkling. The ECAP
processes, which process aluminum alloys as semi-finished
sheet products and generate high shear deformations in the
process, exhibit these scalability issues and achieve lower
mechanical properties compared to conventional ECAP.

In previous studies, we already performed investi-
gations with an ECAP tool that is able to process alu-
minum sheets with a thickness of 1.8 mm and a size of
200 x 160 mm (length X width) (see Fig. 2a). To perform
the ECAP test, the sheet is placed in the channel between
the left and right channel parts and pressed with the stamp
(speed =6 mm/s) through the angle at the end of the chan-
nel. The tool parameters are shown in Fig. 2b. Using this
tool, it was possible to promote the onset of microstructural
changes in the sheets and to perform ECAP with differ-
ent routes [19]. Numerical investigations within these first
studies have already identified possibilities to improve the
channel geometry with respect to further increased shear
strains. Here, the influence of the inner channel radius
and the channel angle were investigated in particular [20].
However, further experimental investigations showed that
surface defects occur in ECAP for aluminum alloy AA5083
sheet materials with increasing strains (see Fig. 2c). For
this experiment, the channel radius of the right chan-
nel part (inner radius) is ¥=0.3 mm, and that of the left
channel part is R=2.3 mm. The active elements form a
channel angle of @=100° and a width w=2.1 and height
h=2.1 mm were chosen.

Fig. 1 Major problems for the (a)
processing of aluminum with

ECAP: (a) inhomogeneities; (b)

surface cracks; (c) scalability
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Fig.2 (a) ECAP tool consisting
of the left and right chan-

nel parts and the stamp; (b)
schematic sketch of the ECAP
channel with the geometrical
parameters; (c¢) cracks occur on
the sheet metal surface

In order to solve the two main problems of the ECAP
process (inhomogeneities and cracks) also for ECAP of
sheet materials, this study presents simulations based on
a numerical finite element model (FEM). To address the
problem of crack formation, a fracture model for sheet metal
ECAP processes is developed. The simulation is then uti-
lized to design the use of backpressure and thus to improve
the resulting microstructures and sheet surfaces. Finally,
the mechanical properties of the ECAP sheets are tested to
evaluate the improvement of the material and the influence
of the backpressure. This work provides a framework for
future research and a blueprint for practical integration of
the ECAP manufacturing technique into industrial processes
that handle semi-finished sheet metal products.

2 Material and methods
2.1 Sheet material and mechanical testing

For the ECAP experiments in this study, we used cold-
rolled aluminum AA5083 sheets (4.81 wt% Mg, 0.53
wt% Mn, 0.36 wt% Si, 0.23 wt% Fe, and 0.18 wt%
Cr, bal. Al). The dimension of the sheet material was
200 mm X 160 mm with a sheet thickness of ~ 1.8 mm.
The rolling direction (RD) is aligned along the longer side
(200 mm). Prior to deformation in our ECAP tool, the
sheets were subjected to a homogenization heat treatment
for 1 h at 500 °C. This homogenized state is referred to in
the following as the reference state (Ref).

To characterize the mechanical properties, tensile
specimens (DIN 50125 shape E, width 10 mm, parallel
length 45 mm) were machined from the initial material
(Ref) and the ECAP sheets [21]. The specimens were
tested quasi-statically in a Zwick ZT150 Allround Line
universal testing machine according to [22]. A test speed
of 0.0375 mm/s was selected with position-controlled

setting, which corresponds to a nominal strain rate of about
1073 s7!. Strains were measured using Digital Image Corre-
lation (DIC) with a GOM Aramis SRX system. Moreover,
hydraulic bulge tests according to DIN EN ISO 16808 were
performed to select a suitable extrapolation for the flow
curve [23]. In this study, the approaches according to Gosh
and Hockett-Sherby were combined with a factor «=0.265,
whereby the Gosh extrapolation accounts for the smaller
portion. [24, 25]. Figure 3 shows the determined flow curve
with this extrapolation and Table 1 summarizes the values
used for the simulation. Three samples were taken for each
tensile test with ECAP and Ref state each and also three
tests for the bulge tests.

After ECAP, microhardness tests were performed to
evaluate the homogeneity of the deformed microstruc-
tures. For this purpose, specimens were cut from the
formed ECAP sheets parallel to the ECAP direction (ED).
The samples were mechanically ground with SiC paper
(800-2500 grit) and polished with an oxide polishing
suspension of 0.05 pum. A Vickers indenter with a load of
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Fig.3 Extrapolated flow curve of the aluminum alloy AA5083 deter-
mined from tensile and bulge test data
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Table 1 Rounded equivalent plastic strain [-] and cauchy stress [MPa] values of the flow curve used for the numerical investigations

Equ. plastic strain [-] 0 0.006  0.008  0.01 0.02

0.03 005 007 0.1 0.2 0.5 1 1.5 2

Cauchy stress [MPa] 130.4 130.5 139 147 179

204 241 269 301 359 417 456 482 502

0.1 N was applied. The measuring points were started at
the edge of the outer radius with a distance of 0.05 mm.
Then, the measuring points were placed sideways (alter-
nately left and right) with a distance of 0.3 mm (in ECAP
direction) and with lateral offset of 0.15 mm over the sheet
thickness to determine the microhardness values, see also
[20]. To validate the statistics, three measurements were
used on two different ECAP samples each and the mean
values and standard deviations were calculated (six meas-
ured values per measuring point).

2.2 Material modeling for numerical analysis

ECAP for bulk material has already been intensively investi-
gated in simulation studies. Strain hardening was for exam-
ple investigated analytical and compared to numerical results
[26], strain path dependence was analyzed [27] and in a cur-
rent study strain homogeneity was investigated for round
billets [28]. In the present paper, the simulations were done
specifically for sheet metal, so sheet material was used for
material characterization and modeling.

To address the problem of cracking in the numerical anal-
ysis of ECAP processing, the following section presents the
investigation of the fracture behavior of the AA5083 mate-
rial using the push-out test to determine the Johnson—Cook
fracture criterion. This methodology was chosen to repre-
sent a similar condition as in the ECAP process. During the
cutting process of the push-out test, a shear stress state is
present across the sheet cross-section similar to ECAP. To
ensure comparability of the stress states, the triaxialities of
the two processes were compared in the simulations and
discussed in the numerical results.

In our study, the determination of the necessary param-
eters was carried out by inverse parameter determination
according to Gref et al. [29]. For this purpose, push-out
experiments were performed and matched with simulations.
The parameters of the Johnson—Cook model were iteratively
adjusted in the simulation so that the failure behavior agrees
numerically and experimentally. The Johnson—Cook fracture
criterion is limited to a small number of constant parameters.
Primarily, the model is based on the strain and strain rate as
well as temperature and pressure [30]:

Z; = (D, + Dy [1 +D41n<i>] (1+Ds6)

€o

@ Springer

Here, £, describes the plastic strain at which fracture
begins. The Johnson—Cook material constants are repre-
sented by the parameters D, to Ds. Dy, D, and D; explain
how the hydrostatic stress affects the fracture strain. D,
describes the influence of strain rate and D the influence
of temperature on the fracture strain. e describes the equiv-
alent plastic strain, # the stress triaxiality, €, the reference
strain rate, € the effective strain rate, and 6 the temperature.
As the ECAP experiment was performed at room tempera-
ture, this parameter was therefore neglected in this context.
In addition, the material is not sensitive to strain rates at
the low forming speeds, so this aspect is also neglected
[31]. This step simplifies the equation to

gf = (Dl + DzeDzrl)

The stress triaxiality # is composed of the ratio of the
hydrostatic stress (p) to the Mises equivalent stress (g) and
is dimensionless. It is calculated as follows, where ¢}, o,,
and o, represent the normal stresses:

p
n=-

q

o, +0,+ 03
p_

For the determination of the material constants Dy, D,
and D5, push-out tests were carried out (see Fig. 4). The
die was mounted in a Zwick ZT150 Allround Line uni-
versal testing machine. The disk-shaped AA5083 speci-
men (thickness t=1.8 mm) was clamped by the down-
holder onto the die (diameter d,= 18 mm; r,=0.06 mm).
The punch (diameter d, =17 mm; r,=0.06 mm; die gap
¢=0.5 mm) was attached to the cross-head of the universal
testing machine and moved with a constant speed of 1 mm/
min until failure occurred in the aluminum specimen.

The shear zone was analyzed optically. For this pur-
pose, the specimens were cut in half and the cross-sec-
tion was ground and polished. With a digital microscope
(Keyence VHX 2000), the exposed cutting surfaces were
measured for their characteristics. It is important to note
the differentiation of the individual cut areas according
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Fig.4 (a) CAD model of the
push-out test; (b) schematic
sketch of the push-out test with
the geometrical parameters; (c)
numerical (left) and experimen-
tal (right) results of the push-out
test

to VDI guideline 2906-2: edge indentation, smooth cut,
fracture surface, and burr [32]. Particularly for the exami-
nation of aluminum AAS5083, a distinct and long burr can
be observed (Fig. 4c¢), as already noted by GreB et al. [33].

Using the program Abaqus/Explicit Version 2020, the
setup of the push-out test on aluminum AA5083 was simu-
lated. The simulation was built up in a two-dimensional,
axisymmetric model. For sufficient comparability, it is
important to reproduce the exact dimensions and material
properties of the test. The punch, die, and downholder
were simulated as analytical rigid bodies. The material
AA5083 was defined as a deformable solid. The previ-
ously determined flow curve and the material parameters
from the numerical studies of [34] were used. In order to
use the computational capacity efficiently and still allow
for an accurate investigation of the cutting zone, a finer
meshing of an element edge length of 0.025 mm inside
the shear zone, as opposed to 0.25 mm outside the shear
zone, was specified. In addition, a mass scaling with a
target time increment of 5-107%7 was used. “Hard contact,”
stored in Abaqus, was used and the friction was modeled
as isotropic penalty with a Coulomb friction of 0.1. The
Johnson—Cook parameters D, D,, and D; were inversely
determined by matching and calibrating with experimen-
tal results using the method of Gre8 et al. [29]. The focus
was placed on the smooth cut portion, which plays an
important role for the onset of fracture. Less emphasis
was placed on the formation of the burr, which is also
subject to greater fluctuation in the experiment than the
other parameters. Figure 2c shows the comparison of the
numerical results and the experimentally determined cut
surfaces. The experimental results (on the right side) are
provided with the scatter values from three specimens.
The contour of a single experimentally tested specimen
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is shown (on the left side) as an example. The iteratively
determined parameters are D, =0.1; D,=7; D;=16.

3 Numerical investigations on sheet metal
ECAP

As in the determination of the Johnson—Cook parameters,
the explicit code Abaqus 2020 was used. The simulation is
set up in 2D with a plane strain formulation. This assump-
tion is made because the plate width of 160 mm is large
compared to the plate thickness of 1.8 mm and, accordingly,
there is a homogeneous strain state across the plate width.
The channel and the stamp were modeled as analytical rigids
(see Fig. 5a). The sheet was meshed with rhomboid-shaped
elements (CPE4R). Different mesh sizes were tested in terms
of result accuracy and computation time and an element
edge length of 0.15 mm. Rounding the bottom edge of the
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| Configuration A | | Configuration B
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Fig.5 (a) Schematic sketch of the simulation model; overview of the

two geometrical setups used in this study: (b) configuration A; (c)
configuration B
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sheet helps to prevent numerical problems. For the contact,
the “hard contact” stored in Abaqus was used, and the fric-
tion was modeled as isotropic penalty. A friction coefficient
of 0.04 was used for the lubricated process, which corre-
sponds to the determined values of previous studies [34]. For
analyzing the ECAP process, two different parameter con-
figurations were modeled: configuration A has the same geo-
metrical parameters as in the experimental preliminary stud-
ies, where the cracks on the surface occurred: w=2.1 mm,
h=2.1 mm, ®=100°, R=2.3 mm, r=0.3 mm. In addition,
configuration B was designed in order to test the influ-
ence and potential of a sharper outer radius: w=2.05 mm,
h=1.85 mm, ®=120°, R=0.5 mm, r=0.5 mm. Figure 5
gives an overview of the two geometries.

Different mass scalings were tested to obtain adequate
computing times and a target time increment of 5-10™% was
used because it offers a good compromise between result
accuracy and computing time (see Fig. 6).

To ensure comparability of the stress states, the triaxiali-
ties of the two processes were compared in the simulation.
For the push-out test, only elements close to the fracture
zone were evaluated (9 elements). Implausible values were
excluded (triaxiality < —2). For the ECAP sheet, all ele-
ments were selected and the triaxiality was averaged, exclud-
ing the upper and lower quartiles to disregard outliers. For

both processes, the value is about — 1 and the assumption of
comparability holds. The value does not correspond to pure
shear, but to a superimposed compressive stress, which is
related to the fact that during both processes the material is
in contact with the tools and therefore experiences a pressure
superposition.

By determining the Johnson—Cook parameters, it was also
possible to reproduce the crack formation in the numerical
investigations. In order to ensure a complete calculation of the
simulation without aborting, the element deletion was turned
off in the ECAP simulation. To investigate the cracking nev-
ertheless, elements with a Mises stress of less than 0.01 MPa
and greater than 500 MPa are hidden. With this method, the
number of hidden elements cannot be determined, but the
investigation serves the qualitative comparison and shows
from which backpressure force an improvement with respect
to cracking or inhomogeneity can be expected in principle.
Figure 7a shows the numerical investigations of configura-
tion A without Johnson—Cook fracture criterion. Figure 7b
shows the simulation with the determined Johnson—Cook
parameters. When comparing the cross-section of the micro-
graph (Fig. 7¢) with the result of the simulation of AA5083
after ECAP, similarities can be seen in the crack pattern of
the specimen. The cracks are similarly deep and uniformly
distributed on the sheet surface deformed by the inner channel

Fig.6 (a) Equivalent plastic a) b)
strain versus standardized sheet 1.2 6000
thickness for different mass o
scalings; (b) computing time for £ | . 5000
different mass scalings g 0.9 <3 ©
8 £ 4000
g 061 © 3000
= 5
S 03t ——5"10-4 —e—1*10-4 g 2000
u% —+—5*10-5 1*10-5 8 1000
0 — _ wm B RS
outer radius inner radius 0

u510-4 ®1*10-4 m5*10-5 m1*10-5

Standardized sheet thickness [-]

Fig. 7 Experimental and numer-
ical results of the configuration
A in comparison; (a) numerical

results without Johnson—-Cook Elq u ItV 1
criterion; (b) numerical results plastic 7
with Johnson—Cook criterion; strain []

(c) experimental results 12
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radius. In the numerical study, it is clear that the cracking fol-
lows the course of the introduced shear, which is represented
by the distortion of the elements. The numerical representa-
tion of these cracks demonstrates the suitability of the John-
son—Cook criterion determined in the push-out test for the use
in ECAP simulations.

Experiments were also conducted for configuration B and
Fig. 8 shows the comparison between the experimental and
numerical cross-sections. Without the implementation of the
Johnson—Cook fracture model, Fig. 8a shows a more uniform
strain distribution than configuration A, but also decreasing
especially towards the outer edge. By implementing the John-
son—Cook parameters, Fig. 8b shows inhomogeneities in the
strain distribution at the outer radius. However, no obvious
cracks compared to configuration A appear at the surface,
which fits well with the experimental results from Fig. 5c.

The numerically determined equivalent plastic strain
versus sheet thickness is shown in Fig. 9. The values were
averaged along the ECAP direction in the length from 20
to 180 mm so that numerical boundary effects, e.g., at the
heavily deformed leading edge of the sheet, are not included
in the values. In addition, some values at the sheet surfaces
(outer and inner radius on the x-axis) are omitted due to
numerical discontinuities. The blue and gray curves show
the numerical results of configuration A, the green and
red curves configuration B. It can be seen that different
strain values are obtained for modeling with and without
the Johnson—Cook criterion. Although the curve remains
similar, there are differences of up to 10%, especially on
the outer side of the sheet. Since the qualitative comparison
already showed that the simulation with fracture criterion
corresponds well to the experiment, the curves with fracture
criterion are interpreted below. Configuration A experiences
a plastic strain of approx. 0.5 at the channel outer radius.
The inner side shows strain peaks of up to 1.2. The strong
inhomogeneity becomes clear from this curve progression.
The strains in the channel configuration B are approx. 0.5

Fig.8 Experimental and numer-
ical results of the configuration
B in comparison; (a) numerical

results without Johnson—Cook Elgiltvc
criterion; (b) numerical results pt . I
with Johnson—Cook criterion; strain [-]

(c) experimental results
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0 L L

outer radius inner radius

Standardized sheet thickness [-]

Fig. 9 Numerically determined equivalent plastic strain versus stand-
ardized sheet thickness from the outer corner radius up to the inner
corner radius

on the outer side of the sheet and approx. 0.8 to 1 on the
inner side. The strain distribution proves to be more homo-
geneous, particularly in the middle of the sheet. The results
show that especially with the large ratio of the small sheet
thickness to the sheet width, a small outer radius is essential
to potentially suppress cracking and to promote a poten-
tial homogeneity of the microstructure. This behavior has
already been shown for bulk material in conventional ECAP
[35] and proves to be even more important in sheet metal
ECAP due to scaling effects [36].

4 Integration and influence of backpressure
in the sheet metal ECAP process

Many studies have already shown for ECAP with bulk mate-
rial that backpressure has a positive influence on the homo-
geneity and the cracking of the material (sources). Espe-
cially with regard to an industrial use of the semi-finished

Configuration B
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product, these findings are very important. In the following
investigations, the influence and amount of stress superposi-
tion by backpressure for sheet metal ECAP are discussed.

4.1 Numerical analysis of backpressure for sheet
metal ECAP

In order to analyze the influence of backpressure (BP) on the
aluminum sheet metal during the ECAP process, the numeri-
cal simulation was extended by additionally superimposing
a uniform backpressure. For this purpose, 13 adjacent nodes
were each subjected to the same force of 222 N, 667 N,
and 1108 N, respectively. For the sheet cross-section of 288
mmz, this resulted in a BP of 10 MPa, 30 MPa, or 50 MPa.
Although this is lower than the BPs shown in previous stud-
ies (Figueiredo et al.: 80 MPa, Frint et al.: 200 MPa), Fig. 10
clearly indicates that, in the case of configuration A, cracks
caused by the inner radius (Fig. 10a, without BP) are already
avoided at the surface by a BP of 10 MPa (see Fig. 10b). At
30 MPa and 50 MPa, also both surfaces can be improved
(see Fig. 10c). The material thus exhibits an intact surface
even at low BPs in the numerical investigations, which
makes further processing of the material possible as a result
of the ECAP process.

If the plastic strains are compared over the sheet thick-
ness, a slightly more homogeneous distribution is obtained
for the backpressure of 30 MPa (see Fig. 11). Since the large
outer radius of this configuration allows the material to be
deflected and not sheared over the entire sheet thickness,
a lower strain is obtained despite the backpressure in the
outer area of the material. However, due to the superposition
of the pressure and the resulting increased shear strain, the
equivalent plastic strain increases towards the center of the

Fig. 10 ECAP simulation of
configuration A (a) without

1.2
C
‘T 09 -
®
O
"g 06 - —e—BP50
a —e—BP30
=
303 | —e—BP10
w
—eo—noBP
0
outer radius inner radius

Standardized sheet thickness [-]

Fig. 11 Numerically determined equivalent plastic strain [-] versus
standardized sheet thickness of configuration A with no backpressure,
10 MPa, 30 MPa, and 50 MPa

sheet and then remains at a constant value of approx. 1. The
curve of the 50 MPa backpressure shows a similar behavior,
but is on average slightly higher.

If the backpressure is applied to configuration B, the
material is pressed into the outer radius (see Fig. 12).
To represent the introduced stresses in the material, the
von Mises equivalent stress is used. Figure 12a shows
the stresses of the ECAP simulation of configuration B
without BP; Fig. 12b shows the simulation with a BP of
10 MPa. The filling of the “dead zone” by the BP imposes
a more uniform shear zone, which directly results in a
more homogeneous and more deformed structure. This
finding agrees well with the results of Ponce et al. (com-
bination of inner and outer radius) and Filho et al. (focus
on outer radius) who tested different channel geometries
for bulk material [37, 38].

Configuration A

backpressure, (b) with 10 MPa Equiv.
backpressure, (¢) with 30 MPa plastic
backpressure, and (d) with -
strain [-]
50 MPa backpressure
1.2
0.6
0
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Fig. 12 ECAP simulation of Von Mises
configuration B (a) without equ. stress
backpressure and (b) with [MPa]
10 MPa backpressure 450
Fig. 13 ECAP simulation of
configuration B (a) without
backpressure, (b) with 10 MPa, Equi A
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Figure 13 shows the distribution of plastic strains for con-
figuration B. It is shown that the strains increase significantly
at a BP of 10 MPa in the center of the sheet and a more
homogeneous character develops (Fig. 13b). At 10 MPa, the
strain values at the outer edge of the sheet are partially still
low (approx. 0.6). At a BP of 30 MPa this inhomogeneity
becomes smoother (see Fig. 10c). Also noticeable, with BP,
are the locally increased strains reminiscent of shear bands
[39]. However, to investigate these in detail, a more complex
material model with kinematic hardening is needed [40].
This is beyond the scope of this paper but would be highly
interesting for future research with respect to material engi-
neering phenomena as shear band formation may also affect
the local onset of surface failure.

Looking at the averaged strains over the sheet thickness,
the advantages of the BP become apparent (see Fig. 14).
The gray curve represents the ECAP process without
backpressure. The solid blue line represents ECAP with a
backpressure of 10 MPa. The result is a much more homo-
geneous strain profile in a range with strains from 0.8 to
0.9. If the backpressure is increased to 30 MPa, the strains
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q
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Fig. 14 Equivalent plastic strain [-] versus standardized sheet thick-
ness of config. B with no backpressure, 10 MPa, 30 MPa, and 50 MPa

increase slightly. At the outer radius, the sheet is strongly
pressed into the dead zone. In the simulation, this results
in stress peaks at individual points, which is why the strain
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values are much higher for 30 MPa and the sheet material
already tends to break there.

The simulations of the backpressure show the potential
for the improvement of the sheet metal ECAP. In particular,
the simulations of the configuration B predict a homogene-
ous strain distribution due to the small outer radius and the
closing of the “dead zone.” In the following, these numerical
findings are used to develop a strategy for the implementa-
tion of the backpressure into the experiments with the con-
figuration B.

4.2 Implementation of backpressure for sheet
metal ECAP

Figure 15 shows the experimental implementation of BP in
the ECAP tool for sheet materials. A backpressure device
is developed and integrated into an additional base plate
under the ECAP tool and positioned to the channel exit.
The sheet is thus guided in a channel when BP is applied,
in order to avoid buckling of the sheet. Furthermore, the
counterpressure device was designed in such a way that only
a small gap results between the channel exit of the angled
die and the counterpressure device (see Fig. 15c¢). This also
helps to avoid buckling. In Fig. 15b, it can be seen that the
backpressure is applied via three gas springs. To apply a
pressure of 10 MPa to the sheet, the three springs were filled
with 19.2 bar nitrogen gas each (57.6 bar and 96 bar each
for 30 MPa and 50 MPa). Due to the displacement of the
pistons, the pressure in the springs increases, resulting in
slight differences in backpressure at the beginning and end

Fig. 15 (a) ECAP tool with the
backpressure device; (b) back-
pressure device with the three
gas springs; (c) picture of the
ECAP tool for sheet metal with
backpressure

of the ECAP process. The target values (10, 30, and 50 MPa)
are therefore the pressures averaged over the process. After
ECAP, the sheet metal is removed by opening eight screws
and disassemble the upper counter channel. This would not
be necessary in an industrialized variant, where it would be
possible to move the upper channel part vertically with the
right channel part (as with the previously existing tool) on
the basis of the attachment to the downholder plate. Fig-
ure 15¢ shows the backpressure device in the closed state
during the test. The experiments were performed for the con-
figuration B and with the same parameters as ECAP with-
out BP (punch speed: 6 mm/s; lubrication: Beruforge 152D)
[41]. In order to introduce even higher and more homogene-
ous strains into the material, Route C was tested additionally.
Therefore, the sheet material was turned 180° around ED
after the first pass (N) and processed again.

4.3 Influence of backpressure on mechanical
properties

In the following section, the ECAP-processed aluminum
sheets with and without backpressure of configuration B
are compared to the reference material. In order to char-
acterize the homogeneity of the plastic deformation gen-
erated in the experiment, microhardness measurements are
used. The microhardness of the ECAP sheets measured
over the sheet thickness is shown in Fig. 16. For each of
the experimental microhardness tests, three measurements
were made across the sheet thickness, and the mean value
is shown. Compared with the base hardness of 70.5 HV of
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the initial material, an increase of hardness can be seen for
the ECAP deformed material. For the first pass of ECAP
(pass N, Fig. 16a) with no BP, a mean hardness of 107.2 +2
HYV is found, wherein a hardness of ~ 100 HV is found in
the outer area and a value of up to~ 119 HV at the inner
radius. The lower values at the outer radius correspond to the
findings of the plastic strains in the simulation. In compari-
son, ECAP deformation with superimposed backpressure
shows an overall increase in material hardness, accompa-
nied by stabilization of microhardness at the inner channel
radius (N 10 M: 109.8 £3.8 HV; N 30 M: 110.7+4.1 HV;
N 50 M: 114.6+2.7 HV). For a backpressure of 50 MPa,
the material starts to flow transversely due to the high back-
pressure and settles in the small gap between the channel
outlet and the backpressure device, causing cracks on the
surface. Since this gap was not considered in the simula-
tion, this error could not be determined in the numerical
analysis. For this reason, the sheets with 50 MPa could
no longer be processed with more ECAP passes or tensile
tests. Figure 16b illustrates the effects of backpressure in two
ECAP passes. For Route C, the hardness values continue to
increase, but without BP, strong fluctuations occur across
the sheet thickness (C noBP: 114.9+2.7 HV). For a BP of
10 MPa, a mean hardness of 118.2+2.3 HV is determined
and the fluctuations can already be reduced and with a BP of
30 MPa the distribution becomes even more homogeneous
(C 30 M: 120.4 +2.6 HV). This homogeneity reflects the
findings from the simulation and illustrates the potential of
backpressure for ECAP of sheet materials.

Standardized sheet thickness [-]

In order to further investigate the macroscopic mechani-
cal properties, tensile tests were carried out. Figure 17a
shows the quasi-static engineering stress—strain curves for
the non-processed reference material (Ref) and the ECAP
states with and without BP at room temperature. Figure 17b
summarizes the elongation to failure for the different set-
ups. For every setup, three specimens of at least two dif-
ferent ECAP-processed sheets were tested. Representative
data from individual specimens instead of mean values are
shown in Fig. 17a, whereas Fig. 17b shows the mean values
accompanied by standard deviations.

The base material shows a pronounced yield strength at
129 MPa and a distinctly serrated flow most likely due to the
Portévin-Le Chételier effect [11, 42]. The ultimate tensile
strength is 290 MPa and the elongation to failure is approx.
21%, but just shown up to 8% in this diagram as the differ-
ent ECAP setups are in the focus of this study. After the first
ECAP pass (N), a distinct increase in the yield strength (YS)
to a value of 256 MPa is observed without BP (+97%). The
ultimate tensile strength (UTS) increases to 337 MPa with-
out BP. In addition, the elongation to failure (EF) decreases
to approx. 4.7%. For the first ECAP pass, a similar behavior
can be found for the application of BP. For both backpres-
sure values (10 and 30 MPa), YS increases to a value of
approximately 280 MPa (+ 117%), while the UTS increases
to 346 MPa for a BP of 10 MPa and to 344 MPa for a BP
of 30 MPa, respectively. The reduction of EF is less pro-
nounced with BP to 5.7% (10 MPa) and 5.6% (30 MPa) com-
pared to the material deformed without BP. This suggests a

Fig. 17 (a) Engineering stress— a) 400
strain curves from tensile _
testing of the initial (gray) and 5 /’“’\‘
ECAP-processed sheet metals at = 300 ¢
room temperature under quasi- §
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more homogeneous distribution and a better surface of the
BP samples and also agrees with the microhardness results
discussed above. However, there is a greater difference in
the results of route C. Without BP, route C results in a YS
of 278 MPa (+ 115%). For the BP setups, these YS values
increase to 335 MPa (BP 10 MPa, + 157%) and 325 (BP
30 MPa, + 150%), respectively. In the maximum elongation,
without BP, the mean value is 2.9% with scatter of 1.5%.
The values are with BP at 3.7% (BP 10 MPa) and 5.6% (BP
30 MPa) and thus significantly higher. Especially the scat-
tering of 0.4% and 0.3% shows the advantages of the BP in
the case of sheet metal ECAP. Both the increase in yield
strength and the decrease in elongation compared to the ref-
erence material can be attributed to microstructural defects.
This is consistent with the findings of the ECAP process for
AAS5083 bulk material [43, 44]. Especially with regard to
the strongly decreasing elongation, it also becomes appar-
ent that due to the significantly changed ratio of thickness
to sheet width, edge effects have a greater influence on the
properties of the material [45]. It is therefore important to
prevent these edge effects by skillful process control and it is
shown that BP can be a beneficial contribution with respect
to these effects.

4.4 Microstructural analysis

Qualitatively, the characteristic changes in terms of mechan-
ical properties during ECAP can also be related to micro-
structural evolution by considering the results of scanning
electron microscopy (SEM), particularly electron backscat-
ter diffraction (EBSD), performed on the microstructure
of the sheet cross-sections. This kind of analysis is briefly
discussed below.

Samples for microstructural investigations were sub-
jected to a conventional mechanical grinding and polish-
ing procedure followed by colloidal silica polishing. The
microstructural features of all states were examined in the
transverse direction (TD) of the sheets. The EBSD meas-
urements were performed using a Zeiss Neon 40 EsB field-
emission scanning electron microscope equipped with a
DigiView IV EBSD camera (EDAX Inc., Mahwah, NJ,
USA), applying an acceleration voltage of 15 kV and a step
size of 1 um. EBSD raw data were postprocessed by a slight
clean-up including a confidence index neighbor correlation
and grain dilation. Grains were defined as having a mini-
mum grain size of 3 in the OIM analysis software (ver. 6).
For the characterization of substructures, as well as grains
with high-angle grain boundaries, grain tolerance angles
of 5° (TA-5°) and 15° (TA-15°) were used, respectively.
The microstructures of the sheet material for the reference
condition (Ref) as well as the ECAP-processed materials
after two accumulative ECAP passes in configuration B
are shown in Fig. 18. The black lines in the orientation
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maps (Fig. 18a—c) represent high-angle grain boundaries
(misorientation angles > 15°). Figure 18a shows a repre-
sentative EBSD micrograph of the cross-section for the
initial condition (Ref). The microstructure is characterized
by homogeneously distributed, equiaxed grains. The cor-
responding grain size distribution (black) in Fig. 18d shows
a distinct peak at about 16 um for TA-5°, while a slightly
higher mean grain size of 20 pm is observed for TA-15°
(Fig. 18e). The material deformed in two accumulative
ECAP passes without backpressure (C noBP) shows a pro-
nounced deformation gradient from the upper to the lower
sheet edge. At the upper edge of the sheet, a narrow region
can be seen where the material is sheared in the opposite
direction to the pressing direction. This is most likely due
to the large friction in the surface area. This section is fol-
lowed by a region in which the longitudinal semi-axes of
the grains are aligned at a certain characteristic tilt angle
with respect to the extrusion direction (ED) due to the shear
strains. The lower third of the sheet cross-section, on the
other hand, shows no signs of pronounced deformation. In
the TA-15° grain size distribution (Fig. 18e), this is evident
from a flattened peak between 15 and 28 um (gray). The
TA-5° distribution (Fig. 18d), on the other hand, shows a
slight shift of the peak related to substructures to smaller
sizes. A significant change in microstructure can be seen in
Fig. 18c for the condition deformed in two accumulative
ECAP passes with a backpressure of 10 MPa (C 10 M).
The microstructure is characterized by gradients similar to
those already described for the C state without BP. The
grains of the lower third of the sheet cross-section now also
appear to be oriented at a certain characteristic angle of
inclination with respect to ED and a slightly higher number
of high-angle grain boundaries as well as pronounced sub-
structures can be observed. It should be noted that Fig. 18c)
is shown at a slightly different magnification to allow the
entire sheet cross-section to be imaged with its characteris-
tic features (including deformation gradients, grain orien-
tations, and local substructures). The TA-15° distribution
(Fig. 18e) shows a minor increase in the range of smaller
grain sizes at about 4 pm. In contrast, the TA-5° distribution
of substructures (Fig. 18d) shows a significant increase for
structures below a size of 8 um. The trend of a significant
increase in defect density as a result of the ECAP deforma-
tion, as well as the further increase due to the application of
a passive backpressure, is further illustrated by the bound-
ary line length per area (interfacial density as a function of
misorientation angle) in Fig. 18f. This plot shows a signifi-
cant increase of all boundaries for the ECAP conditions (C
noBP, C 10 M) compared to the reference material (Ref).
The application of a backpressure of 10 MPa (C 10 M)
then leads to a further increase, especially for boundaries
with misorientations of more than 10°. The microstructural
results clearly show that the increase in mechanical strength
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tion B, and route C (b) without (C noBP) and (¢) with an amount of
10 MPa backpressure (C 10 M); corresponding grain size distribu-

is based on the formation of new defect boundaries. The
additional substructures with low-angle as well as new
high-angle grain boundaries are effective obstacles for dis-
location motions during further deformation, resulting in
the macroscopically increased strength [4].

5 Summary and conclusions

In the present study, a modification of the ECAP process for
aluminum sheet metal AA5S083 was investigated. Based on
preliminary experimental investigations, numerical models
were built and validated. With the validated models, appro-
priate adjustments to the novel manufacturing technique for
sheet metal were made and systematically investigated. The
main findings are summarized in the following key points:

grain size (diameter) [um]

20 30 40 50
misorientation angle [°]

tions for a grain tolerance angle of (d) 5° (TA-5°) and (e) 15° (TA-
15°); (f) quantitative analysis of the boundary density as a function of
the misorientation angle

— The Johnson—Cook fracture criterion can be calibrated
for numerical investigations using the push-out test. A
possible surface cracking in experiments can thus be
reproduced in ECAP simulations.

— Both the simulations and the experimentally performed
deformations show that even small amounts of backpres-
sure (10 MPa) result in a sufficient suppression of crack
formation and a more homogeneous distribution of the
applied strains in the ECAP for sheet materials. With
backpressure, ECAP route C can be performed success-
fully for aluminum AA5083 sheet materials.

— The experimental investigations show the potential of
sheet metal ECAP. Mechanical properties similar to those
obtained in previous studies with bulk material were
obtained (yield strength+ 157%). EBSD measurements
show a significant increase in substructures, explaining
the macromechanical findings.
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The microhardness results and mechanical properties
show the deformation stored the sheet material by the ECAP
process. To further improve the strain behavior, it is recom-
mended to use targeted post and intermediate heat treatments
in follow-up investigations. With a combination of heat treat-
ment and multiple ECAP passes, it is possible to use the
results to specifically integrate the ECAP process into the
semi-finished product production to create a further advan-
tage in the use and energy efficiency of aluminum alloys.
In addition, the studies offer the potential to investigate the
effects of scaling in even greater detail by using different
sheet thicknesses for the studies.
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