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Comparison of Laser Coordinate
Measurements and Hierarchical
Multiscale Finite Element Models
for the Cup Drawing of Three
Commercial Aluminum Alloys

Diego Ricardo Pichardo, Miguel Ángel Ramírez , Leo A. I. Kestens ,
Albert Van Bael , and Rafael Schouwenaars

Abstract Cup drawing is a benchmark experiment frequently used to validate
anisotropic constitutive models and multiscale crystal plasticity codes for yield locus
prediction. Earing of the cup rim and thickness variation along the cup wall are sensi-
tive to plastic anisotropy. This test was implemented on an industrial forming press
and applied to 85mm diameter disks of commercial AA1100, AA3103, and AA5005
alloy sheet. Cup geometry was determined using a laser probe coordinate measure-
mentmachine (CMM). Finite elementmodels (FEM)were developedwithABAQUS
Explicit software and a user-defined subroutine for the anisotropic yield locus based
on the hierarchical multiscale model (HMS). As the coordinate cloud produced by
the CMM is unrelated to the nodes of the deformed FEM-mesh, both were fitted to
a polynomial-Fourier series expansion. After cleaning and correction of the CMM
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data, point-by-point comparison can be performed between model and experiment.
For AA1100, the position of the ears was correctly identified but their magnitude
was underestimated. Excellent coincidence was found for AA5005, with strong ears
at 0 and 90°. The small ears at -30° and 30° and secondary ears at 90° were correctly
predicted for AA3013.

Keywords Cup drawing · Aluminum alloy · Coordinate measurement · Yield
locus ·Multiscale modeling

1 Introduction

Modeling of metal forming processes has become an indispensable instrument in
industry. It allows for drastic reductions in the lead-up times for process development
and in the costs associated with tool building and retooling [1]. While bulk forming
processes can often be modeled with the isotropic von Mises yield criterion, this is
not the case for sheet forming, where anisotropy plays an important role [2, 3].

An extensive overview of the different yield loci, physical and virtual test methods
and the crystal plasticity models used in virtual experiments was given in the frame-
work of ESAFORM [4], where 11 teams tested the accuracy of finite element models
for the cup-drawing of a 6016-T4 aluminum sheet. Elements for the validation were
the prediction of yield stress and r-values in different directions in the sheet, cup
height, earing amplitude, and the force–displacement curve during the process.

Cup drawing has been popular to test the accuracy of proposed yield loci because
it provides a simple example of industrial deep-drawing processes. Early models
[5, 6] introduced anisotropy in existing continuum models for cup drawing [7] and
validated by manually measured cup heights at determined positions of the cup rim
[8]. Full constraints and relaxed constraints’ Taylor models [9] were tested; Engler
followed a similar approach based on the VPSC model [10, 11]. Neither of these
studies involved the formal definition of an anisotropic yield locus nor the use of
FEM. Generally, the global shape of the cup profile was predicted in a satisfactory
manner, but the absolute cup height was not studied in detail.

Early efforts to incorporate an anisotropic yield locus into FEMbased on a polyno-
mial fit to virtual experiments were provided byVanHoutte et al. [12] andMunhoven
et al. [13]. These papers focused more on the technical aspects and proof of concept
than on the precision of the results. Consecutive versions of Barlat’s yield criteria
[3, 4, 14] have been incorporated into FEM and applied to cup drawing by Yoon
et al. [15–17] and Han et al. [18], who incorporated virtual experiments based on the
CPFEM [19] to analyze the effect of texture evolution.

A hierarchical multiscale (HMS) [20] approach was used by Ramírez et al. [21]
to model cup drawing on two AA6016 alloys with different sheet thicknesses. HMS
uses the ALAMEL crystal plasticity model [9] to execute the virtual experiments
required to fit the FACET [22] yield locus. Good coincidence was found in terms of
earing profile, but average cup height depended critically on the friction coefficient.
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The latter value also affects the punch force, although to a lesser extent. A significant
effect was found by modeling the tools as elastic solids, contrary to the generally
used approximation of perfectly rigid tools. This work expands the latter study by
analyzing three commercial Al-alloy sheets with significantly different textures.

2 Experimental Set-Up

The alloys used are commercial AA1100-O, AA3103-O, and AA5005-O. Tensile
curves were measured according to ISO 6892–1:2016. Only the results in the rolling
direction (RD) are required in HMS. Tensile curves were fitted to a Voce hard-
ening law. X-ray texture measurements were performed on a Siemens D500 texture
goniometer. The orientation distribution function (ODF) was determined using four
incomplete (111), (200), (220), and (311) pole figures measured with the reflection
method [23]. The ODFs were calculated using the series expansion method [24] with
Lmax = 22, considering the orthorhombic sample symmetry of the sheet. Represen-
tative ODF sections are shown in Figs. 1, 2 and 3, using the Bunge convention for
Euler angles.

Cup drawing experiments were performed on a 75 T mechanical press (Meister,
Germany). The press and tool assembly are shown in Fig. 4. The punch velocity,
as measured from the load cell signal, is 50 mm/s. The tool geometry follows ISO
11531:2015. One important difference with a hydraulic system is that the blank
holder force is imposed by springs and is not constant during the operation. The
geometry of the cups was measured with a FARO laser line probe mounted on a
FARO-arm (FARO Inc., Rochester, NY).

The finite element model was described in Ref. [21], but wall thickness was
rescaled from 1.1 to 0.85 mm, which is the blank thickness for the present samples.
The mesh consists of linear 8-node hexagonal (brick) reduced-integration elements
with hourglass control. The yield locus uses a 6th-degree FACET formulation based
on the ALAMEL or FC Taylor model with 5000 orientations.

Fig. 1 ϕ2 = constant sections of the ODF of the AA1100-alloy
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Fig. 2 ϕ2 = constant sections of the ODF of the AA3103-alloy

Fig. 3 ϕ2 = constant sections of the ODF of the AA5005-alloy

Fig. 4 Press and tool
assembly. a Punch; b Blank
holder; c Die; d Springs;
e Load cell
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3 Data Analysis

The measurement cloud obtained with the CMM does not coincide with the nodes
of the deformed FEM-mesh (Fig. 5). To analyze the measurements, a cylindrical
coordinate system (r,θ,z) is used. The minimum of the Z-coordinate, at the bottom
of the cup, is set equal to 0 by a rigid body translation; points below a threshold height
h0 (typically 2.2 mm) are removed, i.e., only the cup walls are analyzed. Outliers are
removed, and the measurement cloud is rotated to move its central axis into vertical
position.

The corrected dataset is sliced vertically into sections of width Δθ (typically 1°).
A polynomial fit of the radial distance between wall and center line is made for each
slice using the following equation:

r(θm, z) =
N∑

n=0

amnz
n (1)

where θm is the central angle of themth segment and N the degree of the polynomial.
In the first step, all points in the slice are used, which defines the central line of the
wall segment. Then, the fit is made separately to the points inside and outside this
central line, to fit the inner and outer surfaces producing a set of 360/Δθ values aextmn
and aintmn . The values of the polynomial coefficients in Eq. (1) are fitted by a Fourier
series:

a p
n (θ) =

L∑

l=0

clncos(lθ) +
L∑

l=1

dlnsin(lθ) (2)

Fig. 5 a Measurement cloud obtained from CMM (only 1/10th of 482 269 points are plotted).
b Surface nodes of the FEM model of one quarter of the cup, assuming orthotropic symmetry
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The superscript p stands for the inner (p = int) and outer (p = ext) surface. The
rim is detected as the highest point in each vertical slice on inner and outer surface.
The average of both values is then fitted by a Fourier series for the rim height h(θ ):

h(θ) =
L∑

l=0

clcos(lθ) +
L∑

l=1

dlsin(lθ) (3)

Note that c0 gives the average cup height. The cup is described by:

{
r p(θ, z) = ∑N

n=0 a
p
n (θ)rn

h0 < z < h(θ)
(4)

The second line in Eq. 4 is essential to avoid extrapolation. Too low values of N
and L produce a poor fit, too high values will introduce spurious undulations. Here,
N = L = 6. The same fitting procedure is used for the nodes of the FEM-mesh, with
orthotropic symmetry imposed in Eq. 3 by including only terms in cos(2lq).

Two corrections are made to the measured data. Asymmetry due to an eccentric
positioning of the blank is mostly eliminated by setting the terms for l = 1 equal
to 0. Small alignment errors between the rolling direction of the blank and the θ =
0 direction in the CMM can be removed by adding a correction δθ to θ. However,
even after these corrections, deviations of orthotropic symmetry are sometimes still
observed. The measured rim height is symmetrized by the following operation [8]:

hCrr (θ) = h(θ + δθ) + h(−θ) + h(π + θ + δθ) + h(π − θ + δθ)

4
(5)

4 Results and Discussion

The measured and modeled cups for AA5005 are shown in Fig. 6. The morphology
of the rim, both in terms of radius and height, is very satisfactory. A more detailed
comparison of the rimheight profile is found inFig. 7 forAA1100, Fig. 8 forAA3103,
and Fig. 9 for AA5005. A first observation is that the FEM results overestimate
the cup height by approximately 3mm. This may be due to the consideration of a
constant blank holder force, as opposed to the variable force exercised by the springs,
inaccuracies of the model in the bending zone at the punch radius at the bottom of
the cup or an underestimation of the friction coefficient.

Strain rate sensitivity is not considered in the simulations. The deformation speed
in the industrial press is much higher than on a laboratory rig for the Swift test. In
turn, the strain rate in the laboratory test is higher than the one defined in ISO 6892–
1:2016 for the tensile test. In aluminum alloys, this effect may be significant. Other
factors which may affect the earing height in AA1100 and the small deviations in
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Fig. 6 AA5005. a CMM result, b FEM result. Good qualitative similarity is observed

Fig. 7 Cup profile as
predicted by FEM and
height-corrected measured
profile for AA1100

Fig. 8 Cup profile as
predicted by FEM and
height-corrected measured
profile for AA3103

peak positions for AA3103 are the discretization procedure used to select the 5000
orientations used in the simulations, or fundamental effects of the crystal plasticity
approach used.
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Fig. 9 Cup profile as
predicted by FEM and
height-corrected measured
profile for AA5005

5 Conclusions

A cup drawing test was successfully developed on an industrial mechanical drawing
press and full-field measurements of the deformed geometry were obtained with
a mechanical-optical coordinate measurement machine. A Fourier-series fitting
technique was developed to compare the measured data to FEM results.

Differences in strain rate, blank holder force and friction coefficient between the
mechanical press and existing laboratory testing equipment induce challenges, which
are unrelated to the theoretical approaches in the anisotropic plasticity codes. Further
research on the effect of non-texture-related modeling parameters is required to
enable a more precise evaluation of the theoretical models used in the FEM analysis.

The strong overestimation of the earing profile for the AA1100-alloy probably
is an effect of the crystal plasticity models used or may be an effect of texture
discretization, although the detailed reason for this discrepancy is difficult to iden-
tify. For the AA3103 and AA5005, coincidence between experiment and model is
excellent, indicating that the modeling approach used here is highly reliable in most
cases.

Finally, for AA1100 and AA3103, the earing amplitude is small. This imposes the
need for a statistical evaluation of themeasurement precision, in terms of eccentricity
and misalignment of samples, to provide an estimation of the relative importance of
modeling assumptions and statistical spread of experimental results.
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