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ABSTRACT: A combined experimental and numerical study of the effect oftemperature on anisotropy in warm forming
of AA 6016-T4aluminum was performed. The anisotropy coefficients of the Vegter yield function were calculated from
crystal plasticity models with an adequate combination of extra slip systems. Curve fitting was used to fit the anisotropy
coefficients calculated at discrete temperatures. This temperature dependent constitutive model was successfully applied
to the coupled thermo-mechanical analysis of deep drawing of aluminum sheet and results were compared with experi-
ments.
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1 INTRODUCTION

For the accurate numerical simulation of sheet metal
forming, the use of an appropriate material model is of vi-
tal importance. Particularly for warm forming simulation,
an accurate coupled thermo-mechanical material model
for the anisotropic yield function with temperature and
rate dependent hardening is required. Use of anisotropic
material models in numerical analysis requires thorough
material characterization under multiple loading condi-
tions. Since the material anisotropy and hardening behav-
ior change with higher temperatures, the anisotropy co-
efficients and the hardening behavior must be determined
as a function of temperature to perform accurate thermo-
mechanical finite element analysis for these materials.
Prior research available for simulation of warm forming
processes focuses only on the effect of elevated temper-
ature on the evolution of the flow stress. These include
[1–3]. Boogaard and Huétink [3] characterized the behav-
ior of AA5754-O for which two types of flow laws were
used: the modified power law and the physically based
Bergström model. The Vegter [4] yield surface used in
this case was assumed to remain constant with respect to
changing temperatures. Only the coefficients of the flow
laws were fitted as function of temperature and strain rate.
The predictions of the material model, however, underes-
timated the values of the punch load in both models. Re-
cently, Kurukuriet al. [5] presented the warm deep draw-
ing simulations using the more advanced physically based
Nes hardening model for 5754-O alloy and still it under-
estimates the punch force, even though it performs bet-
ter than the Bergström model. In all the above works,
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the effect of temperature on the yield locus shape and
anisotropy coefficients were not fully explored.
Since, the choice of yield function is essential in mate-
rial modeling, much effort has been made for experimen-
tal observations of yield loci on several types of met-
als by many researchers. It is well known that the in-
plane biaxial tension of a cruciform shaped specimen or
plane strain tension and simple shear tests are suitable for
the investigation of yield locus of sheet metals, but all
of these experiments have been performed only at room
temperature. Especially in the last decade, very accu-
rate anisotropic yield functions were proposed for sheet
metal forming simulations at room temperature, such as
the planar anisotropic Vegter yield locus based on exper-
imental measurements and Barlat yield functions for the
aluminum alloys.
However, a very limited experimental data of yield loci at
elevated temperatures have been reported. This is because
the determination of yield loci at elevated temperatures
is not an easy task. Very recently, Geigeret al. [6] de-
signed an experimental setup for the biaxial tensile testing
of sheet metal at elevated temperatures. In this work, an
effort is being made to use the combination of experimen-
tal measurements and crystal plasticity model to identify
the yield locus parameters at elevated temperature by ac-
tivating more slip systems.

2 MATERIAL MODEL

Material models for plastic deformation that are used in
process simulations commonly apply a separation of the
model in a yield surface and an evolution of the yield
stress (hardening). The yield surface determines the plas-
tic flow in a multiaxial stress state, while a hardening law



determines the evolution of the yield surface. The same
approach is used here.

2.1 ANISOTROPIC VEGTER YIELD FUNCTION

The Vegter yield criterion [4] is one of the most accurate
yield functions for aluminum alloy sheets defined in the
principal stress space for plane stress conditions. It can
easily be adapted to experimental data or physically based
models. For planar anisotropic material, therefore, the
yield function depends on the angle between the princi-
pal axes and the rolling direction. For a particular loading
direction with respect to the rolling direction, four yield
stresses are necessary to determine the model parameters:
a pure shear stress, a uniaxial tensile stress, a plane strain
tensile stress and an equi-biaxial stress. Between the mea-
sured stress points a Bezier curve is used to describe the
yield locus. At yielding, not only the yield stress, but
also the direction of plastic strain is determined. Based on
Drucker’s postulate, the normal to the yield locus has the
same direction as the plastic strain rate. From the stress
points and the strain rate directions, a set of Bezier curves
can be constructed such that the resulting yield locus is
continuous. In the two-dimensional principal stress space,
a stress point is represented by the vector~σ = [σ1, σ2]

T.
Every plane stress situation can now be represented by the
principal stresses~σ and the angleθ between the 1st prin-
cipal stress and the rolling direction. For every part of the
yield locus between two reference stress points,~σi and
~σj , a second order Bezier function is defined. The Bezier
function is determined by the two reference stress points
and the direction of the yield locus at the reference points,
specified byρ = ε̇1/ε̇2. The intersection of the two tan-
gents at the reference points defines the hinge point~σh

(see Figure 1). The yield locus between two reference

Figure 1: Basic stress points and tangents to the Vegter
yield locus.

stress points is defined by

~σloc = ~σi + 2µ (~σh − ~σi) + µ2 (~σi + ~σj − 2~σh) (1)

µ ∈ [0, 1]. A yield function is constructed by defining an
equivalent stressσeq that is implied for any plane stress

state by the relation

~σ =
σeq

σf
~σloc (2)

whereσf is the current flow stress. A functionφ that is
defined as

φ(σ, εeq) = σeq(σ) − σf(εeq) (3)

fulfils the condition thatφ = 0 on the yield locus and
φ < 0 in the elastic regime. The direction of the plastic
strain rate can be calculated from the derivative ofφ to the
stressσ. Sinceφ is continuously differentiable, the plastic
strain rate direction is continuous. Planar anisotropic be-
havior can be modeled by letting all reference stress points
and corresponding normals depend on the angleθ. The
reference stress points and normals are defined by an inter-
polation, based on Fourier series. A complete yield locus
for one specific angleθ is presented in Figure 1, including
all reference and hinge points and the tangents.
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Figure 2: Lankford R value measured (symbols) and cal-
culated (lines) at different temperatures for AA 6016-T4 al-
loy.

For the material model to account for changes in temper-
ature, the anisotropy coefficients which describe the state
of anisotropy must be represented as a function of tem-
perature. At room temperature, the Vegter yield surface
parameters were identified from the mechanical tests pro-
posed in [4]. The evolution of yield surface due to tem-
perature is included by identifying the anisotropy coeffi-
cients at several temperatures from the Visco Plastic Self
Consistent (VPSC) crystal plasticity model [7]. Exper-
imental observations have shown that in addition to the
octahedral slip systems other slip systems families can be
activated when the temperature is increased [8]. EBSD
maps measured from the deepdrawn cylindrical cups at
several temperatures also revealed that at room tempera-
ture the bands are parallel to the{111}〈110〉plane while
at 250◦C, these bands are also parallel to the{112}and
sometimes{110} ,{100}planes when EBSD maps plotted
in band contrast mode.
The activated slip system families and their Critical Re-
solved Shear Stresses (CRSS) have been obtained at spe-
cific temperatures by fitting the r-values calculated with



the VPSC model to the r-values measured at these tem-
peratures and for several tensile directions as shown
in Figure 2. Measured r-values at 130◦C are equal
to the one at room temperature meaning that only the
{111}〈110〉slip systems are activated in this tempera-
ture range. A good fit is obtained at 180◦C by using
the {111}〈110〉and{112}〈110〉 families with the CRSS
ratio 1:1.2 while at 250◦C four families of slip sys-
tems {111} ,{110} ,{100}and {112}〈110〉are required
with the CRSS ratios 0.9:1:1.1:1 . For all the calculations
with the VPSC model the initial experimentally measured
texture has been described by 2000 orientations.

Figure 3 shows the change in the shape (stress values are
normalized with respect to equivalent (uniaxial) stress,
σeq). It is evident from Figure 3 that temperature has a
distinct effect on the yield surface’s shape, which must be
accounted for during warm forming simulations.
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Figure 3: The Vegter yield function for AA 6016-T4 at
several temperatures (stresses normalized to show the
change in the yield surface shape).

2.2 THE BERGSTRÖM MODEL

The temperature and strain rate dependent work harden-
ing is described by using the physically based Bergström
model presented in [3]. The model considers the evolution
of the dislocation density based on storage and dynamic
recovery processes. More details can be found in [3].

3 SIMULATION OF CYLINDRICAL CUP
DEEP DRAWING

In this Section, the implemented material model is dis-
cussed in terms of a case study concerned with warm deep
drawing of cylindrical cups. Cylindrical cup drawing ex-
periments were performed with a tool set of which the
dimensions are given in Figure 4. Orthotropic symme-
try was assumed for the material model. A quarter of
the blank was modeled and boundary conditions were ap-

blank
15 mm

die

ø113 mm

10 mm

ø110 mm

punch

blank holder

Figure 4: Dimensions of the tools for cylindrical deep
drawing.

plied on the displacement degrees of freedom to represent
the symmetry. The sheets were modeled with 998 dis-
crete Kirchhoff triangular shell elements with 3 transla-
tional, 3 rotational and 1 temperature degree of freedom
per node. The tools were modeled as rigid contours with
a prescribed temperature. In the presented simulations
the die and the blank holder were given a temperature of
250◦C, while the punch was kept at 25◦C. During deep
drawing operation the area under the punch was at 25◦C
and the temperature has gradually increased from 25◦C
to 250◦C in the wall to flange of the cup. From the VPSC
calculations presented in the Section 2, the Vegter yield
locus parameters were calculated only at specific temper-
atures,i.e. at 25 , 130 , 180 and 250◦C. Quadratic interpo-
lating functions were used to fit the yield locus parameters
calculated at discrete temperatures.

Simulations with the temperature dependent Vegter yield
locus and the Bergström hardening model implemented in
the in-house implicit code DIEKA are performed at var-
ious temperatures. The global convergence criterion was
set to 0.5 % relative unbalance force. In the simulations
a temperature dependent friction coefficient is used, with
a linear relation from 0.6 to 0.12 for temperatures from
90◦C to 110◦C and constant before and after this range.

To investigate the influence of yield locus shape change
due to temperature, warm deep drawing simulations of
cylindrical cups are performed with and without consid-
ering the effect of temperature in the simulations. In Fig-
ure 5 the force-displacement diagrams of the punch, the
thickness distributions of the cup at a depth of 64 mm
and earing profiles are plotted for the experiments and
the simulations. Comparing the punch force-displacement
curves, it can be seen that numerical model underestimate
the experimental curve in both the simulations at 250◦C.
This underestimation is slightly higher with the effect of
temperature on yield locus. From the thickness distribu-
tion vs distance from the center of the cup curve as shown
in Figure 5(b), we can observe a better agreement for the
wall thickness when the effect of temperature on yield lo-
cus is included. Figure 5(c) shows that the deformation
temperature strongly influences the anisotropy and earing
profile. From the room temperature experiment, the ear-
ing profile exhibit four ears. When the deformation tem-
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(a) Influence of temperature with yield locus on calculated
punch force-displacement curves.
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(b) Influence of temperature with yield locus on calculated
thickness distribution in RD.
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(c) Influence of temperature with yield locus on earing profiles.

Figure 5: Deep drawing of cylindrical cup—experiments
and simulations (AA 6016-T4 alloy).

perature is increased to 250◦C, experimental earing pro-
file nearly exhibit two ears. However the model cannot
show the change from four to two earing profile in both
situations. However, the model does show different ear-
ing profile when the effect of temperature on yield locus
is included,i.e. the model including the temperature ef-
fects leads to an earing profile that is exactly opposite to
the one obtained without temperature effects.

4 CONCLUSIONS

From the presented warm forming simulations of the
cylindrical cup deep drawing, it can be concluded that the

effect of temperature on shape change of yield locus has
an effect notably on the predicted thickness distribution,
indeed the predicted thickness with the model including
temperature effects is almost overlaps the experimentally
measured thickness at the bottom. In the die radius area
also, the model with temperature effects performs slightly
better than the one obtained without temperature effects.
However the model cannot represent the experimental ear-
ing profile at elevated temperatures. The friction between
tool and workpiece is one of the least known factors in the
simulations. It is recommended that the friction be inves-
tigated in more detail.
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