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Summary

The formability of aluminum sheet can be improved considerably by increasing the temperature. 
At elevated temperatures, the mechanical response of the material becomes strain rate dependent. 
To accurately simulate warm forming of aluminum sheet, a material model is required that 
incorporates the temperature and strain rate dependency. In this paper, the dislocation based 
Alflow hardening model is used. The model incorporates the influence of the temperature and
strain rate effect on the flow stress by means of the storage and dynamic recovery of dislocations. 
It also includes the effects of solute level, particle fraction and grain size. Cylindrical cup deep 
drawing simulations are presented using shell elements. The anisotropic behavior of the sheet is 
described by using the Vegter yield locus. Experimental drawing test data is used to validate the 
modeling approach, where the model parameters follow from tensile tests. 

1. Introduction

Despite the high strength to weight ratio and excellent corrosion resistance offered by Al-Mg-Si alloys, 
their poor formability at room temperature compared with steel has created a major barrier to their use 
in the automotive industry. One way of overcoming the poor formability of 6xxx alloys is to use a 
higher forming temperature in the warm forming temperature range (i.e., about 150-300°C). However, 
experience with temperature controlled forming process is lacking and numerical models would be 
beneficial in optimizing the forming processes. A large number of constitutive models of the plastic 
behavior of aluminum sheet are available for finite element modeling. However, their applicability is 
usually limited in terms of varying strain, strain rate, temperature and changing microstructure.
Particularly in warm forming we cannot ignore the strain rate and temperature influence. Material 
models based on consideration of the underlying physical processes are expected to have a larger 
range of usability in this respect.

The strength of 6xxx alloy is to a very large extent controlled by the precipitates, whose sizes in most 
cases are on the nanometer level. When they are in the solid solution state, several types of atomic 
clusters with various amounts of Mg and Si are formed. The clusters gradually transform into GP-
zones that are more related to the crystallography of the matrix and further into  -precipitates. Upon 

over-aging, several types of precipitates are formed, such as ,  and .B   Therefore, age hardening 
response of these alloys is very significant and hence control of precipitation during thermo-
mechanical treatment is critical for attaining optimal alloy performance. This process is industrially 
more challenging and more complex in terms of microstructure-mechanical behavior relationship.

In this paper, the standard model for plastic deformation is used: a combination of a yield function to 
transform a 3-dimensional stress state to a scalar and a hardening model to determine the size and
position of the elastic domain by isotropic hardening. In the present study, the anisotropic yield 
function of Vegter [1] is used. The Vegter yield criterion is defined in principal stress space for plane 
stress situations and is intended for planar anisotropic material. For temperature and strain-rate 
sensitive work hardening, a physically based Alflow work hardening model [2] is used. The model 
approach relies on a multi parameter description for the microstructure evolution by combining the 
models for the dislocation storage problem with models for dynamic recovery of network dislocations
and sub-boundary structures. The model also includes the thermal stress contributions, static 
contributions from clusters and constituents along with the contributions from precipitates. Hence the 
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model would give an adequate description for stress-strain behavior at various strain rates and
temperatures along with the strain rate jumps.
The deep drawability is of crucial importance in the assessment of the formability of sheets used for 
automotive and aerospace applications. In this paper deep drawing experiments with AA6061 alloy 
are analyzed, to determine whether a numerical analysis can predict the punch force-displacement 
curves and thickness distribution of the final product. Uniaxial tensile tests were performed at 3 
different temperatures and 2 strain rates. With the data from these experiments, the parameters for the 
Alflow model were fitted. With the Alflow model, the cylindrical cup deep drawing experiments were 
simulated.

2. Material Model

Material models for plastic deformation commonly apply a separation in a model for a yield surface
and a model for the yield stress (hardening). The yield surface determines the plastic flow in a multi-
axial stress state, while a hardening law determines the evolution of the yield surface. This approach is 
also used here.

2.1. Yield surface

For a description of the yield surface the Vegter criterion is applied. The Vegter yield criterion [1] is a 
very flexible criterion that defines a yield function for plane stress situations, directly based on 
experimental measurements on sheet material. It can easily be adapted to experimental data or 
physically based models. The yield function is defined in the principal stress space. For planar 
anisotropic material, therefore, the yield function depends on the angle between the principal axes and 
the rolling direction. For a particular loading direction with respect to the rolling direction, four 
experiments are necessary to determine the model parameters: a pure shear test, a uniaxial tensile test, 
a plane strain tensile test and an equi-biaxial tensile test. Between the measured stress points a Bezier 
curve is used to describe the yield locus. The constructed yield locus gives a much better 
representation of the plastic behavior of aluminum than models that are only based on the uniaxial 
yield stress and R-values. 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 1C continuous. In the two-dimensional principal stress 
space, a stress point is represented by the vector T

1 2[ , ]
   . Every plane stress situation can now be 

represented by the principal stresses
 and the angle  between the 1st principal stress and the 

rolling direction. For every part of the yield locus between two reference stress points, i

 and j

 , 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 by 2 1     . The 

intersection of the two tangents at the reference points defines the hinge point h

 (see Fig. 1). The 
yield locus between two reference stress points is defined by

2
loc 2 ( ) ( 2 )i h i i j h     
                (1)

with [0,1] .

A yield function is constructed by defining an equivalent stress eq that is implied for any plane stress 

state by the relation

eq
loc

f


 
 


 (2)

where f is the current flow stress. A function that is defined as

eq eq f eq( , ) ( ) ( )       (3)
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fulfils the condition that 0 on the yield locus and 0 in the elastic regime. The direction of 
the plastic strain rate can be calculated from the derivative of  to the stress  . Since  is 
continuously differentiable, the plastic strain rate direction is continuous.
Planar anisotropic behavior can be modeled by letting all reference stress points and corresponding
normals depend on the angle  . The reference stress points and normals are defined by an 
interpolation, based on Fourier series. A complete yield locus for one specific angle  is presented in
Fig. 1, including all reference and hinge points and the tangents.

                                
Fig. 1: A complete Vegter yield locus, and tangents in the reference points

2.2. Flow stress and hardening

To calculate the substructure evolution and work hardening during plastic deformation a recently 
developed work hardening model has been used [2-4]. This new approach is based on a statistical 
analysis of athermal storage of dislocations. By combining the solution for the dislocation storage 
problem with models for dynamic recovery of network dislocations and sub-boundary structures, a 
general internal state variable description is obtained. A dedicated version of this model, designed for 
dealing with the problems of work hardening in aluminum alloys is referred to as Alflow. 
The model approach relies on a multi-parameter description for the microstructure evolution. At small 
strains the stored dislocations are arranged in a cell structure with dislocation density within the cells 

i and cell size . The cells have finite walls of higher dislocation density. At larger strains the 
dynamic recovery of dislocations becomes important and the cell walls collapse into sub-boundaries of 
well defined misorientations  . Extensive presentations of the model are given in [2,3]. The 
microstructure evolution is obtained by solving a set of differential equations describing the evolution 
of these parameters. Leaving out the details these can in principle be written:

,    ,    i ii
d dd d d d d d d

d d d d d d d d d

     

     
       

        
(4)

Here, is the resolved shear strain, which is defined as the algebraic sum of resolved shears of each 

grain in the Taylor theory and interpreted as an average of the grains in this context. 
i

d d  and 

d d  are storage terms, describing different ways of athermal storage of dislocations, whereas 

i
d d  describes the dynamic recovery of cell interior dislocations by dipole annihilation. d d 

represents the subgrain growth at elevated temperatures. The modeling of the misorientation, d d  , 
is currently based on a phenomenological approach. Explicit expressions for these terms can be found 
in [3]. The Alflow model expresses the critical resolved shear stress of the slip system within each 
grain as a function of its microstructure.
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where t contains all thermal contributions, cl  is a static contribution from clusters and constituents, 

prec the contribution from precipitates, 1 -term is the contribution from stored dislocations and   

2̂ -term is the contribution from subgrains and grain boundaries. G is the shear modulus, b  is the 
Burger’s vector.
In applications of the model the stress tensor at a macroscopic continuum scale is required 
representing contributions from many grains of various crystallographic orientation and microstructure. 
In forming operations the texture changes are small and the texture can be captured by the advanced 
anisotropic Vegter yield locus providing a computational cost efficient approach. The flow stress and 
strain can be calculated as

f M   and eq M    (6)

Here M is the Taylor factor and ( )  follows from the microstructure evolution predicted by the 
Alflow model.
The Alflow model involves a large number of parameters (nearly 40 parameters) that is tuned to fit a 
large number of experiments covering temperatures from ambient to warm forming conditions and at
various strain rates. The Alflow model directly takes into account the chemical composition, grain size, 
volume fraction and size of particles. The chemical composition of the investigated AA6061-T4 alloy 
is (Si: 0.62%, Fe: 0.35%, Mg: 0.95%, Cu: 0.2%, Mn: 0.08%, Cr: 0.15% with remaining Al) with the 
average grain size of 20 μm. The material specific data such as magnitude of the Burgers vector b , 
Debye frequency d and the shear modulus G and activation energies etc are taken from the
literature. The remaining six parameters were determined from uniaxial experiments performed at 
temperatures 25C, 150C and 250C at strain rates of 0.01 and 0.1s-1 by a MATLAB parameter 
optimization program.

In Fig. 2, the simulated stress-strain curves are plotted for the Alflow model, together with the 
experimental data. The stress-strain curves for temperatures of 25C, 150C and 250C are plotted in   
Fig. 2 (a) for a strain rate of -10.01s and in Fig. 2(b) for a strain rate of -10.1s . At higher 
strain rate and the temperatures below 150C the model performs quite well. For the higher 
temperatures, i.e., at 250C the differences are slightly larger. It can also be observed that at low strain 
rate and temperatures below 150C the initial yield stress is underestimated with the Alflow model. 

                       (a)                                            (b)         
Fig. 2: True stress-strain curves – experiments and model

The stress-strain curves at several temperatures with the strain rates of -10.01s and -10.1s are 
plotted in Fig. 3(a) for experiments and in Fig. 3(b) for the model. From the experimental 
stress-strain curves, we can observe that at temperatures 25C and 150C, the lowest strain rate 
yields lowest hardening rate, which is usual. Even though the difference is small, at 250C the lowest 
strain rate yields the highest hardening rate, which looks unusual. One possible explanation could be 
the more chances of dynamic precipitation with slowest strain rate. However, as can be seen in Fig.
3(b) the Alflow model cannot describe the effect of dynamic precipitation.
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                        (a)                                               (b)
Fig. 3: Strain rate influence on stress-strain curves – experiments and model

3. Cylindrical cup deep drawing

The industrial relevance of the implemented material model was discussed in terms of a case study
concerned with warm forming of cylindrical cup deep drawing. Experiments were performed with a 
tool set of which the dimensions are given in Fig. 4. All experiments were performed with blanks of 
220mm diameter that were taken from an AA6061-T4 sheet of thickness 1.27mm. In the experiments, 
the effective punch stroke was 64mm and the punch velocity 1.5 mm/s. The die and the blank holder 
were given a temperature of 25C and 250C, while the punch was kept at 25C. The blank holder 
force was 63.7 kN, equivalent to an initial pressure of 2.5 MPa on the contact area. 

Fig. 4: Dimensions of the tools for cylindrical cup deep drawing

Orthotropic symmetry was assumed for the material model. A quarter of the blank was modeled and 
boundary conditions were applied on the displacement degrees of freedom to represent the symmetry. 
The sheets were modeled with 998 discrete Kirchhoff triangular shell elements. The tools were 
modeled as rigid contours with a prescribed temperature. Simulations with the Vegter yield locus and 
the Alflow hardening model implemented in the in-house implicit code DiekA are performed at 
various temperatures. The global convergence criterion was set to 0.5% relative unbalance force. The 
friction between tool and work-piece is one of the least known factors in the simulations. The value of 
the friction coefficient is 0.06 below 90C, 0.12 above 110C and linearly interpolated in between as 
described in [5].
In Fig. 5 and 6, the force–displacement diagrams of the punch and the thickness distributions of the 
cup at a depth of 64 mm are plotted for the experiments and the simulations. Comparing the different 
punch force–displacement curves, it can be seen that the general trends with changing temperature are 
predicted well. However, at 25C the punch force is overestimated after highest point of the 
experimental curve as shown in Fig. 5(a). At 250C the punch force is underestimated after the highest 
point of experimental curve as shown in Fig. 5(b). From the thickness distribution vs distance from the 
centre of the cup curve as shown in Fig. 6, at room temperature we can observe a good agreement for 
the wall thickness but it is underestimated at the bottom of the cup, see Fig. 6(a). However, at high 
temperatures we can observe a deviation in thickness distribution from the experiments. It is 
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overestimated in the bottom of the cup and underestimated in the wall and flange of the cup as shown 
in Fig. 6(b).

   
                          (a)     (b)

Fig. 5: Punch force-displacement curves from the Alflow model compared with experiments

  
                          (a)     (b)

Fig. 6: Thickness distribution curves from the Alflow model compared with experiments    
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