

















The optimization problems are defined as
min f; (x) = min(stmax (%), f finax (1)), min f,(x) = min(=Stpax(X), f finax (X)),
min f3 (x) = min(Stmax (X), _ffmax (X)) and minﬁl—(x) = min(_Stmax(x): _ffmax(x))' (5)

In this contribution the “Non Sorting Genetic Algorithm II” (NSGA-II) multi-optimization algorithm
[Deb et al. 2002] was used to identify pareto-optimized tailored blank designs. In order to explore the
design space, each criteria was iteratively maximized and/or minimized (see Equations 5). The initial
individuals were uniformly distributed in the domain of hs, ¢s, di and a, (see Table 1). For each run, 100
generations with a maximum of 100 mutations where used. The probability for mutation an individual
was set to 90%.

Figure 5. Aggregation of all pareto fronts for the multi-objective optimization for form filling
degree ffiax and sheet thickness at the disc margin styax

Figure 5 shows an aggregation of four metamodel-based evolutionary multi-objective optimizations for
the form filling degree ffmax and the sheet thickness at the disc margin stmax. The dark gray area represents
all valid solutions in the domain of hs, s, di and a,. Each dot at the border of the dark area represents a
single individual of the final generation. All individuals of the final generation create a pareto front,
which defines the pareto-optimal tailored blank designs with respect to stmax and ffnax and the domain of
hs, @, di and a. If design engineers are interested in a high stmax and a low ffiax, they can find suitable
solutions on the bottom right of Figure 5. The corresponding factor levels of the extremes (highest and
lowest stmax O ffmax, respectively) are written in white boxes. The goal of this contribution was to find a
tailored blank design with a high stmax and ffnax. Suitable designs for this case can be found in the top
right of Figure 5. Design engineers need to make a compromise between both design requirements, but
their decision is supported by the visualisation of the pareto-front depicted in Figure 5, which represents
all possible optimal designs with respect to both design requirements.

3.4 Post-test calculations with the constitutive friction law

A benchmark process for sheet-bulk metal forming, which is described in [Landkammer et al. 2015],
has been used to show the applicability of the constitutive friction law. The impact of different friction
laws on this process is given by [Schmaltz et al. 2013]. Furthermore, the constitutive friction law has
also been used in a bulk forming process in [Beyer et al. 2015a]. In [Beyer et al. 2015a] it is shown that
the friction law does not only affect friction stresses, but also process or geometry factors such as the
effective plastic strain or sheet thickness at the disc margin. This is also true for the orbital forming
process. Figure 6 shows exemplary the resulting sheet thickness changes of the part with Tresca’s
friction law and with the constitutive friction law after the whole process.
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4. Approach for a local adaptive choice of the friction law in simulation studies

The pareto-optimized tailored blank design is based on the design optimization sub-process. As depicted
in Figure 6, the used friction law has an influence on target figures like the sheet thickness at the disc
margin and therefore affects the optimized design. Thus, it is sensible to use the constitutive friction law
during simulation studies. Unfortunately, the application of the constitutive friction law results in a
significant longer processing time. On the other hand, the difference between a simulation with the
constitutive or Tresca’s friction law is not that distinctive in numerous local regions with respect to the
sheet thickness, for instance. Keeping the higher processing time in mind, knowing the regions where
different friction laws lead to different results would be an advantage. In the following section, an
approach is presented, how this difference can be estimated and thus a local choice between one of the
friction laws could be applied. This modification leads to a compromise between accuracy and
computing time and thus to an improvement of the results of the simulation study.

Tresca‘s friction law Constitutive friction law
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Figure 6. Resulting sheet thickness of a tailored blank forming process

4.1 Friction model adaptivity

SBMF is characterised by locally varying requirements on forming processes. Consequently, the
simulation demands are also locally varying in space and time. Designing the simulation to the
requirements of the most complex situation leads to high computational costs. Thus, a simulation is
needed, which automatically adjusts itself during the simulation run to the given demands. One approach
to build such simulations is given by adaptive finite element methods (AFEM). In AFEM the simulation
error is approximately defined by a posteriori error estimator. On basis of these estimates, the
discretisation as well as the modelling can adaptively be modified to reach a given accuracy with
minimal numerical costs. Within this work, we discuss the extension of the pioneering work concerning
model adaptivity [Braack and Ern 2003] to frictional contact problems, where we adaptively and
especially locally choose the friction law.

With the a posteriori error estimator we want to estimate the error between different given models, which
are arranged in a model hierarchy. A typical model hierarchy can be found, for example in [Beyer et al.
2015a]. Within this hierarchy, we have a reference model that is the most accurate model but usually
also the one with highest computational effort. Thus, we want to use the computational cheaper but less
accurate models in this hierarchy as often as possible. The resulting error has now to be estimated in a
user defined error functional J, which could be an integral mean value in a certain region, for instance.
Following the ideas of [Rademacher 2015], the estimate consists of the insertion of the solution to the
coarser models into the fine model weighted by a so-called dual solution. After applying the trapezoidal
rule, neglecting higher order terms and rearranging the remaining expressions, we end up with the
following goal-oriented model error indicator nm:

J(up) = J(up") = Ny
= o, max{ry, on ) + ¢ - w1} one G - 00 (2F7) do
- frc maX{Tm: ”O-nt(uirzn) tc- uirlr,lt”} “one(up') - one(2") do

- f[‘C(TT - Tm) : (Unt(uhm) +c- u;lr,lt) : O—nt(Z}rzn) do, 6)
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with up being the solution to the reference friction model ., uy™ the solution to the currently applied
friction model 1 and the corresponding dual solution z,™. By oy (*) we denote the tangential or frictional
contact stress and by uy™ the tangential displacement.

4.2 Application of the model adaptive algorithm in simulation studies

At first, we outline a standard adaptive algorithm incorporating model adaptivity as well as adaptive
refinement. The algorithm starts with an initial choice of a model distribution and a discretization. Then
the discrete solution uy™ is calculated using a suitable numerical solution algorithm. The next step is the
determination of the dual solution z,™ and the evaluation of the error estimators nm and Mu. If [Nm + Np| is
below a given stopping tolerance, the algorithm terminates. Otherwise, we conduct a case-by-case
analysis. If the discretisation error estimator n is dominating, the mesh is locally refined. In the case
that the model error estimator mm, is larger than the discretisation error estimator ms, the model
distribution is locally enhanced. If both estimators are nearly of the same size, we modify the mesh as
well as the model distribution. Then we calculate a discrete solution uy™ again and the algorithm
continues as described before. A modified version of this algorithm has been implemented in the
commercial simulation software Simufact.forming via user subroutines. However, not all required data
is available and therefore the calculation was reduced to a nodal evaluation in the post process.
Moreover, a dual solution can only be computed with a huge amount of extra work, due to the restricted
workflow of the program, such that a simple approximation is used. Using post processing subroutines
a graphical output of the model error distribution is created and shows the user where to change the
friction model to get better results and where the current model is already suitable.

5. Summary and outlook

This approach offers the potential for design engineers to identify optimal tailored blank designs with
regard to competing requirements for the use within sheet-bulk metal forming (SBMF). The current
virtual process chain for the simulation-based development of pareto-optimized tailored blank designs
consists of two sub-process: the design optimization and the post-test calculation sub-process. Although
the application of the constitutive friction law leads to results that are of higher accuracy, it is only used
in the simulation of the identified and chosen optimal design within the post-test calculation sub-process.
This approach is a compromise between accuracy and computation time. One possibility to reduce the
computing time is the application of the presented model adaptive algorithm. However, modifications
of the simplified, realised algorithm have to be done, since only a graphical output of the model error
distribution is available yet. Thus, an automatic adjustment of simulation is not possible, due to the
restricted workflow of the commercial finite element software used.
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