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1 | INTRODUCTION

Complex components manufactured by cold forging enable economical and resource-efficient production with repro-
ducible high quality. Forming, however, does not only define a components desired geometric shape, but also its properties
to a large extent. For example, work hardening or the systematic introduction of compressive residual stresses are well-
known in industry to produce components with increased performance. Besides these positive effect, ductile damage is
induced into the components during forming. The term damage describes the nucleation, growth and coalescence of voids
on the microscopical scale, compare [1]. Such voids are induced during forming, for example, at inclusions or through the
fracture of hard phases, and continue to grow in size with increasing plastic strain. By specific modifications of existing
forming processes, the accumulation of damage during forming can be reduced, which in turn increases the performance
of the component, compare [2].

Improvements of already established forming processes can be achieved in a multitude of ways. By combining existing
knowledge with experiments, certain process parameters can be altered and adapted to improve the considered process.
With respect to damage reduction in forming processes for example, [3] laid out the necessary parameters for the process
of forward rod extrusion that need to be changed in order to generate the same parts but with different damage charac-
teristics. However, enhancements of this process were achieved manually, that is, by changing parameters in simulation
and experiment by hand and analysing the results. Here, numerical based optimisation can be very beneficial because it
automates these steps by finding optimal solutions. Additionally, a solution acquired this way may not be instinctively
found by conventional means when, for example, the solution lies between typically investigated parameter sets.

While numerical optimisation of damage is applied to academic-type problems for structural optimisation in litera-
ture, compare [4-6], its application within industrial-like problems is only scarcely researched. In this work a framework
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around the commercial software Abaqus FEA [7] is proposed, which handles the contact problems and runs the
simulations, enabling numerical optimisation of forming processes.

2 | NUMERICAL DAMAGE OPTIMISATION

In this section, a brief overview of possible approaches within different settings of numerical damage optimisation is pre-
sented. Since the focus of this paper is on the application within industrial settings, that is, the cold forging process of rod
extrusion, the first approach for academic-like problems is only briefly looked upon and the reader is forwarded to addi-
tional literature. The second approach describes the framework to optimise arbitrary problems for large-scale problems,
utilised to generate the results in Section 3.

2.1 | Academic application

For the academic application of damage optimisation, sensitivity analysis is applied to a non-local damage model to derive
the gradients and therefore enable gradient-based optimisation. Utilisation of a variational approach, compare [8], the total
variation of the residual of the resulting two-field problem results in

8r = 6yr + 65r +6p,r =0, @

with mechanical and non-local damage residual r, deformation ¢ and non-local damage ¢ such that w = [¢, ¢], design
s and state-dependent history-variables h,, at time step n. Consistent discretisation into a matrix form, denoted by bold
faced upright Roman letters, and restructuring of the resulting equations allows the derivation of the sensitivity matrix S,
that is,

sw = —K '[P&s + Héh,] = —K '[P + HZ,]6s =: S&s, )

which describes how a system and its field variables w react due to a change in design s. The matrices therein are the
pseudo-load matrix P and the history sensitivity matrix H. The additional matrix Z,, results from the total variation of the
history field, that is,

ch dh Jh
éh = ES+£+ahnZn ,

®3)

which requires iterative updates after each converged global Newton solution of time step n + 1, compare [9, 10]. Appli-
cation of these gradients enables for minimisation and control of damage in analysed optimisation problems. A more
detailed layout of this concept is presented in for example [4, 5]. However, this approach does not include the contact
mechanics necessary for forming simulations. While research on sensitivity analysis with contact has been conducted in
literature, compare [11, 12], its application to large-scale, non-linear materials is yet to be extended. This motivates the
alternative approach chosen in the following section.

2.2 | Industrial application

In the industrial setting, for example, forming processes, the previously described approach is difficult to incorporate.
Commercial software generally allows stable computation of complex processes, which may not necessarily be possible
with academic software. Furthermore, if multiple processes are analysed and different material behaviour considered, the
above approach requires renewed derivations of the gradients for the altered material behaviour. Hence, for the industrial
application, a different approach is preferable.

The basis for this approach is the utilisation of commercial finite element (FE) software as the solver, that is, Abaqus
FEA [7] in this case, and developing a framework to enable optimisation around this software. While it may be possible
to utilise other commercial software to directly optimise such processes, the choice of Abaqus FEA as the solver boils
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(A) Optimisation framework. (B) Optimisation flow chart.

FIGURE 1 The optimisation framework and the flow chart of the optimisation routine. In red, the use of Abaqus/CAE to update the
model.

down to ease the cooperation within the Collaborative Research Centre TRR188, the source of funding for this research.
The overall setup is summarised in Figure 1A, while the detailed optimisation flow chart is presented in Figure 1B. The
framework utilises three main components to enable optimisation:

1. Abaqus to run the simulations and to enable the definition of the design variables,
2. Python to extract the simulation data and to incorporate the updated design variables into the model after each iteration,
3. Matlab to handle the pre-processing, post-processing and simulation data, as well as to run the optimisation itself.

This approach is an extension to the implementation in [13, 14]. In this initial concept, applied to air bending, the input-
file (. inp) of the simulation problem was directly modified to incorporate design changes. While this approach is easy to
implement, it has its drawbacks regarding optimisation problems where for example, complex geometric definitions are
changed. At that point, a mapping between the mesh used within the simulation and the one generated by the optimiser,
outside the commercial simulation software, is required, which is not necessarily straight forward to deduct. In order
to allow such optimisation problems to be handled easily, the changes are now directly applied to the model data base
(. cae). This file includes all necessary data to model the simulation problem within the Abaqus/CAE GUI which at the
end results in the creation of the input-file to run the simulation. The data stored in the data base can be accessed and
changed by means of python scripting, which in turn directly results in automatically applied changes within Abaqus itself,
circumventing necessary mappings for geometric modifications. To enable these, the design variables of the optimisation
need to be parametrised within the . cae-model, which is prepared during pre-processing. Additionally, the areas within
the model, where the objective function and possible constraints shall be evaluated, need to be defined. This is achieved
by generating two sets within the Abaqus model. Finally, two kinds of python scripts need to be provided. The first script
is used to make the changes in the .cae-model data base, wherein the newly generated design variables are used as
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input variables. It is applied to the Abaqus model database within the optimisation and is called before each simulation
during subsequent optimisation steps. The second script is required to evaluate the data stored in the output database. It
evaluates the results, and outputs the data for the objective function and possible constraints. It is called after each finite
element simulation.

The optimisation itself uses the optimisation toolbox within Matlab and can either employ several gradient-based strate-
gies using fmincon, or the gradient-free method fiminsearch, which utilises a Nelder-Mead simplex. For the problem types
where this framework is applied, the latter showed better results, due to the previously described discontinuities intro-
duced by the contact problems. However, this algorithm can generally not handle constraints. To treat these nonetheless,
the penalty method is applied in two steps. The applied constraints can be generalised into two groups. The first type of
constraints are simulation dependent, that is, the FE simulation has to be conducted until they can be evaluated, for exam-
ple, stresses and strains. These constraints can be included by adapting the evaluated objective function, that is, increasing
the objective function value J if a constraint ¢; is not fulfilled, such that

e
Jen =743 Bec, @
i=1

with a problem dependent penalty parameter 5. and the number of constraints n.. The second group of constraints are
simulation independent and can be evaluated before running the FE simulation. These types of constraints can be for
example, of geometric type and evaluated before running said simulation. Since the objective function is unknown at this
point and therefore cannot be directly influenced, instead a high function value, that is, Inf, is returned. This forces the
optimiser to treat the current iteration as unsuitable and to try a different step for the current iteration.

3 | RESULTS

In this section, the numerical setup and important parameters regarding the optimisation for hollow forward extrusion
are described. Afterwards, the process is optimised to generate an optimal set of process parameters with the aim of a
reduced damage accumulation during forming.

3.1 | Simulation and optimisation setup

For the exemplary optimisation, the process of forward hollow extrusion is chosen. Compared to the standard process of
forward rod extrusion, a mandrel is inserted into the centre of the workpiece, with the aim of creating hollow extruded
parts, see Figure 2. This figure shows the three main components of the process, that is, the die, the workpiece and the inner
mandrel. The relevant process parameters regarding the optimisation are the final radius r;, the mandrel radius r,, and
the shoulder opening angle 2«. The additional process parameters, that is, the initial radius r, = 15.1 mm, the friction
parameter u = 0.04 and the transition radius » = 1 mm, are kept constant throughout the optimisation. An additional
characteristic parameter describing the process is the extrusion strain ey, which gives information on the ratio of cross

section
d? —d?, r:—r
€ex (o> 71, Tm) = 1n<0— =In| 2 . 5)
d? —dp, r—ry

The Abaqus/CAE model for this simulation is taken directly from the authors of [3] and adapted for the extended
process. Furthermore, it is adapted for the optimisation framework, that is, the design variables are parametrised and the
previously mentioned sets are defined. The workpiece is modelled with linear four-noded thermo-mechanically coupled
axisymmetric elements CAX4RHT, while the die and the mandrel are modelled with CAX4RT elements. The elasto-plastic
material behaviour and its flow curves at 20°C, 200°C and 400°C are obtained in upsetting tests of case hardening steel
16MnCrS5, to model the plastic behaviour within the simulation accurately. Contact between die and workpiece, as well
as mandrel and workpiece, are of master-slave type, with Coulomb friction defined by the friction parameter u between
both parts, respectively.
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FIGURE 2 An illustration of the simulations conducted during the optimisation processes. The left part shows the initial configuration
with the formed one on the right.

In Figure 2 two points are denoted in red. These indicate the approximate location of the chosen element for the evalua-
tion of the objective function initially x; and after forming x ;. This element has to fulfil certain conditions throughout the
process. On one hand, it has to lie on the central axis of the workpiece, as this area is the most critical regarding damage
accumulation. On the other hand, it is chosen such that it lies outside the forming zone at process initiation, transverses
the forming area and finally is located within the steady-state region of the forming process after the simulation is finished.
These three areas and their approximate location within the figure are denoted with the letters A, B and C, respectively.

The incorporated material model does not include damage behaviour. Therefore, the measurement from [3] is chosen
as the objective of the optimisation model to minimise the resulting damage accumulation, that is,

tend ] 4
A GLOEGL o

pmean — — with 7= . (6)
f[oend Ep(t) dr OyM

Therein, 7 denotes the well-known stress triaxiality, which is defined as the fraction between the hydrostatic stress o}, and
the von Mises equivalent stresses oy);. The measurement ™" consequently captures the evolution of triaxiality during
plastic forming, that is, the moment at which damage evolves throughout the forming process, compare [3].

3.2 | Optimisation with a variable mandrel radius

The chosen design variables for the optimisation problem encompass previously denoted process parameters s =
[rm,71,2a]. The extrusion strain €., of the process is introduced as a limiting side constraint. Since this constraint is
of geometric type, it can be handled by validating its fulfilment before running the taxing FE simulation, as described in
Section 2.2. The optimisation problem reads

minimise 7™¢%(s)
S;<s<s,

)

subjectto 0.2 < gy (rpp,71) < 1.4,
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TABLE 1 The table for the optimisation of forward hollow extrusion with a variable mandrel radius r,.

s dependent fixed S| Su initial (k=0) intermediate (k=12) optimum (k=75)
- - ro/mm 15.1 15.1 15.1 15.1 15.1
ri/mm - - 9.5 13.9 11.5 11.316 11.815
rm/mm - - 6.7 11.6 9.5 9.703 10.517
- Eex - 0.2 1.4 1.188 1.373 1.399
2a/° - - 30 150 60 58.839 30.012
24¢ ’

-1.5¢ -2.005 |

-1.6 - 22,01}

17 il Nope = —2.0208

E_ 1.8 202} | L
19k 0 2 30 3 40 45 0 5 60 6 10
926
-2.1 1 | | | | |
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iteration

FIGURE 3 Objective function over iterations for the optimisation problem of forward hollow extrusion with a variable mandrel radius
rm- The framed area shows a zoomed-in depiction for the respective iterations with a rescaled ordinate.

The resulting, and some intermediate values, are listed in Table 1. The optimiser tries to maximise the extrusion strain
initially, as this has the highest impact on the objective function, compare [3]. Since this value depends on two possible
changes in the chosen design variables, intermediate results show that at first the final diameter r, is decreased, with the
mandrel radius 7y, also being increased to achieve a high extrusion strain. The shoulder angle remains mostly constant
at the beginning and only decreases at later stages in the optimisation, indicating a lower impact on the objective value
compared to the radii. After increasing the extrusion rate, the optimiser again increases the final radius r,, while further
increasing the mandrel radius rp,, in order to remain at the bounded extrusion rate value of ¢., ;, = 1.4. This finally leads
to the optimal design, see Table 1.

The iterative process in Figure 3 also shows the described behaviour. Throughout the optimisation, up to iteration 19,
large jumps in the objective function can be seen, mostly due to the changes in radii. At this point, the design variables
are close to the final optimal values and only small adjustments are made, leading to consequently small modification of
the objective function, depicted in the zoomed-in part of Figure 3.

Interestingly, the final values of r; and r,;, do not reach their respective bounds, indicating that it may be beneficial for
this forming process to choose tool sets generated by the optimisation. This behaviour is highlighted in Figure 4, which
illustrates the iterative behaviour of the mandrel radius r,, and the final radius r; over the iterations of the optimisation.
Additionally, the respective resulting extrusion strain €, is presented as well. Finally, the upper bounds for the respective
radii are indicated to highlight that these bounds never explicitly apply to their respective design variables throughout
the optimisation. The figure only shows the behaviour up to iteration 42. After that point in the optimisation, no notable
changes in design occur, which is also detectable in the small development of the objective function, again see Figure 3.
After a few initial iterations, the optimiser starts to increase the extrusion strain by, at first, reducing the respective radii.
The depicted initial constant design variables, that is, the constant values of r,,, and r; for iterations O to 2, are a result of
the Nelder-Mead Simplex algorithm. As for this implementation, only the current optimal solution of each iterative step
is stored. This might be in turn the initial starting guess as other points of the simplex may yield higher objective values.
The following change to the extrusion strain of €., = 1.35 at iteration 3 is achieved by reducing the mandrel and final
radius, respectively. After this initial change, the radii show some positive and negative adjustments up to iteration 12.
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FIGURE 4 Aniterative display of the mandrel radius r,, and the final radius r, over the iterations up to iteration 42. Additionally, their
respective upper bounds and the resulting extrusion strain €., for each iteration are depicted.

At this point in the optimisation, the behaviour regarding the radii changes drastically and their respective values start to
increase in value by up to 1 mm. The peak of this behaviour is reached at iteration 18. From thereon the optimiser only
makes small changes and again decreases their respective values. This coincides with the small changes of the objective
function, as was discussed regarding Figure 3. After iteration 26, the radii get reduced again which in turn increases the
extrusion strain. This behaviour repeats until iteration 41, after which a final small increase in design is visible. A few
intermediate iterations show points, where the extrusion strain decreases. Most notably this occurs at iterations 12, 15 and
18, respectively. At these iterations the iterative optimal solution showed a lower shoulder angle, which in turn benefits
the triaxiality value. Subsequently, this angle remains constant for a few iterations while the extrusion strain increases
again. A value close to the optimum, that is, 2a = 30.162°, is finally reached at iteration 18. Afterwards, the extrusion
strain exceeds the value of €., = 1.39 again and does not fall below that threshold throughout the rest of the optimisation.

Additional calculations were performed to underline this result, that is, the objective having a lower value between the
bounds of the radii rather than at either limit. Further optimisations with different starting values at the upper boundaries
however deemed difficult because the optimiser often ran into iterative solutions which did not converge for the FE prob-
lem due to high mesh distortions. However, at best, the possible manual calculations, as well as intermediate results from
the additional optimisations, generates values close to ™" = —1.999, indicating an overall better solution obtained by
the optimisation as described above.

4 | SUMMARY AND OUTLOOK

This contribution presented a generalised optimisation framework surrounding a commercial finite element software.
The application of Abaqus FAE was motivated by the necessity to consider contact for accurate modelling of forming
processes. The proposed framework, with possible alternative approaches and their drawbacks, were presented. It was
applied to hollow forward rod extrusion to yield optimal process parameter sets with the objective, to generate workpieces
with a reduced accumulation of ductile damage. Interestingly, a non-intuitive combination of radii was generated, that
lay at neither bound of their respective variable, highlighting the benefit of utilising numerical optimisation.

Based on the conducted investigations in this paper, there are many additional directions of research to be considered.
For one, the optimal set of process parameters could be directly validated by manufacturing tool sets with the properties
generated in the optimisation. Additionally, the optimisation of hollow forward extrusion can be extended by for exam-
ple, including the omitted process parameters as additional design variables. Due to the generalisation of the proposed
optimisation framework, the forming processes to be optimised are not limited to extrusion processes. Natural extensions
on this regard are sheet metal forming processes like deep-drawing or roll-forming, or hot forging process which take
temperature effects into consideration.
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