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Abstract

The present study investigates the effects of the process parameters on cold forming process of an automotive component in AISI 1006 low
carbon steel. The material formability was characterised up to 250°C. The material flow behaviour and the related thermal distributions during
the geometrical transformations were analyzed. Coining and forming operations were investigated by using a coupled 3D Thermo-mechanical
FEM with different die geometries and friction conditions in order to optimize the final die geometry and to reduce the energy consumption. FEM
simulation results were validated by comparison with the experimental trials. The detailed study of the component allowed defining the energy
required by the severe bending of the initial thick plate. The FEM predictions led to a reduction of deformation energy of about 20%, a mass

reduction of 28% on the final product and permitted avoiding secondary machining operations.
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1. Introduction

The continuous market demand for lightweight products,
together with the need for sustainable processes, has driven
several scientific investigators towards the study of the energy
consumption for the manufacturing processes, mainly in the
production of automotive industry components.

In literature, different approaches are proposed to optimize
the process chain by investigating and calculating the energy
consumption related to geometrical transformations and
material flow. Moses and Weinert investigated holistically the
energetic efficiency, in a term of manufacturing control
strategies, by mapping the product variant related energy
profiles for each equipment [1]. Ohara et al. focused the
research both on the energy required in sheet forming and
related mechanical properties for hot-rolled products [2].
Differently, Shrouf et al. devoted their studies to create an
analytical model for minimizing energy in process scheduling,
using genetic and heuristic algorithms to find the best schedule
for reducing energy costs [3]. In solving the problem by
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modelling, Ghadimi et al. created an MEFA (Material and
Energy Flow Analysis) model representing a road map to
optimize parameters in a real manufacturing process layout,
considering the need to integrate material and energy flow to
reach the final goal to optimizing the results [4]. In a complete
overview of energy consumption in different processes,
Polyblank et al. underlined the importance of considering a
closed-loop control of metal forming properties, showing the
example of a real case for strip and ring rolling and incremental
forging and many others forming operations [5]. Also, Skelton
and Allwood explore an input-output model to evaluate
material saving, considering also taxes, incentives, and labour
costs, depicting a wide concept of energy saving [6].
Eberspacher dedicated his research to the milling machine
monitoring approach by creating a holistic model [7]. Salonitis
and Ball presented an overview on energy saving approaches
focusing both on machine tools and the relationship of the
results during production processes, whereas Apostolos et al.
discussed various energy saving approaches for conventional
and non-conventional automotive processes, aeronautics and
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white goods by giving some practical suggestions on improving
the efficiency [8,9].

Duflou et al. provided an important contribution by
investigating a systematic and structured approach made up by
system scale for different kinds of the industry, by focusing on
a single unit to supply chain [10]. In order to consider an
important contribution in terms of modelling, Bi and Wang
proposed an explicit relational model between machining
parameters and energy costs using an analytical approach to
solve the problem [11]. Wen et al. considered an example of
using a grinding case in their model-approach [12]. The interest
in energy optimization is well described by Cheng et al. who
introduced the concept of cloud manufacturing, including the
analysis of costs and risks [13]. Arif et al. worked on energy
optimization during machining operations by analysing single
pass and multi-passes process parameters, giving interesting
consideration on tool life [14].

In this paper, the authors created a 3D Thermo-mechanical
FE model to describe a severe bending on an automotive
component with complex geometry, considering the parameter
effects in sheet-bulk metal forming [15] and the material
workability model [16,17]. Similarly to Ghani et al. who
focused on the optimization of dynamic properties such as
torque and mass; the present work focus on the reduction of
energy by optimizing material flow [18].

This aim is reached by implementing a method able to a self-
combine some parameters, depending on the cost weight of
each, to reduce deformation energy and to respect final
geometrical tolerances. FEM simulations were performed to
investigate the parameters set and their effects on the process;
experimental tests to validate the model were carried out in
conjunction with a deep investigation on material properties
and friction conditions. An optimization rule on the energy
supplied to the workpiece for deformation was proposed by
considering energy and material flows during the geometrical
transformations. The results show a 28% saving of the total
initial workpiece mass and about 20% of the total energy
supplied by the mechanical press; furthermore, secondary
operations necessary to reach the final desired tolerances were
avoided.

2. Experimental procedures

Experimental tests were performed to set the mechanical
properties of the material used for the component under
investigation an AISI 1006 low carbon steel.

The friction conditions, which play a very important role
during the severe bending of a thick plate, particularly during
the coining operation, were experimentally tested [19,20]. To
validate the FEM model and to confirm the experimental
results reached by the investigation, experimental validations
were carried out assuming the same model conditions. Torsion
tests were carried out on cylindrical samples machined from
the plate at different orientations regarding the rolling
direction, i.e. 0°, 45°, and 90°. Torsion tests permit to get
equivalent strains higher than those obtainable by tensile and
compression tests and are comparable with the strains
occurring in real processes.

The samples were deformed up to rupture at different
temperatures, from 25 to 250 °C, and a strain rate of 0.5 s
Thus, it permits covering the temperature range of the
workpiece. The increase in temperature during coining
operations is related to adiabatic heating. The torsion test
machine is shown in Fig.1a where the specimen position is in
the rectangular in which the induction heating system is also
represented. A representative flow curves is shown in Fig.1b.
Material behaviour law, obtained by torsion tests, is described
in Eq. (1), no significant effect of the temperature on the stress
is observed up to 250°C.
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Fig. 1. (a) torsion test machine with induction system highlighted in the
rectangular; (b) torsion test results at room temperature with specimens
oriented with different rolling directions.

The part under investigation and an operation mock-up, formed
in two steps, are illustrated in Fig.2a. The first step is performed
by using a conical punch, the most relevant dimensions of
which are reported in Fig.2b. The second step is a coining
operation, necessary in order to obtain the final tolerances,
especially on lateral surfaces, as shown in Fig.2c. These steps
are carried out in a mechanical press with about 0,4 CPM and
a maximum stroke of 450 mm. In the first operation, a severe
bending deformation is obtained in order to give to the
workpiece the final cylindrical shape; in the second step, the
severe bending is considerably highlighted in the workpiece
internal curvature, where it is high the breaking risk promoted
from the very small curvature radius. To understand the
problem and study the effects of the most important process
parameters, a 3D Thermo-mechanical finite element model has
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been set up to analyse both the forces and energy during the
process and to avoid the problems as well before the
experimental validation. Force-stroke trends for the two
forming operations were measured with a pre-calibrated load
cell mounted on the die.
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Fig. 2. Simplified scheme of the forming operations performed: (a) on the
workpiece; (b) coining operation and die design; (c) lateral profile forming
step scheme.

2.1 Finite element modelling and analysis

The initial geometry of the product analyzed in this work

was obtained by a thick plate of 10 mm with a triangular profile
as shown in Fig.3, where the most important dimensions are
indicated. Fig.3a shows a plane profile of the initial
unoptimized workpiece, where the central zone is represented
by a dotted rectangle. The upper part of Fig.4a shows a real
workpiece while, in the lowest part, the CAD model that was
used for FEM discretization. This profile, which provides an
excessive material flow in the coining cavity operation, is then
optimized by analyzing deformation energy during the
complete process. In Fig.3b, the lateral view of the initial
workpiece is also evidenced, which focuses on the surface
roughness; in the central area, as highlighted in the black
rectangle in Fig.3b, the blanking profile for FE simulation was
measured directly from the real trimmed workpiece. To get a
reliable model, the initial geometry was divided into about
100.000 tetrahedron elements of 0,06 mm® each. The initial
meshed workpiece is shown in Fig.4, a symmetry plane was
considered to reduce the computing time.
The element distribution was increased in the bending zone for
which it was relevant to assess stresses and deformation as well
as the final curvature radii responsible for potential crack
initiation.

R8O

Fig. 3. Initial workpiece geometry for the severe bending operation: (a) plane
profile and lateral side (b) (units are in mm).

Bend zone
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Fig. 4. Mesh and symmetry conditions of the simulated workpiece.
3. Results

To study both the material and energy fluxes, a first set of
simulations was carried out to investigate the proper set of
parameters and their effects on the properties of the part. After
simulating with the parameters shown in Table 1, the
comparison of the numerical results with the experimental
values shows that a very low curvature radius is reached, and
that the formation of a fold occurs at the end of the coining step.
The results of the first set of experimental tests to produce the
part are shown in Fig5a and S5b where a middle plane section of
an unoptimized specimen is represented. To confirm the correct
assembly of the part, some dimensions were measured. In
particular, horn height and length were checked against the
design tolerances. As observed in Fig.5a a lateral fold at the
internal curvature was achieved. This fold in the ‘non-
optimised” workpiece represents a defect that must be avoided
to preserve the part from rupture risk and save material. A stress
concentration was evident in the area close to the fold (Fig 5c).
To reduce the fold and optimize the whole process, the
combined flow of material and energy was analyzed with the
purpose of optimizing the workpiece profile and the die
geometry, and to give a suitable shape for the second step
where the reverse vertical material flow enhances the effect of
the fold by reducing its radius. The analysis of the material flow
and the specimen, while a larger profile was kept in the central
tip portion. This permits better die filling in the coining step
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through changing circumferential displacements. By changing a
the lateral punch profile of the coining step, the optimized b
geometry was achieved: i) providing a reduced thickness at the aaRSRSNTNRNRaSR

top of the die cavity, the entrance of the specimen in the coining \
die is favoured, ii) with the simultaneous reduction of the 15
B
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bottom thickness, the burr is avoided. Consequently, increasing
the circumferential thickness at the central zone of the 3 N

specimen permits us to obtain a good filling of the coining die \\\ 10
cavity. The aforementioned effects were attained by means of Y
a coining punch with a three-angled lateral profile. 1.5
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Fig. 6. Results of the second set of simulations without optimization: (a)
coining punch model with parameters; (b) scheme of the coining operation at
the end of the punch stroke.

Table 1. Parameters set analyzed through the simulations.
NOT OPT

N.sim.1 2 3 4 5 6 7 8 9 10 11 12
R 4 4 5 3 3 3 3 3 3 3 3 3
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Stress - Effective (MP a) Moreover, in F1g.6b, tl.le ﬂnal optlmlz.ed Valuc.es indicate the
results of the total optimization calculation, which are shown
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Fig. 5. Early simulations and experimental results: (a) particular of the fold in
the inner surface of the horn; (b) real workpiece section with fold highlighted;
(c) von Mises effective stress on the symmetry plane.

OPT NOTOPT

The new set of parameters is shown in Table 1. where the
three angles coining punch was considered in order to obtain
the desired effects on the lateral specimen profile. The FE code C
could launch different simulations automatically by
implementing a user routine in which a single parameter is
fixed and the others are considered variable; the parameter was
considered acceptable when the deformation energy reaches
the minimum; subsequently, it is possible to repeat the energy
optimization for another parameter. The routine ends after
optimizing all the parameters.

The results of the second set of simulations are shown in
Fig.6, where the optimized parameters are described, and the
vertical positioning angles of the coining punch are illustrated.

In Fig.6a, a simplified coining punch section is represented
with its parametric angles, indicated with Greek letters.

Fig. 7. (a) comparison between the optimized and unoptimized profiles; (b)
detail of the central part in the workpiece highlighting the optimum curvature
and (c) optimized coining punch.
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The same test plan used for FEM based simulations was
reproduced experimentally by performing 5 repetitions for each
parameters group. The results in terms of comparison between
optimized and unoptimized shapes are depicted in the
following discussions. Introducing the new punch geometry
permitted differential strain distribution in the workpiece and
allowed saving about 28% of the workpiece mass.

The saved material is located at half height of the workpiece
and the new punch permits a larger circumferential material
flow without burr formation. Initial workpieces for both
optimized and unoptimized solutions are shown in Fig.7a,
while in Fig.7b a mid-height section of the profile obtained
with the optimized shape is shown together with the optimized
coining punch used during experiments (Fig.7c). As described
above, the optimized profile gave the possibility to get a larger
curvature in the inner surface, avoiding critical zones for crack
initiation.

Using a 3D Thermo-mechanical FE model, an optimal
solution was automatically calculated, in terms of deformation
energy to provide by the mechanical press, leading to change
the die geometry and consequently the workpiece profile.
Conduction and natural convection mechanisms were
considered for heat exchanging. The temperature profile was
calculated for both optimized and unoptimized simulations to
validate the effects of modeling in terms of friction forces
reduction on the optimized workpiece.

The new initial profile was tightened near to the bend zone
and this condition, because of a better material flow direction,
allowed to avoid burr formation in the final workpiece, as
shown in the comparison reported in Fig.8a. Minimizing
material and optimizing flow direction and deformation energy
allowed to reduce the fold in the internal curvature profile
(Fig.8b) and permitted to increase the mechanical strength of
the part. The lateral surface roughness is consistently reduced
after optimization, due to the complete mold filling. Material
flow lines, in fact, better replicate coiner cavities and no flows
directed perpendicular regarding the lateral surface were found.

OPT  NOTOPT

Fig. 8. FE simulations before and after the optimization: (a) plant profile from
blanking punch side; (b) lateral profile at the end of the process.

4. Discussion

From the trend of the energy spent by the mechanical press
for the two forming operations as a function of time, it results
that about 20% of the total energy required for deformation can
be saved, as shown in Fig.9a and marked with “S”.

In addition, a 28% of mass reduction is obtained, to which a
further energy saving is achieved by avoiding secondary
operations; the better shape achieved after optimization
represents an excellent result from an economical viewpoint.
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Fig. 9. (a) Energy vs. time trend for the studied case and saved energy for the
complete process; (b) view of the optimized finished workpiece.

The final shape, where the optimized workpiece is in
agreement with the design tolerances, is shown in Fig.9b. In
particular, it can be seen as a slight roughness of the lateral
surface and absence of burrs as well as the fold at the inner
radius of the horn.

The optimization effect on the strain in the vertical
directions was significant during the complete process as
presented in Fig.10a and confirmed by observing the final
cumulative strain at the end of the last operation, as shown in
Fig.10b. Two different strain trends are observed, i.e. A and B
in Fig.10 a, where A is for coining, and B is for the last forming
operation. Confirming the energy trends, the strain in the
vertical direction in Fig.10b also showed a material excess on
the lateral horn basis underlined by the red rectangle and
consequently causing the formation of the internal fold.
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Fig. 10. (a) Strain as a function of time trend in both coining and forming
operations; (b) view of the finished workpieces with burr highlighted.

Conclusion

The comparison of numerical modelling by experimentation
has confirmed that the study permitted minimizing the energy
consumption of the mechanical press and led to a new die shape
able to favor the material flow as required by the designer.
Modifying the material flow made possible the re-distribution
of the workpiece mass and consequently the energy required to
obtain the product. This approach, validated by the research on
the material properties and friction conditions during the real
process, led to a mass reduction of 28% on the final product
which represents a very good outcome for an automotive
component; moreover, it permits to minimize by about 20% the
total energy supplied by the mechanical press. Finally, costs for
finishing operations were avoided, with considerable benefit
for the entire process chain.
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