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Abstract. A promising approach to meet ecological and economical challenges in production
industry is the combination of additive manufacturing and forming, which enables the production
of hybrid parts. The fusion of the two technologies has the potential to use the benefits of both
process classes. One example for the combination of additive manufacturing and forming is a
process chain consisting of laser-based directed energy deposition (DED-LB/M) to apply a wear
resistant coating on a sheet metal and a subsequent deep drawing process to achieve the final
geometry of the component. However, the presence of the local reinforcement influences the
subsequent sheet metal forming process. In order to gain more knowledge about the process chain
a numerical approach is performed. In this work, the influence of a coating using Bainidur® AM
applied by DED-LB/M on the formability of the case hardening steel 16MnCr5 in a deep drawing
process is evaluated. For this purpose, a numerical model is built and validated by comparison
with experimental results. The finite-element-model serves as the basis for the investigation on the
influence of the location of the additively applied coating on the deep drawing process and also
enables a deeper understanding of the process.

Introduction

Due to governmental requirements and an increasing environmental awareness, modern
production technology has to face new ecological and economical challenges [1]. Therefore, a
need for resource efficiency and sustainability in the field of production is coming into focus. In
addition to lightweight design [2] another approach to meet the current challenges are resource
efficient manufacturing processes. Forming technology is known for its resource efficiency as well
as for the high output [3]. On the other hand, a disadvantage of the production technology is its
low flexibility [3]. In contrast, the use of additive manufacturing enables a high degree of
geometric freedom and a customizability of the components [4]. By combining the two
technologies, a production of hybrid parts is possible. Synergy effects such as adapted material
properties as well as an extension of the process limits appear and the disadvantages of the two
process classes can be compensated [5]. One example for the production of hybrid parts is a
process chain consisting of DED-LB/M to apply a wear-resistant coating on a circular blank and a
subsequent deep drawing process to achieve the final geometry of the component, which is based
on the geometry of a barrel sleeve. The forming process enables a resource efficient production of
the component compared to current machining of the barrel sleeve. The use of DED-LB/M before
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the forming process enables a local reinforcement of the blank. Therefore, global energy-intensive
heat treatment strategies can be avoided. The authors in [6] show that DED-LB/M can be used to
locally strengthen aluminum sheet metal blanks. The formability of the aluminum blanks is limited
due to the heat input [6]. Nevertheless, no investigations have yet been carried out into how a high-
strength material applied by DED-LB/M affects the formability of a case hardening steel.

Objective and Methodology

The aim of this work is to investigate the influence of an additively applied coating on a deep
drawing process. This is necessary to evaluate the formability of hybrid components where a high-
strength coating is applied. The methodology used in this work is shown in Fig.1.
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Fig.1. Methodology.

The basis of the investigation is a process combination of DED-LB/M and a subsequent deep
drawing process. In a first step, a FE-model of the forming process is built. In addition to the
conventional deep drawing process, the model is extended to include the hybrid approach. The
validation is done by comparison with experimental results. In addition to the process force, the
geometry of the component is compared in order to evaluate the prediction quality of the
FE-model. After the validation, an investigation of the stress state of the uncoated and hybrid
components is carried out in order to derive conclusions about the formability of hybrid
components and the advantageous placement of the additive coating.

Experimental and Numerical Setup

Material and semi-finished product. To produce the hybrid part a process chain consisting of DED-
LB/M and a subsequent deep drawing process is used. The geometry of the semi-finished part is
shown in Fig. 2a. A circular blank with a diameter of 105 mm and a thickness of 3.5 mm serves as
substrate. As material the case hardening steel 16MnCr5 (1.7131) is used. Before the deep drawing
process, a wear-resistant coating is applied on the sheet by DED-LB/M. Therefore, the metal
powder Bainidur® AM is used. The applied geometry is shown with its variations in Fig. 2b.
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a) Semi-finished part b) Coating
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small 16 mm 27 mm
medium 24 mm 35 mm
large 32 mm 43 mm

Fig. 2. a) Geometry of the semi-finished part b) Geometry of the coating and its variations.

The coating is applied in a circle and has a height of 0.5 mm. A difference is made between the
listed inner and outer diameters in order to determine the influence of the position of the coating
on the forming process. To describe the mechanical properties and the hardening behavior of the
substrate material and the coating, true stress-true plastic strain curves are determined, which are
used for the numerical simulation. The resulting curves are shown in Fig. 3.
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Fig. 3. True stress-true plastic strain curves of the substrate material 16MnCr5 and the coating
Bainidur® AM from experimental uniaxial tension tests.

Due to the prevailing stress conditions in deep drawing processes, uniaxial tension tests
according to DIN EN ISO 6892-1 [7] at room temperature are carried out. The specimens for the
characterization of the substrate material have a measuring length of 50 mm and a width of
12.5 mm. Tensile specimens are also used to characterize the coating. Due to the dimensions of
the coating, a smaller specimen geometry with a measuring length of 20 mm and a width of 6 mm
is used. The thickness of the specimens corresponds to the thickness of the coating in the
experiment. The specimens were first built up as a block through five layers and in the second step
separated from the substrate and brought to the final shape by electrical discharge machining. The
uniaxial tension tests are carried out using a universal testing machine Zwick Z100 respectively
Zwick Z10 for the smaller specimens and a camera-based 3D strain measuring system
GOM Aramis. The substrate has a significantly lower initial yield stress of 266 MPa than the
coating with a yield stress of 8§14 MPa. Since higher strains than those determined experimentally
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occur in the real process, the two curves were approximated and extrapolated. Voce generalized [8]
is chosen as extrapolation approach for the substrate material 16MnCr5. For the coating, the
Hockett-Sherby approach [9] was found to be appropriate.

Laser-based directed energy deposition. Before the forming process, circular blanks are coated
using DED-LB/M. Therefore, the experiments are performed on an ERLAS UNIVERSAL 50349
machine (ERLAS GmbH). The machine is equipped with a diode laser with a peak power of 4 kW

and a characteristic wavelength of 900 to 1080 nm. The nozzle can be moved using three linear
axes. In addition, the cell has a sample holder with two rotary axes, which allows the realization
of free-form surfaces. The parameter set used for the coating is based on previous
investigations [10].

Deep drawing. The subsequent deep drawing process is carried out on a hydraulic press
Lasco TSP 100 So with a maximum force up to 1000 kN. The velocity of the punch is set to
4.7 mm/s and the force of the binder is set to 25 kN. The punch geometry is hemispherical with a
diameter of 50 mm. The drawing depth, which is set by hard-stops, amounts to 30 mm. In order to
reduce the tribological loads, the blanks are lubricated with KTL N 16. The experiments are carried
out at room temperature. After the forming process, the parts are measured optically in order to
determine the geometry and the sheet thickness. The measurement is carried out with an
Atos Core 300 of the company GOM GmbH.

Numerical setup. The numerical model presented in this paper is built with the finite element
software LS-Dyna by Ansys, which allows the simulation of nonlinear physical processes. The
generation of the input is done with the help of the graphical pre- and post-processor
LS-PrePost V.4.7.0. As solver the MPP Double R11.1 is used. Due to the symmetry of the hybrid
part, only a quarter is modelled. Therefore, the Keyword “SPC_SET” is applied to the nodes on
the x- and y-edges of the part and the coating. For the tools, namely punch, binder and die, rigid
shell elements are used. To avoid unwanted movement, constraints in x- and y-direction are
defined for the tools. The numerical setup is shown in Fig. 4.
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Punch B Coating (solid elements)
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Fig. 4. Setup of numerical model to map the deep drawing process.

The sheet is modeled by fully integrated shell elements. As material model
“133-Barlat YLD2000” is used due to the anisotropic material behavior of the case hardening
steel 16MnCr5. In order to map the coating, the material keyword “024-
PIECEWISE_LINEAR PLASTICITY” is applied. In contrast to the substrate material, the
coating is modeled with solid elements. To consider the adhesion of the coating to the substrate,
the two parts share the same transition nodes. This approach is also chosen in [11]. The contact is
modeled with the keyword “CONTACT_FORMING SURFACE TO SURFACE” to avoid
penetrations between the tools and the blank.
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Results

Validation. In order to evaluate the prediction quality of the presented FE-model, it is validated by
comparison with experimental results. In addition to the hybrid part, the conventional deep
drawing process is also considered. In Fig. 5, the comparison of the experimentally and
numerically determined maximum process forces is shown.
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Fig. 5. Comparison of experimental and numerical maximum process force.

Experimentally, a maximum forming force of 155.7 + 5.1 kN is determined while forming the
uncoated blank. In the simulation a maximum forming force of 152.1 kN is reached. With a
deviation of 2.6 %, a good agreement between the simulation and the experiment is achieved.
Good agreement is also obtained when comparing the numerically and experimentally determined
maximum forces of the hybrid components. The largest deviations are evident for the coating with
an inner diameter of 24 mm and an outer diameter of 35 mm. Experimentally, a process force of
154.6 £ 0.6 kN is obtained, while the maximum force with 147.5 kN is underestimated in the
simulation. However, with a deviation of 4.6 % from the experimentally determined results, a good
agreement can be assumed here as well. The influence of the coating on the maximum process
force is negligible. The deviations of the variations are within the standard deviation.

In addition to the maximum process forces, the geometry of the part, which was obtained
experimentally and calculated numerically, is also compared. The basis for the comparison is the
sheet thickness, which was determined at a drawing depth of 30 mm. The sheet thicknesses for the
uncoated blank and for the coated blank with an inner diameter of 32 mm and an outer diameter
of' 43 mm of the coating are shown in Fig. 6. Since only a quarter model was built in the simulation,
the resulting thicknesses are mirrored on the y-axis.
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Fig. 6. Experimental and numerical sheet thickness distribution of the a) uncoated part
and b) hybrid part.

A good agreement between simulation and experiment is found for the uncoated and the hybrid
part in the area of the flange and in the radius area of the die. Deviations are evident in the bottom
area of the conventional component. Here, the sheet thickness is overestimated in the simulation
for both areas. The reason for this could be the modeling approach of the sheet with shell elements,
which is only sufficiently accurate for a sheet with a thickness of 3.5 mm. This upper limit is
reached in this case due to the use of a semi-finished part with a sheet thickness of 3.5 mm. Thus,
the improvement of the accuracy of the model by using solid elements instead of shell elements
has to be verified in future investigations. However, the areas in which the sheet thins out are
correctly modeled. Moreover, the determination of the occurring stress states, which is the focus
of this contribution, is mainly linked to the process forces, for which only small deviations of less
than 5 % are identified. Therefore, it is assumed that the accuracy is adequate for the evaluation of
the stress states and the use of the model for further investigations is possible.

Resulting stresses. Different stress states occur during deep drawing. Due to the use of a
hemispherical punch, the stress conditions differ from those in conventional deep drawing.

@

SHCN®,

No. |Area Stresses

1 |Punch radius Biaxial tensile

2 | Transition zone |Plane strain/ uniaxial tension
3 [Die radius Bending

4 [Flange area Tensile compressive

Fig. 7. Resulting areas and stress states of a deep drawn part with a hemispherical punch.
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The resulting stress states and the corresponding areas are shown in Fig. 7. The bottom area of

the part is characterized by biaxial tensile stresses, similar to conventional deep drawing. The
subsequent transition area is initially characterized by a plane strain area. As the punch diameter
increases, uniaxial tensile stresses occur. In the area of the die radius, the material undergoes a
double bending. In the flange area of the component tensile-compressive stresses occur.
By varying the diameter of the coating, it lies in different areas of the deep-drawn component and
thus undergoes different stress states. In the following, the influence of the coating diameter on
the resulting stresses is investigated. Since radial tensile and compressive stresses occur
predominantly in the formed component, the direction-dependent stresses are considered. The
resulting stresses in x-direction at a drawing depth of 30 mm and the interface pressure between
the punch and the part are shown in Fig. 8.
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Fig. 8. Comparison of the resulting stresses in x-direction and the interface pressure between the
part and the punch in the numerical deep drawing process of the conventional and hybrid parts
with coating different diameters.

The maximum tensile stresses occur at the bottom area of the uncoated part. These are more
dominant in the y-direction than in the x-direction. The bottom of the component is the most
critical area in terms of the formation of cracks due to the maximum stresses in this area. Through
the addition of the additively applied coating, the stresses in the bottom area are reduced. The
reason for this is the loss of contact with the bottom of the component, as the punch primarily
contacts the coating. With an increasing coating diameter, the punch has more contact with the
bottom of the component. Therefore, the stresses in the bottom area of the hybrid part increase as
well. The use of a coating, however, leads to stress peaks that occur at the inner and outer diameter
of the coating, which can be critical regarding a failure of the part at higher drawing depths. A
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bigger diameter of the coating leads to lower stresses around the coating. In addition to the stresses
in x-directions, the major and minor strains of each finite element are investigated in order to
evaluate the stress states of the component. The strains were determined numerically and are
shown in Fig. 9.

uncoated small

0.5 : : : : : ' :
T P =20, 1 (9.0 :
S ' :
S 03 .
5 :
Lo 02 i
c '
S 0l

0.0 . :

04 -03 -02 -01 00 - 02 04 -03 -02 -01 00 - 0.2
large

P e N N S e
s ' '
E S\ S
= X i
771 [ S TS -: -----
= : :
= |
5 7

1
<
-2

-04 -03 -02 -01 00 -0.1 00
Minor stram ¢, —> Minor strain ¢, —>

1
=
-2

Fig. 9. Major and minor strains from the numerical investigations for the uncoated and
hybrid parts.

In the uncoated component, positive major strains and negative minor strains are predominant.
This is also observed for the hybrid parts. In the area of the coating positive major and minor
strains occur. The major strains are higher at the inner and outer diameter of the coating, especially
when using the small coating, and therefore more critical regarding failure. With a bigger diameter
of the coating, the load on the coating is more in the area of plane strain with lower major strains.
Placing the coating in the plane strain area is therefore more advantageous in terms of formability.
Overall, the position of the coating can be used to influence the stress states in the bottom area of
the hybrid part. The tensile stresses at the bottom area are reduced through the application of the
additive coating. A bigger diameter of the coating leads to reduced stress peaks around the coating,
which is due to the plane strain stress condition.

Summary

One approach to meet climate challenges is the combination of different production technologies
in order to produce components more resource efficient. An example for this combination is the
investigated process chain. In order to evaluate the influence of the additively applied coating on
the forming process, a numerical model was built and validated by comparison with experimental
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results. A comparison of the resulting maximum process forces from simulation and experiment
showed good agreement. There were significant differences in the distribution of the sheet
thickness, which can be explained by the modeling approach of the sheet using shell elements.
Since the stress state depends mainly on the process force, the model was nevertheless qualified
for these investigations. The use of the coating led to reduced tensile stresses in the bottom area of
the hybrid component. An enlargement of the diameter of the coating helped to reduce the stress
peaks around the coating. A bigger diameter of the coating also led to lower major strains in the
area of plane strain. In further investigations, the modeling approach of the sheet with solid
elements should be examined. It would also be of interest to model the heat affected area between
the coating and the substrate in order to represent the real process more accurately and to better
evaluate the influence of the coating.
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