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Abstract

The deep drawability of additively manufactured stainless steel sheets with a core structure is investigated. By fracture form-
ing limit diagrams it is shown that the additively manufactured sheets reveal good formability. The deep drawing process is
analyzed numerically and the numerical models are validated experimentally. The main failure mode is a fracture of the face
sheets. No severe deformation of the core structure was encountered, leading to the fact that the parts keep their structural
integrity after the deep drawing process. It is shown that the process forces can reasonably be predicted by a modified Sie-
bel’s method. A process window diagram is derived, e.g. showing a maximum deep drawing ratio f,,,, = 1.4 for honeycomb

structures with a relative core density of p . =0.22.

Keywords Deep drawing - Additive manufacturing - Sheet forming - Hybrid process - Laser-powderbed-fusion

Introduction and state of the art

Structured sheets with complex core structures offer a high
structural and crash performance, high strength and good
stiffness-to-weight ratio. This makes them a remarkable
candidate for lightweight applications in aerospace, avia-
tion, transportation as well as automobile applications. A
method of manufacturing such sheets with complex core
structures was proposed by Rosenthal et al. [1]. The idea
is to use additive manufacturing (AM), specifically laser-
powder-bed-fusion (L-PBF) of metals, for the production
of flat semi-finished sheets with core structures, which are
formed to the final geometry in a subsequent forming opera-
tion (Fig. 1). This not only leads to an increased structural
performance of the parts due to strain hardening but also
increases the overall process efficiency of the additive manu-
facturing process followed by post-processing steps up to
360% [1] compared to directly manufacturing the component
in the final geometry.

Forming of sandwich structures with egg-box-like core
structures was performed by Cai et al. [2]. In a numerical
study, they used a multi-point forming die to investigate the
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formability for the production of saddle-shaped parts. They
discovered face sheet buckling as a main failure mecha-
nism, which can be reduced by thickening the face sheet.
In further experiments, Cai et al. [3] were able to form such
structures with a thickness of 4 mm and 8.7 mm to radii of
R=350 mm and R=500 mm. Further experimental work
by Liang et al. [4] revealed that the formability of the struc-
tured sheets is dependent on the overall thickness as well
as on the structure itself. Fine structures with thicknesses
<4 mm fail in buckling in a global manner, where the whole
structure loses its shape under compressive stresses. Thick
sheets (thickness H = 4-10 mm) fail as a result of intercellu-
lar buckling. Metallic sandwich sheets with sheared dimple
cores and brazed face sheets with a limiting relative bending
radius R/H=13.33 were investigated by Seong et al. [S]. The
main failure modes were delamination, core shear failure,
face fracture, and face buckling [6]. Bending of additively
manufactured sheets was investigated by Rosenthal et al.
[1]. Sheets with honeycomb, spherical, and truss-like core
structures were successfully formed to a hat-shaped profile
with a bending ratio of R/H=2.5, made from stainless steel
316 L. Though the forming of structured sheets with core
structures was investigated to a certain degree so far, the next
evolutionary step towards a complex deep drawing operation
has not been done yet.

In this paper, deep drawing of cylindrical cups using
additively manufactured semi-finished sheets with core
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Fig. 1 Proposed process route. Additive manufacturing of semi-finished sheets with subsequent forming into the final geometry [1]

structures is investigated. The utilization of deep drawing
beyond simple bending operations can further extend the
applicability of these advanced semi-finished sheets with
complex core structures, e.g. for lightweight applications.

Materials and methods

The used additively manufactured material SS 316 L is
characterized and the forming limits are determined. Deep
drawing is performed using semi-finished sheets having a
honeycomb core structure. The manufacturing route and
design of the components are presented. The deep drawing
process is investigated employing numerical and experimen-
tal methods.

Material characterization

The powder used for the additive manufacturing in this
study is stainless steel 316 L with a grain size distribu-
tion of 15-45 pm (Fig. 2a). The semi-finished sheets are
manufactured on a DMG Mori Lasertec 30 SLM machine
with a 600 W-laser and a build-chamber volume of
300 % 300 x 300 mm?. The manufacturing directions of the
specimen and the associated nomenclature is depicted in
Fig. 2b.

Fig.2 a) Stainless steel 316 L
powder for selective laser melt-
ing, b) Manufacturing direction
of the AM specimen
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The material behavior of the SS 316 L is shown in Fig. 3a.
The tests are conducted using standard tensile tests in three
manufacturing directions, 0°-, 45°-, and 90°-direction rela-
tive to the build platform (Fig. 3b). Flow curves at large
strains are measured using the in-plane torsion test according
to Traphoner et al. [7] with a grooved specimen (Fig. 3c).
The true stress-strain curves show a slight anisotropic behav-
ior with a directional yield stress ratio o ;o/oy 99=1.07,
where oy - and 6, - stand for the initial yield stress in the
manufacturing directions of the AM process. Hence, anisot-
ropy may be neglected in further considerations.

The forming limits are determined as fracture form-
ing limits (FFL) because the standard forming limits as
described in the standard ISO 12004 [8] cannot be directly
transferred to the novel semi-finished sheets. The challenge
in this case is, that the structured sheets have an inhomo-
geneous material distribution and the face sheets are only
partly connected to the core. For a final part, the load during
the use is distributed over the core and the face sheets. It is
assumed that a forming-induced necking of the face sheets is
not critical. The core acts as a support that can absorb addi-
tional loads as long as the structural integrity of the overall
part is still given. In the experimental investigation of the
structured sheets, preliminary investigations by Rosenthal
et al. [1] revealed that instead of necking, only actual frac-
ture of the face sheets can accurately be recognized as
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Fig.3 Material characterization a) b) c)
of SS 316 L, a) Flow curves, b) % Z (90%)
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failure. Thus, it is suitable to use the fracture strain as a
measure of formability in this case.

To characterize those failure strains, tensile tests with
notched additively manufactured specimens as shown
in Fig. 4b are performed, in order to achieve different
ratios of major and minor logarithmic strains. The result-
ing fracture forming limit diagrams (FFL) are shown in
Fig. 4a. The strains were measured with digital image cor-
relation (DIC) using GOM Aramis 4 M system. The strain
is evaluated at the DIC image just before the crack on the
specimen starts to develop. The left-hand side (g, >0,
&, <0) of the FFL can be determined with the presented
specimen, the right-hand side (g, >0, &,>0) cannot be
characterized with adjusted tensile test specimens but is
also not crucial for the deep drawing of cylindrical cups.
Therefore, these values are calculated using the CAL-
PHAD (CALculation of PHAse Diagrams) method [9]
with the software JMatPro and calibrated to the experi-
mental data, for the sake of completeness.

Semi-finished sheets

The semi-finished sheets which are used for the deep draw-
ing process are shown in Fig. 5. The sheets consist of honey-
comb unit cells (Fig. 5a), which are duplicated in the sheet-
plane. To ensure the remaining powder from the AM-process
can be removed, the core has built-in holes with a diameter
of 1 mm. The length /=5.63 mm, width w=3.25 mm, core
height C=3 mm and face sheet thickness #;=0.5 mm are
fixed across the variable relative densities pgo.. = Vyc/Veq
of the core. With V. as the actual volume of the unit cell
and Vgqg=/eweC as the boundary volume of the core. To
vary the relative density p,.,. of the core structure, the wall
thickness dy; is changed.

The complete sheets with core structures in Fig. 5b incor-
porate about 3200 unit-cells and form a diameter of approxi-
mately 270 mm. The sheets are manufactured on specially
designed support structures with a tapered cross section to
ensure a stable manufacturing process. From the manufac-
tured sheets, different diameters for the deep drawing experi-
ments are cut out by a laser (Fig. 5c) to provide various

Fig. 4 Determination of a)
forming limits of additively 0.8
manufactured (AM) SS 316 L
sheets, a) Fracture forming limit 0.7 - (
diagram (FFLD), b) Specimens ~ 06 f oS
. %) S
to determine FFLD £ 05 90°, z - direction Q* 20
s 0
=
»w 04
s
‘w 0.3
= 0.2 Experiment
: T
0.1
0

- 0°,x-directon === | T o] ] )
)
~

. MatPro| MO 00 R3§10 [ Rzgj—o’( R10§‘1_0'(
y VA

AM 316L, =2 mm| | | | 1 1| 1

-0.75 -05 -0.25

0 0.25 0.5

Minor strain g,

@ Springer



20 Page4of15

International Journal of Material Forming (2023) 16:20

Holes for
powder removal

c)

Fig.5 a) Honeycomb unit cell, b) Additively manufactured sheets on the build platform, ¢) Front view of the sheets before post-processing and

cutting

deep drawing ratios ff=d,ee/dio0] (Agpeer: 1Nitial diameter of
the deep drawn sheet; d,,;: diameter of the deep drawing
punch).

The additive manufacturing process was performed using
the standard process parameters provided by DMG Mori.
The manufacturing time on the AM-machine for 18 sheets
was ~900 h with an additional time of ~30 h for the post-
processing of the sheets. The post-processing comprises the
powder removal in the machine with a vacuum. Afterwards,
the built platform was clamped onto a capsuled vibrating
table to remove the powder from the inner cavities of the
core structure, which is followed by a cleaning operation in
a Joke ENESKA PostPro machine with pressured air and an
ultrasonic cleaning bath. The sheets are removed from the
platform by sawing.

Experimental and numerical investigations
Preliminary numerical investigations

Preliminary investigations regarding the deep drawability
of additively manufactured sheets are necessary, since the
novelty of the process route does not allow any conclusions
to be drawn about existing process limits. Therefore, a rudi-
mentary deep drawing process window is numerically pre-
dicted for a t=4 mm thick solid sheet made of additively
manufactured 316 L material. These information are used
for a preselection of the investigated process parameters for
the deep drawing of the sheets with a structured core. It is
assumed, that the structured sheets have a lower maximum
deep drawing ratio than a solid sheet from the same material.

@ Springer

The results of the numerical simulations are shown in Fig. 6.
The equivalent strain distribution of the drawn cups show
an axisymmetric strain distribution (Fig. 6a). The strains
increase with increasing deep drawing ratio f. The maxi-
mum deep drawing ratio of the solid sheet is §,, =1.65.
Larger f — ratios lead to bottom fracture caused by too large
bottom forces (Fig. 6b). The strain paths of a drawn cup
with a deep drawing ratio = 1.6 show that the regions at
the punch radius (A-E in Fig. 6¢) are deformed along a plane
strain path. The regions in the flange and cup wall develop
towards the left side of the strain diagram and show a slight
nonlinear strain history.

The preliminary numerical investigations of deep drawn
solid sheets made from AM 316 L reveal a maximum deep
drawing ratio f=1.65. This serves as a guideline for the
tooling construction that is necessary to be able to deep draw
the additively manufactured sheets with a structured core in
the upcoming investigations.

Experimental setup

The deep drawing process is conducted on a Zwick/Roell
BUP 1000 with a maximum force of 1000 kN. The tools are
designed based on machine and design restrictions from pre-
vious experiments using the structured sheets [1]. The tool
setup is shown in Fig. 7 and is designed to be able to draw
solid sheets up to a thickness of =4 mm with a maximum
diameter d, =250 mm. A constant blankholder distance of
4.5 mm is used without an additional blankholder force. The
friction coefficient was experimentally determined in a strip-
drawing test as u=0.1.
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Fig.6 a) Drawn cups of a
solid sheet (no core structure,
thickness r=4 mm) in the
numerical simulation using the
AM material 316 L, b) Major
and minor strains of the drawn
cups, ¢) Strain paths along the
outer surface of a drawn cup at
specific locations
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Fig.7 Tool setup for the deep drawing of the sheets with core struc-
tures (dimensions in mm)

Numerical investigations

The numerical investigations are performed using Abaqus
CAE 2020 with the explicit solver. The tool is made from
rigid shell elements with a mean mesh size of 0.5 mm. The
structured sheet is meshed with hexahedral continuum ele-
ments (C3D8R-Elements) with a mean mesh element size
of 0.25 mm and a global mass-scaling factor of 8. The face
sheets are modeled with a minimum of 2 element in thick-
ness direction. The in-plane torsion test flow curve from
Fig. 3a is implemented as an isotropic von Mises material

Minor strain ¢,

yield criterion without the use of an extrapolation up to a
true strain of e =1. The geometry of the core structure is
corrected based on microscopic measurements after the
manufacturing of the actual sheets. This revealed chamfers
at the corners of the honeycomb structure, as the AM-pro-
cess cannot produce sharp edges. Although these geometric
details are not present in the original CAD-model, they were
introduced into the finite element (FEM) model to increase
the model accuracy as well as to reduce stress concentrations
at sharp corners.

Model setup

Three modeling strategies are tested and compared to
evaluate the plastic equivalent strains of deep drawn cups
(Fig. 8a). For a better comparability, the strains of the outer
face sheet are mapped onto the initially undeformed sheet
(Fig. 8b). First, a 30°-model of the deep drawing process
(Fig. 8c), second, a 90°-model (Fig. 8d) and third, a 90°-
model with a simplified bottom of the drawn cup (Fig. 8e).
The computational time for each model is summarized in
Table 1.

The visualizations in Fig. 8 show the differences in the
modeling approaches. The 30°-model (Fig. 8a) captures
the strain distribution in most areas similar to the 90°-
model but shows significant differences at the 30°-bound-
ary as a result of the sharp corners where the model is
necessarily cut. The stair step-like boundary results from
the duplication of the unit cells. A straight cut is not pos-
sible since the unit cells are meshed before the duplication
to guarantee a good mesh quality. Though the calculation
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Fig.8 Comparison of modeling
setups for the numerical simula-
tion of the deep drawing process
(f=1.4). a) Deep drawing
process, b) Projection of sheet
outer surface onto the unde-
formed geometry, ¢) 30°-model,
b) 90°-model, ¢) 90°-model
with simplified (unstructured
solid) cup bottom

A structured

Table 1 Calculation time and number of elements for the different
modeling approaches

30° - model 90° - model 90° - model
(simplified cup
bottom)
Solving time  ~ 10 h ~40h ~20h
(8 CPUS",
explicit)
Number of 660.000 2.100.000 1.500.000
elements

“Intel Xeon E5-2667 v4 @ 3.2 GHz

time for this model is the lowest across all others (Table 1).
Differences between the full 90°-model (Fig. 8b) and the
simplified 90°-model (Fig. 8c) are not visible, the strain
distribution in the main forming area is equal. No plastic
forming takes place under the bottom of the drawing tool,
so that the simplification to model this area unstructured
with a coarse mesh and it is validated that only elastic
behavior occurs. As seen in Fig. 8(b and c), the nature of
the core structure leads to a kind of structural and geo-
metrical anisotropy of the part. Strain-wise, it seems like
the resultant distribution is recurring twice along the cir-
cumference of the 90°-model, i. e. a 45°-model would be
the theoretical minimum requirement. Yet, to also avoid
the aforementioned boundary problems, the 90°-cut-out
is needed to accurately predict all the strains in the whole
part during the forming process. The calculation time ben-
efits from the reduced number of elements by a factor of
two. Consequently, the accompanying process forces as
shown in Fig. 9 can be most accurately predicted by the
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Fig. 9 Deep drawing forces for different modeling approaches

numerical simulation using the 90°-model with the sim-
plified bottom, whereas the 30°-model underestimates the
deep drawing forces, especially after the punch displace-
ment (drawing depth) where the peak force occurs. The
forces for the 90°-model and 90°-model with the simpli-
fied bottom are equal.

Overall, the 90°-model with the simplified bottom offers
the most efficient way to predict forces, strains and stresses
during the deep drawing process of the structured sheets.
Thus, this method is used in the following for a more
detailed investigation of the deep drawing process.
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Failure analysis in deep drawing

The deep drawing of additively manufactured sheets with
a structured core is performed for the deep drawing ratios
p=[1.3; 1.4; 1.5] (cf. “Preliminary numerical investiga-
tions” section). The simulations are evaluated according to
the principal strain distribution applying the pre-determined
forming limits (Fig. 4a). The results from the deep draw-
ing simulations are shown in Fig. 10. The plastic equiva-
lent strain on the outside of the drawn cup is depicted in
Fig. 10a-c. Compared to a conventional drawn cup, the strain
distribution is inhomogeneous in radial (r) and tangential (6)
direction. With an increasing drawing ratio f the strains in
the face sheet increase and show a unique strain distribution.
This unique strain distribution is mainly a consequence of
the underlying core structure. It has holes for the powder
removal (Fig. 5a) where the core is not fully connected to
the face sheet, favoring strain localizations to arise (Fig. 11).

The unsorted final strain map of the fully deep-drawn
parts is shown in Fig. 10d-f. The principal strains rise with
increasing # and the fracture strain limit is reached for

a)f=13 b)f=1.4

mE=rrrrrermM
0 0102030405
Plastic equivalent strain z

7 e rm
X0ty 0 0102030405
Plastic equivalent strain ¢

Fig. 11 Strain localization in the face sheet area for f=1.4

p=1.5 (Fig. 10f), especially in the near-plane strain region,
which can be attributed to the bending strains in the area of
the tool radius. For deep drawing ratios < 1.5 the simula-
tion predicts a successful forming operation.

A closer insight into the strain history offers Fig. 12 at
three distinct paths along the radial (r) direction and one

potential
= fracture

d)os e) 0.8 f)os
£=13 I =14
0.7 0.7 07
fracture fracture fracture
& 06 o 06 & 06
= = (=4
'§ 05 E 0.5 .§ 05
%04 %04 %04
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02 02 0.2
0.1 0.1 0.1
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Minor strain &,
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Fig. 10 Results of simulations of the structured sheets for different deep drawing ratios, a-c) Plastic equivalent strain distribution on the outer
face sheet, d-f) All major and minor strains existing in the part at the end of the deep drawing simulation
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Fig. 12 Strain paths for charac- 0.3 03 -
teristic points of the drawn cup _ ' - H
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along the meridional (6) direction. The strain histories are
extracted in the center point of a unit cell face sheet. The
strain paths in the region of the tool radius, where the domi-
nant forming mechanism is bending, are linear (Fig. 12,
radial directions, A — C). In the areas close to the bottom of
the cup the reduction of the diameter is small and the face
sheet is deformed almost in-plane strain. Investigating the
strains further in the radial direction (Fig. 12, radial direc-
tions, D — F), the strain paths become more nonlinear and
develop towards a biaxial tension-compression deforma-
tion. The change of the direction of the strain path starts
when the investigated element is drawn into the die after
the forming radius, since the reduction of the radius is fin-
ished, the tension in drawing direction is dominant. The
outer region of the sheet, the flange area, is deformed lin-
early during the whole deep drawing process in the typical
tension-compression deformation all over the meridional
direction (Fig. 12, pink A — I). Comparing the strain paths

@ Springer

for the three investigated radial directions (Fig. 12, purple,
green, orange), it can be seen that the strain history is almost
independent of the investigated angle in the radial direction.
Differences arise in the amplitude of the strains as a result of
the underlying geometrical anisotropy of the core structure.

A comparison between the strain history of a solid and a
structured deep drawn cup, both f=1.4, gives Fig. 13. The
investigated locations for the strain history are equal for
the solid and the structured sheet and equal to the locations
discussed in Fig. 12. The strain paths of the locations that
are mainly deformed as a result of bending (Fig. 14A-D)
have almost the same strain history. Differences arise in the
amplitude, thus the amount of induced deformation is larger
for the structured sheet. This results from the localization of
the deformation in the face sheets, since the core does not
offer a homogeneous support for the face sheets. The largest
differences can be seen in location F. After the compression
in radial and meridional direction the load is concentrated
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Fig. 13 Strain path comparison
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in the face sheets leading to larger strains. Qualitatively the
shapes of the strain paths are the same. The differences in the
strain paths are mainly visible in the amplitude of the strains.
This leads to the conclusion that the core structure may not
significantly influence the strain paths of the sheets, as long
as the core structure stays intact, but the strain amplitude is
influenced. This needs to be further investigated in future
studies.

A more separated insight into the strain map of the struc-
tured sheet gives Fig. 14. The strains are plotted separately
for the core itself, for the area of the core underneath the
tool radius, and the flange area which is drawn into the die.
Next to that, the strains of the face sheets are displayed sep-
arately as well. The strains of the core structure are mainly
located in the strain area related to shearing. In comparison,
the face sheet data relates to all occurring strain pairs. It
is, however, noticeable that the points which become criti-
cal are only located in the face sheet and not in the core
structure.

A key advantage of numerical computations is that
experimentally not accessible spaces can be analyzed. So,

-0.1 0.1
Minor strain &,

0.3

the drawn cup (#=1.4) with hidden face sheets, viz. the
deformed core structure, can be seen in Fig. 15a from three
perspectives. Severe deformation, like buckling of the cell
walls or excessive distortion is not visible. The core structure
forms a relatively even shape in the deep drawing process.
A detailed history plot of the deformation of the core struc-
ture at four distinct locations shows Fig. 15c, the locations
are marked in Fig. 15b. A closer look at the deformation
state reveals two main characteristics. The cell in location A
deforms almost in the same way as the cell in location C, and
the same applies to the cells in the locations B and D after
rotating the structure into the same orientation (Fig. 16). The
deformation of the structure solely depends on its location
in the meridional (#) direction. Since the deformation can
be attributed to two main directions, a characterization of
the unit cells in two directions appears adequate. Another
previously stated fact can be proved from the periodicity of
the observed core deformation: All the information about the
deformation characteristics is included in a 45°-portion of
the model. From there, the deformation of the core repeats
in a rotationally periodic manner.
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Fig. 15 Plastic deformation of the core structure for f= 1.4, a) Isometric views of the drawn cup with hidden face sheets, b) Projected view of
the core structure, ¢) Deformation history of unit cells at different locations

Expanding the investigations to core structures with
varied relative density p,,., the reached strains of the cor-
respondingly drawn cups are compiled in Fig. 17. With
increasing density p. the strains increase in their absolute
values. Failures due to large strains occur again for deep
drawing ratios #> 1.5.

ug, = 0 mm

superimposed

i+ deformed cell of
location C on A

A5y superimposed
- i1 deformed cell of
location D on B

Fig. 16 Deformation shape of core structure cells with superimposed
deformed cells of the locations from Fig. 15. (drawing depth ug,)
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The increasing strains with rising relative density p ...
and deep drawing ratio f are depicted in Fig. 18. Reduced
relative densities lead to fewer strain concentrations in the
area of the face sheets where they are not connected to the
core. This phenomenon can be attributed to the fact that
the internal distance between the core cell walls diminishes
with increasing relative density. Therefore, the strains during
the forming operation are distributed or concentrated over a
smaller area, which eventually results in larger local strains.

The failure of the cup with a low density-core of p=0.1
during the deep drawing operation is visible in Fig. 19 as a
result of a series of different developments. During the form-
ing of the cup, the sheet is drawn into the die, which forces
the flange into a compressive stress state in the meridional
(@) direction. Before the forming in meridional direction
begins, the sheet is pushed by the punch and reacts with an
upward-movement at the outer flange area and is pushed
against the blank holder. The resulting stresses in thickness
direction lead to an initial imperfection in the outer walls
of the core structure (Fig. 19a). The subsequent forming in
meridional direction leads to compressive stresses that then
lead to a plastic buckling of the face sheets because of the
reduced stiffness of the core (Fig. 19b). This initial imperfec-
tion develops further to a global buckling phenomenon of
the whole structure in the outer area of the flange (Fig. 19¢).

The numerical investigations show that the use of semi-
finished sheets with a core structure in a deep drawing
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Fig. 19 Possible failure mode of the core structure during deep draw-
ing, a) — ¢) Show different drawing depth ug,

process can be expected to be feasible. Process limitations
and failure modes were identified, together with key defor-
mation characteristics. In the following section, the simula-
tions are validated experimentally.

Experimental investigation

The numerical results of the previous section are validated
by deep drawing semi-finished sheets with a relative core
density p....=0.22 and face sheet thickness #;=0.5 mm
(recall Fig. 5). The tool design was already explained in
Fig. 7.

The resultant cups of the deep drawing experiments
are shown in Fig. 21. Different deep drawing ratios f are
addressed. The experiments were successful for values of
p<1.4 (Fig. 21a, b). These drawn cups do not show failure
of the face sheets or failure of the core structure. The outer

D | 2uFgy

H
Fax siebel = TdnH [e’m <1-1°'fm,1 In 7 + “DH ) + O'fm,zz_rd] * Psheet

m

a) b)
Region of
interest

Drawn cup

Region of
interest

Fig.20 a) Blank before deepdrawing, b) Deformed region of interest
in the drawn cup

area of the flange shows signs of local wrinkling of the face
sheets at the laser cutting edge. This is due to a reduced stiff-
ness of the face sheets because the cells of the core are not
closed at these edges. Therefore, the face sheets can winkle
into these open cells of the core (Fig. 21b). For the regions
where the cells of the core structure are fully closed, such
failure is not present.

Deep drawing ratios f#> 1.5 show severe damage of
the cup. The face sheets fail under the forming loads and
cracks in the characteristic arc shape develop. The arc
shape is not exclusively related to deep drawing of struc-
tured sheets but gets visible due to the inhomogeneous
material distribution of the core. As seen in Fig. 20 rec-
tangular portions are deformed into such arc shapes. The
marked crack in Fig. 21c is the first crack. Afterwards,
another crack developed and ripped the whole wall of the
cup apart. The location of this failure was predicted by the
previous numerical simulation.

The corresponding force-displacement diagrams are
depicted in Fig. 22, comparing the numerically predicted
process forces with the experiments. Their overall agree-
ment can be termed good. The mean deviation between
simulation and experiment is 13%. For a simple compara-
tive prediction of the process forces, it is also checked if
the calculation according to Siebel [10] can be used. The
formulae is based on the balance of power and calculate
the maximum deep drawing force Fyp,, sieper in EQ. (1). To
make Siebel’s equation applicable to the forming of the
structured sheets it is assumed that the structured sheet
behaves like a solid sheet but with a reduced stiffness. That
means that the predicted forces for the considered deep
drawing process are simply multiplied with the relative
density pg,.; Of the structured sheet.

(M
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Fig.21 Deep-drawn cups of
additively manufactured sheets
with core structures for a rela-
tive density of p . =0.22, and
drawing ratios of a) f=1.3, b)
p=14,¢)p=1.5
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where d,, is the mean cup diameter, D is the flange diam-
eter when the maximum force occurs, H is the overall sheet
thickness, oy, | is the average flow stress corresponding to
the strain from the outer radius to the inner radius of the
flange, oy, , is the average flow stress before and after the
bending of the metal sheet at the die radius, a is the die
radius angle, r4 the die radius and Fyy the blankholder force.

This leads to a reasonable approximation of the maxi-
mum process forces as seen in Fig. 22.

Process window

The results of the previous investigations can be sum-
marized in a process window diagram that can be seen in
Fig. 23. The diagram shows possible combinations of the
relative density of the honeycomb core structure and the
deep drawing ratio. The main failure modes that can occur
are fracture of the face sheets or global buckling of the
structured sheet. Although this process window here applies
for a specific AM-material and core geometry, it is inferred
that the general failure modes and qualitative appearance
of the deduced window are representative for other such
combinations as well.

60 O 20 40 60 O 20 40 60

Drawing depth Drawing depth
Ug in mm Ug, in mm

Conclusion and outlook

The presented research focused on the investigation of the
deep drawability of additively manufactured semi-finished
sheets with a structured core. The lightweight core structure
serves the purpose of an innovative lightweight part with a
high stiffness. The proposed structured sheets benefit from
the design freedom of the additive manufacturing process
and can be used to tailor the sheet or to further integrate
functions. The approach of subsequently forming the flat
sheets, instead of directly printing the final product, has the
main advantage of an overall increased process efficiency.
The presented work shows that the deep drawing into
cups is possible with those additively manufactured struc-
tured sheets, and the following conclusions can be drawn:

e Deep drawing of additively manufactured semi-finished
sheets is possible with a maximum deep drawing ratio
of B..x=1.4 and a relative core density p ... =0.22. This
is lower compared to deep drawing a solid sheet using
the same process parameters reaching 3., =1.65. Severe
deformation of the core structure did not occur and the
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Fig. 23 Process window for deep drawing of structured sheets with a
honeycomb core

structural integrity of the core was kept in the final part.
Small relative core densities p....=0.1 lead to global
buckling in the flange area but a more homogeneous
strain distribution in the face sheets.

e The overall formability is mainly determined by the face
sheets, as long as the structural integrity of the core stays
intact. The strain path history of the structured sheets is
almost the same as for solid sheets but with the structured
sheets exhibiting larger strains due to strain localizations
in the face sheets. Thus the classical deep drawing knowl-
edge can be used to analyze the process.

e The strains in the face sheets are influenced by the tran-
sition zone between the face sheets and the core, which
should be homogeneous without additional discontinuities.
Shifting the powder holes to remove the excess powder
of the AM process to the centerline of the core poten-
tially increases the formability of the face sheets due to
less strain concentrations. However, this results in a sig-
nificantly harder removal of the remaining powder due to
undercuts. The explicit design of the core seems to be of
secondary importance but will be further investigated.

e The investigations show that the deep drawn cup during
forming is loaded to different extents at various locations,
e. g. the bottom is only loaded elastically. Therefore a
tailoring of the core structure by means of grading the

@ Springer

core and wall thicknesses could lead to a further increase
of the lightweighting — assuming that the requirements
for the subsequent load case remain fulfilled. The trade-
off between good formability vs. lightweight design vs.
subsequent application is challenging.

The forming of additively manufactured semi-finished
sheets is an alternative approach for producing sheet parts
with a lightweight core structure. Future research will inves-
tigate the forming characteristics of other core structures
and the possibility of using topology optimization to gen-
erate advantageous core structures that are otherwise not
manufacturable conventionally. Also, a hybrid approach is
planned where only the complex core structure is additively
manufactured and the face sheets are joined to it, allowing to
overcome the build chamber volume restrictions of current
additive manufacturing machines.
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