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Abstract: The deep-drawability of a sheet metal blank is strongly influenced by the tribological
conditions prevailing in a deep-drawing process. Therefore, new methods to influence the tribology
represent an important research topic. In this work, the application of a process-integrated lubrication
in a deep-drawing process is investigated. Most promising geometries of the lubrication channels and
outlet openings are first identified by means of numerical simulation at the example of a demonstrator
process. Cylindrical test specimens with the specified channel geometries are additively manufactured
and installed in a strip drawing test stand. Additive manufacturing enables the possibility of
manufacturing complex channel geometries which cannot be manufactured by conventional methods.
A hydraulic metering device for conveying lubricant is connected to the cylindrical test specimens.
Thus, hydraulically lubricated strip drawing tests are performed. The tests are evaluated according to
the force curves and the fluid mechanical buildup of pressure cushion. The performance of process-
integrated lubrication is thus analyzed and evaluated. By means of a coupled forming and SPH
simulation, the lubrication channels could be optimally designed. From the practical tests, it could be
achieved that the drawing force decreases up to 27% with pressure cushion build up. In this research,
a hydraulic lubrication in the area of highest contact normal stresses is the most optimal process
parameter regarding friction reduction.

Keywords: deep-drawing; lubrication; additive manufacturing (AM); laser powder bed fusion
(LPBF); functional integration; design for additive manufacturing (DfAM)

1. Introduction

With increasing demands on the quality, variety of shapes and complexity of deep-
drawn components and simultaneous price reductions due to strong competition, the need
for innovative solutions and process variants for deep-drawing is high. Therefore, special
processes such as hydromechanical deep-drawing or multi-stage tools are increasingly used
for complex shapes or high degrees of forming [1,2]. The deep-drawability of a workpiece
is strongly influenced by the tribological conditions prevailing in the process [3,4]. These
are of particular importance for components with high total draw ratios. Such drawn
parts are often formed in multi-stage tools in several steps to avoid failure during the
drawing process [5]. This allows higher overall drawing ratios to be achieved, but is also
accompanied by an increase in cycle time, the number of tools required and more complex
process control [5]. Optimization of the tribological conditions during deep-drawing with
respect to the reduction in friction lowers the number of necessary drawing steps and
extends the process limits [6,7]. Such optimization often requires additional lubrication of
the sheet for an improved tribological system [8]. In the course of this issue, Hoffmann et al.
developed a deep-drawing tool with the possibility to lubricate the blank during form-
ing [9]. For this purpose, a multi-part tool with integrated lubricant supply and removal
systems was used. Furthermore, Sekita et al. published a new concept for high-pressure
lubrication during deep-drawing [10]. Based on this concept, Klöpsch developed a tool for

J. Manuf. Mater. Process. 2022, 6, 121. https://doi.org/10.3390/jmmp6050121 https://www.mdpi.com/journal/jmmp

https://doi.org/10.3390/jmmp6050121
https://doi.org/10.3390/jmmp6050121
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com
https://orcid.org/0000-0003-4811-2186
https://orcid.org/0000-0003-2546-2933
https://orcid.org/0000-0002-8315-0834
https://orcid.org/0000-0002-2642-3445
https://doi.org/10.3390/jmmp6050121
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com/article/10.3390/jmmp6050121?type=check_update&version=1


J. Manuf. Mater. Process. 2022, 6, 121 2 of 24

deep-drawing of rotationally symmetric geometries by means of hydrostatic pressure lubri-
cation at the drawing edge radius [11]. The results showed a significant reduction in the
required punch force, which was accompanied by an extension of the forming limits. The
further development and optimization of the conventional deep-drawing process shows
promising economic and technical advantages [11]. In order to realize hydrostatic pressure
lubrication, sometimes complex channel geometries may be necessary in forming tools.
These channels are difficult to manufacture with conventional production methods [12].
Additive manufacturing enables a new way to produce forming tools with integrated
lubrication channels. Previous projects about process-integrated lubrication did not deal
with the geometry optimization of the lubrication channels, which without an optimization,
due to the many internal channels, reduce the strength of the tool. On the other hand, such
optimization in terms of the number, geometry, course, arrangement, position and angle
of the openings can improve the lubrication process and the surface quality of the drawn
part and thus lead to an expansion of the process limits. Additive manufacturing offers
the possibility to realize maximum geometric complexity in the production of channel
and tool geometries [13–16]. Furthermore, additive manufacturing is also characterized
by a high degree of functional integration [12,17]. In addition to reducing the number
of parts, local effects such as thermal, electrical, magnetic, damping and lubrication are
increasingly integrated into components [13,18–23]. As a result of the improved component
performance, the costs related to the entire product life cycle can also be saved [24]. For
these reasons, additive manufacturing is already being used successfully in the field of
rapid tooling [13,14]. Complex additively manufactured channel geometries for process-
integrated lubrication in sheet metal forming are therefore researched in this work. First, a
numerical based geometry design study for the lubrication channels is carried out on an
exemplary forming process. Subsequently, the performance of the most promising channel
geometries is investigated in actively hydraulically lubricated strip drawing tests.

2. Materials and Methods

Initially, a realization of lubrication channels in a tool die is considered at an example
of a deep-drawing process for the production of a round cup. For this purpose, a forming
simulation is carried out to identify the areas of the highest tool loads during forming
(Section 2.1). In these areas, the outlets for lubrication channels are provided.

Subsequently, a development environment for the design of the lubrication channels
is set up in Section 2.2. The main part of the development environment is the numerical
simulation, with which the characteristics of a lubrication cushion between the die and
the semi-finished products can be analyzed and evaluated depending on the geometric
parameters of the lubrication channels. The most promising geometries are identified
numerically and additively manufactured as test specimens for strip drawing tests. Hy-
draulically lubricated strip drawing tests are performed to analyze the performance of the
lubrication channels (Section 2.3).

2.1. Mechanical Simulation

A demonstrator process in which a cylindrical cup is produced in two deep-drawing
steps is considered for the design of the lubrication channels for a real application case.
For this purpose, the positions of the highest contact stresses must initially be identified
in order to determine the outlet positions. For an optimal effect of the process-integrated
lubrication system, the outlets were intended to be in the area of the highest contact stresses
on the surface of the forming die to reduce the frictional load on the surface of the die as
well as the workpiece. The considered deep-drawing process is investigated numerically
by means of the finite element (FE) method. The aim is to identify the optimal positions of
the oil outlets in the second forming stage, as the initial oil layer of the blank is damaged
in the first stage. For this purpose, a simulation model of the two-stage forming process
was set up in Abaqus. In the first stage, the sheet metal blank is clamped by a blank holder
and subsequently deep-drawn into a forming die by a cylindrical punch. The tool setup
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is shown in Figure 1a. It should be noted that the tool is manufactured by means of laser
powder bed fusion, followed by a heat treatment (hardening) and machining. This gives
the tool a hardness of 57 HRC and a surface roughness of Rz < 1 µm.
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Figure 1. Procedure of the forming simulation: (a) deep-drawing, (b) first redrawing step,
(c) evaluation of the contact stresses on the surface of the forming die and (d) flow curve of Al 99.8.

To reduce the computational time, only 1/12 of the process was modelled and symme-
try boundary conditions were defined. The tools are modelled as ideal rigid bodies and
meshed with shell elements with an element edge length of 0.5 mm. The punch moves at a
speed of 10 mm/s for a stroke of 24 mm, so that the blank is completely drawn into the
die. For the contact between the tools and the sheet metal, “surface-to-surface-contact” is
defined with a friction coefficient of 0.15, which was determined in a previous parameter
study. The holding force is modelled using a force-time curve with a linear relationship
according to a spring rate of 22.23 N/mm. The sheet metal blank, which has a diameter of
50 mm and a thickness of 0.42 mm, is meshed with quad elements with an element edge
length of 0.3 mm. For the sheet material, an elastic-plastic material model of Al 99.8 is
defined with a Young’s modulus E of 70 GPa and a Poisson’s ratio υ of 0.35. The flow
curve, which is depicted in Figure 1d, is taken from literature [25]. A mass scaling factor of
100 was applied, to reduce the computational time. It was ensured, that the kinetic energy
of the model did not exceed 5% of the total energy, which is recommended in the Abaqus
documentation. Furthermore, it was ensured, that the mass scaling factor had no significant
influence on the forming force or the contact stresses.

After simulating the first forming stage of the demonstrator process, the geometry of
the deep drawn cup is transferred to the simulation model of the second forming stage for
a redrawing process. The corresponding result variables are also transferred to take the
work hardening of the material into account. The tool design of the second stage, shown
in Figure 1b, consists of a punch, a forming die and a cup holder. Similarly to the first
drawing step, the punch moves at a speed of 10 mm/s for a stroke of 30 mm, so that the
cup is completely drawn in. The contact is also defined as “surface-to-surface contact”.
The cup holder is fixed and serves solely to hold the cup in its position during forming.
In order to evaluate the maximum contact stresses at the drawing edge of the die, the die
meshed using shell elements with different element edge length varying between 0.3, 0.5
and 0.7 mm.

2.2. Design of the Lubrication Channels

In addition to the numerical identification of the mechanical tool loads, a fluid mechan-
ical investigation of the lubrication pad build up between the tool and the semi-finished
product is to be carried out. For this purpose, the geometric parameters of the channel
geometry of the tool die to be manufactured additively will be varied and analyzed with
regard to their effects on the lubrication pad build up. For this purpose, a development
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environment is set up, which can be used to carry out an automated parameter study
on the relevant influencing parameters. In order to be able to simulate both the forming
and the lubrication, a coupled forming and flow simulation is implemented in the devel-
opment environment. For this purpose, the various approaches to flow simulation are
described below.

2.2.1. Approaches to Flow Simulation

Oil lubrication can be simulated with the help of CFD simulations [26]. In the first step,
a suitable simulation approach for the numerical representation of the process-integrated
lubrication must be selected. The Lagrangian method, the Eulerian method and the SPH
method are available for this purpose (see Figure 2).
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In the Lagrangian method (see Figure 2a), the material and the mesh are fixed to
each other. In the case of mesh-based methods, a large deformation leads to an excessive
distortion of the elements, which makes a calculation and thus a successful simulation
impossible [27]. Especially in the case of large deformations of a fluid or in the case of
deforming cavities into which a fluid penetrates, methods that mesh the fluid are no longer
suitable [28]. In this case, numerical instabilities can arise due to the strong distortions of
the mesh or due to the shifting of boundary conditions [29]. This is particularly relevant
for oil lubrication in forming tools, which flows in cavities and splits into small droplets
that are no longer connected.

Instead, mesh-free methods such as coupled Euler–Lagrange simulation (CEL sim-
ulation) and smoothed particle hydrodynamics (SPH) are more suitable [27–29]. In the
Eulerian method (see Figure 2b), the material is moved through a fixed mesh. Here, it is not
the movement of the individual nodes that is considered, but the mass, momentum and
energy flow through the mesh elements. The disadvantage of this method is that individual
material points are difficult to track over time. Similarly, complex and irregular geometries
are difficult to represent. In contrast to the Lagrangian approach, however, strong defor-
mations of the material can be processed. The coupled Euler–Lagrange simulation makes
it possible to use both approaches in one simulation. Through an interface, information
from different elements can be exchanged in the course of the simulation. For example,
solids with low deformation can be defined as Lagrangian elements and fluids as Eulerian
elements [27].

In contrast to the methods presented above, the smoothed particle hydrodynamics
(SPH) method does not require any mesh. A major advantage associated with this is that
this method is also suitable for applications in which very strong deformation occurs. The
calculation is also based on the relationships between velocity, acceleration, strain and load.
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The difference compared to the Lagrangian method lies primarily in the discretization. In
the case of SPH, this is done by generating randomly distributed particles (see Figure 2c).
In contrast to other mesh-free approaches, the calculation results for individual particles
are smoothed by including appropriately weighted neighboring particles [27]. The SPH
method is characterized by a simple structure and high robustness [26,28]. The SPH method
is already used in forming processes or also for simulating the oil lubrication in gears [26,28].
Due to the advantages of the SPH method, it is used for simulation the lubrication in the
forming tool considered here.

2.2.2. Structure of the Development Environment

In the following section, the structure of a development environment is presented
with which automated parameter studies for coupled forming and flow simulation can be
carried out and evaluated. The software components Abaqus and Matlab are used for this
purpose. The height, number and outlet angle of the lubrication channels (see Figure 3) and
the lubricant are defined and simulated as relevant influencing parameters for the design
of the lubrication channels.
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For the implementation of the flow simulation, the SPH simulation was selected as
described in Section 2.2.1. Due to the high calculation times, only a section α of the forming
tool could be simulated (see Figure 4a,b). The angle α represents the number n of lubrication
channels (see Equation (1)).

n = 360◦/α (1)
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It is assumed that the width of the groove should be as small as possible to avoid
leaving marks or wrinkles on the cup. For this reason, a groove with a width of 0.3 mm is
chosen as the outlet geometry, which is at the limit of what can be produced. Manufacturing
restrictions indicate that it is advisable to taper the groove so that the powder can be
removed more easily after the additive manufacturing process. The groove is fed with
lubricant via supply channels with a diameter of d = 1 mm.

Figure 4c–i show information about the mesh in terms of element type and element
size of the individual components. The lubricant is meshed as a hexahedron, which is
converted into SPH particles at the start of the simulation. To ensure that the lubricant is
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also forced through the outlet openings, pressure must be applied to the supply channels.
This is done by a displacement-controlled piston. Since no symmetry condition can be
set in an SPH simulation, boundary surfaces (Figure 4i) must be provided to the left and
right of the 1/n model to prevent the particles from flowing away in the circumferential
direction. Due to the oil outlet groove and the lubrication channels, it is not possible to
completely mesh the die as a hexahedron. For this reason, the area around the lubrication
channels is meshed as a tetrahedron.

In total, the components of the model consist of three different materials, which will be
discussed in the following. For the die as well as for the other tool components in Figure 4,
the material 1.2709 (MS1) is assigned. Aluminum (EN AW-1080) is used for the sheet. The
density and elasticity properties for tool and sheet material are shown in Table 1 below.

Table 1. Material properties of the tool and piece [25,30,31].

Material Density ρ
[t/mm3]

Young’s Modulus
E [N/mm2] Poisson’s Ratio υ

EOS Maraging Steel MS1 8.05 × 10−9 180,000 0.3

EN AW-1080 2.8 × 10−9 70,000 0.35

Furthermore, a plastic behavior is defined for the sheet. For this purpose, points of the
stress–strain curve of the material must be specified, which are interpolated by Abaqus.
Assuming the simplification that the yield strength marks the beginning of the plastic
deformation and the maximum tensile strength is at half of the elongation at break, the
following two points can be specified according to Table 2.

Table 2. Plasticity properties of aluminum 99.8 (H12) [DIN485-2].

Stress [N/mm2] Plastic Elongation

55 0

80 0.025

For the correct mapping of the lubricant, the density and viscosity properties as well
as the sound velocity are required, which are shown in Table 3 for different lubricants.
One of the most important equations in the field of hydrodynamics is the equation of
state. The linear Us–Up Hugoniot form of the equation of state was used to represent the
fluid properties.

Table 3. Fluid properties according to data sheet and [32].

Material Density ρ [t/mm3]
Speed of Sound c

[mm/s]
Dynamic Viscosity η

[Ns/mm2]

Multidraw ALS 8 8.8 × 10−10 1,340,000 6.864 × 10−8

Multicut ALK 22 8.7 × 10−10 1,313,064 1.914 × 10−8

Multicut ALM 120 8.9 × 10−10 1,298,227 1.068 × 10−7

Dyo 3011 9 × 10−10 1,290,994 1.134 × 10−7

Dyo 5006 8.8 × 10−10 1,305,582 2.112 × 10−8

The contact settings determine the friction behavior of the bodies among each other.
For this purpose, different properties are specified for different areas and contact pairings.
In Abaqus, the methods “general contact” and “surface-to-surface-contact” are used for
this purpose. “General contact” describes the hydrodynamic friction of the fluid with the
die and sheet with a friction coefficient of µfluid = 0.01. Since no effective surfaces can be
defined for the fluid, this friction property applies globally.
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The friction properties of the “surface-to-surface-contact” method locally overwrite the
“general contact” definition. All frictions are created with “penalty friction” in the category
“tangential behavior”. The control of time-dependent processes, which also include the
stamp speed, is based on the total simulated time span tStep = 0.25 s. Thus, the stamp speed
vStamp does not exceed the guideline values for the drawing speed of aluminum, which is
vDrawing speed = 500 mm/s [33]. In addition, mass scaling is activated for the simulation to
further reduce the time required. In doing so, the mass of all elements is scaled in such a
way that a time increment of not less than 10−6 s is achieved.

The development environment for the parameter study is shown in Figure 5. The user
inputs (parameter variation) and the automated evaluation are carried out in Matlab. A
parameterized basic model was created in Abaqus, which can be adapted via the parameters
in Matlab. For reasons of research data management, a .csv file was created for each
parameter study, in which all parameter settings are noted, so that there is a clear and
traceable assignment between the models, the simulation data and the evaluation. The
subsequent simulation of the full-factorial parameter study as a function of α, β and h is
carried out in Abaqus. For the angle, α = [10◦; 15◦; 20◦] are simulated. For even smaller
angles, the tool section is so small that it is assumed that the deep-drawing process and
the lubricant distribution can no longer be mapped qualitatively. For larger angles, it is
assumed that sufficient lubricant distribution is no longer given. Since self-supporting
structures must be manufactured to prevent support structures in the channels, the outlet
angle β must be > 90◦. Assuming that the lubrication pad builds up optimally when the
lubrication channel opens orthogonally into the drawing edge, β = [100◦; 110◦; 120◦; 135◦]
are simulated for the outlet angle. The height h is to be determined so that the outlet groove
is located in the range of the maximum contact normal stresses. Thus, the height h can only
be determined on the basis of the purely mechanical forming simulation. The subsequent
automated evaluation is carried out in Matlab and outputs the total work, friction work
and a specially calculated wrinkle value (which describes the wrinkle formation on the
sheet metal due to the forming).

For the evaluation of the simulation results, various aspects are considered in relation
to the target in order to be able to quantify the effects of the process-integrated lubrication on
the forming process. In addition to considering the process forces, the quality of the forming
can be assessed on the basis of the formed sheet metal. For this purpose, the coordinates of
the nodal points of the sheet metal are read out and processed. One challenge here is the
structuring of the data points, as they are available in unsorted form. By converting them
into cylindrical coordinates and including the geometry and mesh parameters from the
.csv file, the coordinates of the wall area of the sheet can be filtered out and sorted into a
grid structure similar to the mesh. The result of this process is a three-dimensional matrix,
where the individual dimensions represent the number nz, nΘ and nr of nodes in the z, Θ
and r directions, respectively. The entries of the matrix contain a reference to the indices of
the unsorted coordinate matrix.

On this basis, data can now be collected that are of interest for assessing the process.
These include the wall thickness and the radius as a function of the node position. Based on
the outer radius, deformations of the sheet, such as wrinkles, can be detected. To examine
the wrinkling more closely, the shape of the sheet metal can be viewed as a deviation
from the average radius of a z-plane averaged in the Θ-direction. For this purpose, the
coordinates of the outer nodes are considered, where i and j indicate the position of a node
in the z- and Θ-direction, respectively, normalized to integer values. The average radius of
a z-plane r̃i is calculated, as shown in Figure 6a, from the radii ri,j of the outer nodes of a
plane, cf. Equation (2):

r̃i =
1

nΘ

nΘ

∑
j=0

ri,j (2)
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Starting from this, the difference ∆ri,j to r̃i is calculated for each point (cf. Figure 6c,
Equation (3)) and then averaged over all i (cf. Figure 6b, Equation (4)):

∆r̃i,j = ri,j − r̃i (3)

∆r(j) =
1
nz

nz

∑
i=0

∆r̃i,j (4)

∆r(j) describes the folding of the three-dimensional outer wall of the sheet metal using
a two-dimensional function.

To develop an evaluation factor with which the wrinkle formation can be described
and compared on the basis of a value, the sum of the amount of the gradient of the values
for ∆r(j) of the last time increment is formed. Compared to the integral, the gradient takes
short and strongly pronounced wrinkles more into account, as Figure 7 shows for possible
courses of a short and a long wrinkle, ∆rshort(j) and ∆rlong(j), respectively. While the integral
over the entire length is identical for both courses, the sum of the magnitude of the gradient
differs by a factor of three and thus better represents the actual damage pattern. For this
reason, the assessment of the wrinkling is made on the basis of the gradient. If the angle α
of the simulation model is also taken into account, the quantity for assessing the wrinkling,
for which the name wrinkle value is introduced, results according to Equation (5):

wrinkle value =
360◦

α
×

nΘ

∑
j=0
|grad(∆r(j))| (5)
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At this point it should be noted that the wrinkle value does not allow any statements
about the real size of the wrinkles. However, it does allow a comparison between different
parameter combinations in terms of wrinkle formation.

2.3. Experimental Investigation

In the following, the experimental setup is described. Therefore, a hydraulic metering
device is used to realize process-integrated lubricated strip drawing tests. These are neces-
sary to validate the forming performance of the designed lubrication channel functionality.

2.3.1. Hydraulic Metering Device

For the experimental tests, a hydraulic metering device is used (Figure 8). This device
is manufactured by HSG-Hydraulik-Service GmbH, Wunstorf, and consists of a control
cabinet, a temperature control unit, a stirrer to circulate the lubricant in a tank, a pump to
convey the lubricant, a connection device to the forming tool and a magnetic on-off sensor
system. A flow rate and pressure sensor are provided to detect the flow parameters. During
the experiments, the lubricant is circulated by the pump upstream of the tool connection
to ensure a uniform temperature progression in the system. The volume flow is adjusted
step wise by setting the rotational speed of the pump. This is regulated by the signal of
the volume flow sensor at the tool connection. A valve is located at the tool connection,
which is controlled by the magnetic on- and off-sensors. When the system is switched
by the on-sensor, the valve at the tool connection opens and the lubricant is conveyed
into the test specimen. The pressure is recorded at the tool connection with a frequency
of f = 1200 Hz and digitalized. The pressure sensor is a PN-400-SER14-MFRKG/US//V
from IFM electronics. The volume flow sensor is a VM01 gearwheel flow meter from
Profimes Gmbh.
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2.3.2. Strip Drawing Tests

The experiments are carried out at a strip drawing test stand at the Institute of Forming
Technology and Machines (IFUM). The strip drawing test simulates the load situation
occurring on a drawing edge of a forming tool. For this purpose, a sheet metal strip is drawn
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around a cylindrical test specimen. The counterholder force FC is set to a constant value
and the tensile force FD varies depending on the sheet material and the friction conditions
between the test specimen and the sheet strip (see Figure 9). Both force progression curves
are recorded during the experiments. A constant drawing speed of vDraw = 10 mm/s and a
constant counterholder force of FC = 2 kN are set as test parameters.
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The forming speed was selected here in order to make the build up-phase of the
pressure pad visible. This simplification was chosen for the experimental scale since the
handling of the volume flow is more controllable for longer lubrication phases.

The sheet metal strips are made of EN AW-1080 material with a width of wsheet = 30 mm
and a thickness of tsheet = 0.8 mm. The cylindrical test specimens have a diameter of
dspecimen = 16 mm. During the test, the tensile cylinder pulls the sheet metal strip over the
forming head at an angle of 90◦. After a test time of t = 1 s, lubricant is pumped to the
forming zone by the hydraulic metering device. The overall test time is t = 37 s. At the
end of the test, the metering device switches off and no lubricant is pumped. In order
to provide lubrication at the start of the test, the first 20 mm of the sheet metal strip are
manually lubricated with the lubricant beforehand. The lubricant is tempered to a constant
temperature of T = 40 ± 3 ◦C.

3. Results

In the following, the results of the simulation and forming tests are presented and
analyzed. First the mechanical simulation to identify the areas of maximum tool loads of
the demonstrator process is presented. Afterwards the results of the coupled forming and
flow simulation are presented. For this purpose, a full factorial parameter study is carried
out. In the following, the parameter field α = [10◦; 15◦; 20◦], β = [100◦; 110◦; 120◦; 135◦] and
h = [2 mm; 2.5 mm; 5 mm; 5.5 mm] is analyzed for the five different lubricants from Table 3.
It has been shown that the influence of the lubricant has approximately no influence on the
forming result. With 8 CPUs, the simulation time of the reduced 1/n model was between 8
h to 12 h. At the beginning, the results on the build-up and propagation of the fluid pad
are presented. Then, the evaluation of the friction work and finally that of the wrinkling
are discussed.

The focus of the experimental investigations is set on evaluating the influence of the
injection position, the lubricant and the outlet geometry of the test specimen grooves on the
reduction in the drawing force. In addition, the fluid mechanical formation of the pressure
cushion is analyzed. For this purpose, both the volume flow and the pressure are measured
and recorded.
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3.1. Mechanical Simulation

For a validation of the mechanical simulation model, the numerically calculated force-
displacement curve is compared to the experimental, which was measured in exemplary
deep-drawing test. In Figure 10a, it can be seen that a high agreement is achieved by the
numerical model. Apart from the maximum forming force, which is slightly underestimated
in the simulation, the curves show a high agreement at the beginning and the end of the
forming process. Therefore, the material model and the friction conditions are evaluated as
applicable for the further investigation. In the next step, the contact normal stresses on the
die are evaluated in the second forming step. In Figure 10c,d, the maximum contact stresses
are shown at different punch strokes as a function of the coordinate z, which is defined
as the height from the top edge of the die, shown in Figure 10b. Two linear contact areas
develop on the drawing edge during forming. At the beginning of the process, the cup
comes into contact with the upper area of the drawing edge, creating the first linear contact
area. Subsequently, the bottom of the cup is bent over by the punch and drawn further into
the die until it gets in contact with the lower area of the drawing edge, where the second
contact area is formed. Between these areas, a minimal gap between the surface of the cup
and the die is present, thus no contact stresses occur. The maximum normal stresses in the
upper contact area are present at a stroke of 14 mm, which can be seen in Figure 10c. In
the lower contact area, the maximum contact stresses occur at a stroke of 19 mm, when the
maximum punch force is reached, which is shown in Figure 10d. Since the contact stresses
are dependent on the applied mesh size, the resulting stresses are plotted for different
element edge lengths.
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Figure 10c,d show that different mesh sizes have a significant effect on the resulting
contact normal stresses. A finer mesh results in higher contact stresses. Therefore, it is
difficult to determine specific values. However, it can be seen that the maximum loads on
the drawing edge are in the range of z = 2 mm as well as between z = 5 and 6 mm. Thus,
the oil outlets are positioned in this range to reduce the frictional load on the surface of the
die as well as the workpiece.

3.2. Build-Up and Propagation of the Fluid Pad

The simulation results show that the pressure between fluid and sheet successfully
builds up and a fluid pad spreads (Figure 11a–c). However, depending on the selected
parameters, the fluid cushion sometimes only spreads on one side (Figure 11e), which leads
to increased wrinkle formation. On the other hand, a homogeneous lubricant distribution
(Figure 11d) allows for less wrinkling. In order to be able to make detailed statements about
the quality of the forming result, the results of the friction work are presented in Section 3.3
and the results of the wrinkle value in Section 3.4.
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Figure 11. Formation of a fluid pad for different times with: α = 15◦, β = 110◦, h = 5 mm (a–c), uniform
lubricant distribution (d), and uneven lubricant distribution (e).

3.3. Evaluation of the Friction Work

Figure 12 shows the results of the friction work of the full factorial parameter study. It
should be noted that the values were normalized to 1 for a qualitative comparison. The
greatest influence on the friction work is the number of lubrication channels, which is
expressed by the angle α. The smaller the angle α or the more lubrication channels are used,
the smaller the friction work. For the parameters β and h, no generally valid correlations
can be identified for the parameter combinations investigated. For α = 10◦, however, it is
evident that a low friction work can be realized for β = 110◦. From preliminary studies it
could already be determined that a low friction work can be realized if the height h lies in
the upper contact area h = [2 mm; 2.5 mm] or the lower contact area h = [5 mm; 5.5 mm].
The global optimum of the friction work is identified for α = 10◦, β = 110◦ and h = 2.5 mm.
This is followed insignificantly worse by the parameter combination α = 10◦, β = 110◦ and
h = 5.5 mm.
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3.4. Evaluation of the Wrinkling

Figure 13 shows the results of the wrinkle value as a function of the parameters α, β
and h. It should be noted that the values were normalized to 1 for a qualitative comparison.
The lowest values of the wrinkle value can be realized for α = 10◦. These are consistently
lower than for α = 15◦. It is noticeable that the wrinkle values for α = 20◦ are lower than
for α = 15◦. For the parameters β and h, no characteristic correlations can be identified
for the parameter combinations investigated. The global optimum of the wrinkle value
is identified for α = 10◦, β = 110◦ and h = 5.5 mm. The parameter combination α = 10◦,
β = 110◦ and h = 2 mm follows insignificantly worse. Considering the friction work and
the wrinkle value, the parameter combinations α = 10◦, β = 110◦ for different heights
h = [2 mm, 2.5 mm, 5.5 mm] are the most suitable.

In order to assess the wrinkle value, the next step is to present the results of the
coupled SPH and forming simulations for the most promising parameters (see Figure 14).
By extending the 1/n model rotationally to a complete body, the wrinkles of the sheet metal
component become visible. It can be seen that a high wrinkle value (α = 15◦, β = 110◦

and h = 2 mm) is accompanied by an optically poor forming result. The optically lowest
wrinkling coincides with the lowest calculated wrinkle value (α = 10◦, β = 110◦ and h = 5.5
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mm). Thus, for the assessment of the deep-drawing result, the formula relationship of the
wrinkle value is suitable.
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It is noticeable that all cups have visually visible wrinkles. This can be explained by
an analysis of the lubricant film (see Figure 15). Small SPH particles are moved downwards
with the sheet metal. The gap between stamp and die is 0.65 mm and the sheet metal before
forming is 0.42 mm. Since the SPH particles have an element size of 0.15 mm and cannot be
deformed, the sheet metal is inevitably deformed, which leads to increased wrinkling.
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3.5. Validation of the Lubrication Concept

Based on the friction work and wrinkle value, the next step is to derive the most
promising channel design for validation on a forming head with integrated lubrication
channels. It has been shown that with a high number of lubrication channels, both
the friction work and the wrinkle value are low (α = 10◦, β = 110◦ for different heights
h = [2 mm, 2.5 mm, 5.5 mm]). The feed ducts should be conical and have a minimum cross-
section of d = 1 mm so that the powder can be removed after the additive manufacturing
process. Otherwise, there is a risk that the channels will clog and an uneven pressure
distribution will result. The main feed channel of the mold head branches into 13 feed
channels, which lead into a tapering groove with an outlet gap of 0.3 mm width. The
minimum outlet gap width was determined by an experimental parameter study in which
different outlet gap widths were manufactured and analyzed for dimensional accuracy and
openness using computer tomography. On the one hand, the expansion of the groove into
the interior of the component should help to ensure that the powder can be easily removed
from the additive manufacturing process. On the other hand, the expansion of the groove
should prevent clogging of the groove due to possible particle abrasion between the sheet
metal and the die, or at least ensure that the groove can be cleaned. The spacing of the
individual supply channels is 1 mm. This realizes a similar behavior as in the SPH forming
simulation of the deep-drawn cup. However, the height h of the lubrication channels cannot
be investigated in the case of the forming head, as there is only one and not two areas of
maximum contact normal stress. No pressure pad would build up above or below the
range of maximum contact normal stress. For the same reason, the outlet angle β = 135◦ is
chosen so that the outlet groove is orthogonal to the drawing edge and the lubricant does
not flow off laterally. The test specimen is shown in Figure 16. Alternatively, a second test
specimen is investigated, with multiple single channel slots which are each fed by inlet
channels. The volume flow of the lubricant is set constant to V = 35 mL/min. Experiments
are carried out in which the lubricant is injected both upstream the forming zone and
directly in the forming zone (see Figure 17). The metering device is set to a maximum feed
pressure of p = 110 bar.
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3.6. Forming Experiments

By applying the lubricants Multicut ALK 22 and Renoform DYO 3011 upstream of
the forming zone, it is stated that the drawing force progresses constantly along a constant
value (see Figure 17a). No pressure cushion is formed and the lubrication conditions are
comparable to manual lubricated sheet metal strips. By injecting the lubricants directly
into the forming zone in the sheet contact, it can be seen that the drawing force decreases
significantly as a pressure cushion builds up between the test specimen and the sheet
strip (see Figure 17b). The initial drawing force at the beginning of the tests is the same
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for both contact situations. After the pressure cushion built up, the drawing force FD
runs horizontally again, but is significantly reduced. Therefore, it can be assumed that a
mixed friction condition occurs for a lubrication situation before the forming zone and a
hydrodynamic friction condition occurs for a lubrication in the forming zone.

Figure 18 shows the course of the pressure and the volume flow at the tool connection
during a test for a hydraulic lubrication in the tool contact of the forming zone. Analogous
to the course of the drawing force in Figure 17b, it can be seen that the build-up of the
pressure cushion takes between t = 7 s and 8 s. In this phase, the flow rate drops to approx.
V = 5 mL/min as the outlet openings of the lubrication channels are closed by the sheet
metal strip. As soon as the pressure is regulated to a constant value of p = 110 bar, the
volume flow shows a horizontal progression of V = 23± 10 mL/min. This can be explained
by the fact that the pressure cushion is not perfectly closed and lubricant is constantly
transported out of the forming zone with the relative movement between test specimen
and sheet metal strip. At the end of the test, the lubrication feed into the test specimen is
closed and the pressure in the feed line drops back to the initial value.
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Figure 18. Pressure and volume flow progression curve for in contact lubricated strip drawing test.

Figure 19 shows the percentage reduction in drawing force for tests hydraulically
lubricated in the forming zone after pressure cushion built up compared to the tests before
the pressure cushion was built up. It can be seen that due to the hydrodynamic pressure
cushion, a force reduction of between 21% and 27% is achieved for both lubricants and test
specimens (see Figure 19). For experiments with test specimen 2 (single channel slots), a
slightly higher force reduction tends to be observed (approx. 6% for Multicut ALK 22 and
approx. 3% for Renoform DYO 3011). This suggests that locally stronger pressure cushions
are formed by the individual outlet slots of test specimen 2, which improve the friction con-
ditions between sheet metal strip and test specimen. For a continuous slot in test specimen
1, it appears that pressure peaks cannot build up locally as for test specimen 2 because the
lubricant is distributed constantly across the width of the contact area. However, since the
values for both outlet geometries do not differ significantly, no definite statement can be
given here. Nevertheless, it can be stated that an active hydraulic lubrication at the point of
highest contact normal stresses significantly improves friction conditions.

The filigree deterministic variation of the channel geometry realized with the technol-
ogy of additive manufacturing made it possible, that process-integrated lubrication can
be used and optimized for small component geometries in multi-stage tools. According
to the current state of the art, process-integrated lubrication is only used for larger com-
ponents (>100 mm). In addition, the tools had to be assembled segment by segment and
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sealed with sealing rings, which means a more complex and maintenance-intensive tool
design [11,34,35]. A geometrical variation of the outlets in order to achieve a more optimal
lubrication pad distribution or to avoid indentations on the semi-finished products, for ex-
ample by groove or slot geometries, could therefore not be carried out or only insufficiently.
Especially for small drawing parts, for example for the cosmetics industry, the narrowest
possible optimally designed channel openings, which do not leave any indentations, are
essential to make process-integrated lubrication applicable for this industry. The results
show that it is also possible to use the advantages of process-integrated lubrication (re-
duction in friction, saving of intermediate lubrication steps, saving of lubricants, etc.) in
this industrial sector. In addition, it was proven that the lubrication performance can be
individually adapted and improved by geometric variation of the channels.
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4. Discussion

It was found that as the number of lubrication channels increases, the friction work
and the wrinkle value decrease. It must be taken into account that the number of supply
channels is not the only factor that can be inferred by a small α. By having a high number
of supply ducts running into the outlet groove, a high outlet cross-section of the supply
ducts is realized. In order to maximize this, which expresses a small α, fewer lubrication
channels with larger diameters can be realized. This would be particularly advantageous
with regard to powder removal after the additive manufacturing process.

It has been shown that the specially derived wrinkle value represents well the forming
result with regard to wrinkles. It is noticeable that all cups have visible wrinkles. The high
wrinkle value can be attributed, among other things, to particles pulled down with the
sheet metal. These leave marks on the cup. In further parameter studies, the gap below the
drawing edge should be enlarged. Since a bouncing of the sheet could not be observed, the
gap width has no further influence on the forming result. Another alternative would be to
reduce the element size of the SPH particles. However, this would involve an increased
computational effort. With these two measures, a better forming result can be expected in
the simulation. Subsequently, a detailed material model for the sheet metal should be used
in further work, which, for example, represents the anisotropic material properties.

The forming experiments show that a hydraulic lubrication in the contact zone has
the highest effect in terms of reducing drawing force. This can be explained by pressure
cushion build-up between sheet and test sample. The pressure cushion creates a hydrody-
namic contact situation. A force reduction of between 21% and 27% is achieved this way.
Compared to a continuous outlet groove, multiple channel slots seem to cause a greater
reduction in drawing force. This can be declared by the assumption that locally larger
pressure peaks are formed due to the isolated outlet openings.
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Furthermore, based on the numerical results, a quarter model of the coupled SPH and
forming simulation should be built for the most promising parameter combinations. In this
way, the boundary effects in the formation of the lubrication pad by the bounding walls can
be minimized. Another limitation of this approach is that only rotationally symmetrical
deep-drawn parts can be simulated.

With the simulation model presented here, it should be noted that the model is
simplified with regard to the feed channels and the design of the groove. For example, the
path of the feed channels must change in order to realize the pressure build-up via a feed
channel. However, this pressure build-up cannot be simulated because the number of SPH
particles would increase exorbitantly.

Based on the results and findings presented here, Figure 20 shows a design of the
forming tool for lipstick tubes with process-integrated lubrication. For a homogeneous
lubricant distribution, the supply channel runs in two tori, which are connected to each
other via supply channels. Subsequently, the upper torus runs into an outlet groove with
an outlet diameter of 0.3 mm. Furthermore, slots are provided for a thermocouple and a
heating cartridge to temper the oil. The production and experimental validation of the
forming tool will be considered in further work. The validation of the simulation model
presented here on the basis of experimental results is also to be carried out in further work.
In addition, the influence of the forming speed in the tool system is to be investigated for
higher speeds in further work.
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5. Conclusions

The coupled SPH and forming simulation showed that the lubrication channels should
be located in the area of the upper or lower maximum contact normal stresses. Furthermore,
the feed cross-section to the outlet groove should be as large as possible. The self-derived
wrinkle value is suitable for describing wrinkles on the sheet metal well. The outlet angle
of the lubrication channels should be β = 110◦. The experiments showed that single channel
openings should be investigated in more detail as lubrication channel outlet slots for
forming tools. In addition, the formation of pressure cushions between tool and component
should be aimed for, as these cause hydrodynamic contact conditions, which improve the
friction situation. From the practical tests, it could be concluded that the drawing force
decreases by 21% and 27% with pressure cushion build up.
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