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Abstract Sheet-Bulk Metal Forming (SBMF) allows the
manufacture of complex parts with integrated functional
form elements, such as teeth and thickened areas. There-
fore, bulk forming operations are applied to sheets with
initial thicknesses of 2 or 3 mm. The design and func-
tionality of the tools are as important as the process itself.
Therefore, the working group “Tools” of the Transregional
Collaborative Research Centre on Sheet-Bulk Metal
Forming (CRC/TR73) focuses on the optimization of the
technical tool design. By varying topographies or applying
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tailored coatings, the friction behavior is changed to
achieve a better form filling and to reduce process forces
during the forming operations. In this paper, the potential
of different tailored surfaces is validated by simulations
and experimental studies. The tribological behavior of 14
surface microstructures is evaluated using a half-space
model in order to select structures suitable for application.
Those were characterized experimentally by ring-com-
pression and pin-extrusion tests. The determined friction
factors were used in a forming simulation to predict the
form filling of small cavities in a flow forming operation.
Furthermore, special attention is paid to the utilization of
the anisotropic behavior of specific structures. The results
were validated by an incremental gear forming process.

Keywords Sheet-Bulk Metal Forming - Tailored
surfaces - Milling technologies - Coating technologies -
Forming simulations - Tribology simulation

1 Challenges of Sheet-Bulk Metal Forming

Sheet-Bulk Metal Forming (SBMF) processes are mainly
used to form local functional elements from a sheet plane
with a dimension magnitude similar to the thickness of the
sheet. This leads to a complex interaction between the
forming zones with locally varying 2D and 3D stresses and
strain states [1]. As a consequence, a major challenge of
SBMF processes is the control of the material flow during
the forming operation [1]. Due to the high strain gradient
between the forming zone of the functional elements and
the remaining blank area, a distinct material flow in the
sheet plane can be observed, which subsequently results in
an insufficient forming of the elements. One characteristic
process is depicted in Fig. 1a. The process is categorized as
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Fig. 1 Process setup (a) and
simulated underfilling of the
elements after forming (b) [2]

a flow forming operation and aims to produce parts with
circularly arranged, rectangular as well as triangular shaped
elements out of a blank. Due to the high process forces for
this class of processes, the die is reinforced and hardened
(60 HRC).

Recent experimental and simulation-based investiga-
tions have analyzed the interaction of the material flow
with respect to the shape and arrangement of different
cavity geometries with a global friction factor of 0.12 [2].
Although the cavity geometry influences the material flow
in the molds itself, a distinct underfilling could be observed
in the triangular as well as in the rectangular cavity. Fig-
ure 1b visualizes this circumstance by means of the cor-
responding flow rate in radial direction for a cut through
the molds.

One strategy to compensate this underfilling is to redi-
rect the radial material flow into the molds by means of
locally adapted friction conditions on the workpieces or
tools. From a theoretical perspective, a favorable influence
can be obtained if the friction factor is increased as much
as possible in the area surrounding the cavities, while at the
same time keeping the friction factor in the mold as low as
possible [3]. The unfavorable material flow in the sheet
plane is impeded, whereas the flow into the mold itself is
facilitated. Current research showed that this strategy is
effective if tailored surfaces are applied on the flow
forming tool of Fig. 1 and the corresponding semi-finished
blank. Thereby, an improvement of the mold filling of up to
12 % could be achieved [4].

Mold filling is also an important aspect in the incre-
mental procedure, which is investigated as a flexible
SBMF process. Previous studies showed that the incre-
mental procedure requires a maximum chambering of the
workpiece to restrict the lateral material flow [5]. Limited
by the chambering system, the maximum tool size has to
be of the same magnitude as the thickness of the sheet
metal (Fig. 2a). Due to the high loads during the forming
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process, an early deformation or failure of the small tools
results in an insufficient process reliability (Fig. 2b).
Hence, the reduction of process forces constitutes an
important issue. Structured tool surfaces are one method to
reduce the forces in the incremental gear forming process.
Tailored surfaces, produced by micromilling for example,
showed a process force reduction of about 20 % [6].

2 Surface modifications by tailored surfaces

Different surface modifications are investigated to opti-
mize SBMF processes. In particular, the manufacturing of
different surface microstructures and coating technologies
are taken into consideration. The manufacturing of
structures is realized by two milling processes. To struc-
ture large areas on the forming tools in a short time, a
high-feed milling process was developed. High-feed mil-
ling is established for roughening operations and the
milling of hard materials, but it can also be used to adapt
surfaces by creating specific microstructures [7]. In Fig. 3,
a selection of seven structures (HF1-HF7) is presented.
The variation with regard to shape, size, and orientation
of the feed marks is realized by a change of the cutting
parameters and tool geometry.

The second class of surfaces (MS1-MS7) is produced by
a micromilling process. Micromilling is suitable for
machining geometrically defined surface structures onto
smaller, more complex areas [6]. As visualized in the fig-
ure, the milled structures show round, oval, and lengthly
shaped elements in different size, distance, and orientation.
Both processes were performed after the hardening of the
material and hence constitute a finishing hard milling
operation [8].

In order to protect the surfaces and thus the forming
tools from wear and to adapt the friction between tool and
workpiece, tribological aspects can be optimized by means
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Fig. 2 Schematic illustration of
the incremental gear forming (@) Punch (b)
process (a). Tool failure (b) [5] Side view 15
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Fig. 3 Overview of surface structures machined by high-feed milling (HF) and micromilling (MS)

of ceramic and diamond-like carbon (DLC) coatings.
Within the class of DLC coatings, especially tungsten-
modified amorphous carbon coatings (a-:H:W) provide a
high loading capacity. Moreover, the tribological proper-
ties can be adjusted by adapting the parameter values of the
deposition process. The investigation of the tribological-
mechanical behavior under high contact pressures in load-
scanning tests [9] of the selected a-C:H:W variant revealed
a constantly low friction and only little adhering of the
steel to the coated surface. Since the adhesion of steel is
assumed to be an initial damage mechanism of a C:H:W
coating [10], this variant seems to be an adequate means to
control the friction in SBMF processes. Besides a-C:H:W
coatings, Cr-based ceramic coatings have shown to
enhance the tribomechanical properties of highly stressed
surfaces. Due to its wear resistance, especially CrAlN is
suitable for the load spectrum of SBMF processes. To
further improve the performance and to reduce the friction,
carbon can be added to the ternary coating system, yielding
CrAICN coatings [11].

3 Procedure model

To examine the potential of tailored surfaces by different
surface modifications, tribological investigations are
required. High expenditure and a partially complex feasi-
bility of some tribological tests can inhibit this realization
for numerous structures and coatings. Hence, a new hier-
archical approach combining individual works within the
TR73 is utilized within this research. The procedure is
shown in Fig. 4. To reduce the experimental characteriza-
tion, the tribological behavior of the 14 surface
microstructures was determined on the basis of a
mechanical-rheological half-space model. Only six suit-
able structures were chosen for experimental tests. These
surface structures, as well as the three coatings, were
evaluated by a ring-compression test. Special attention was
paid to the utilization of the anisotropic behavior of specific
structures. In a next step, one coating and one surface
structure were selected for an evaluation in the pin-extru-
sion test in order to determine the friction factors. The
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Fig. 4 Procedure model

| Surface modification ‘

v

High-feed milling

Micromilling Coating

!

14 Surface structures

!

v

‘Half—space model‘

6 Surface structures

v

3 Coatings

v

‘ Ring compression test ’

v

Gear forming process

<«—— 1 Surface structure

friction factors m were used in a simulation to predict the
form filling of small cavities in a flow forming operation.
Finally, the surface structure with the highest anisotropic
friction behavior was applied onto a gear tooth tool and
tested in a gear forming process.

4 Numerical and experimental results

In the following section, the surface structures motivated in
Sect. 2 are evaluated by means of experimental and sim-
ulative characterization methods. The selection of struc-
tures for the different tests and the sequence, in which the
tests are described, follow the procedure model presented
in Sect. 3 and depicted in Fig. 4.

4.1 Advanced approach for the characterization
of tailored surfaces using an elastic—plastic
half-space model

The tribological analysis of microstructures in a simulation
requires a characterization of the surface topography.
Typical technical surfaces, as produced by finishing pro-
cesses like grinding, polishing, or EDM can be described
by the roughness profiles and two dimensional surface
parameters. However, tailored surfaces are characterized
by a deterministic roughness distribution, which demands a
more sophisticated approach. One option is the mechani-
cal-rheological model described in [12, 13], which is based
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on three-dimensional surface parameters. The mechanical-
rheological model is suitable for mixed lubrication and
sections the surface as shown in Fig. 5a. The material ratio
Oma describes the proportion of the solid area and is com-
pliant with the real contact area denoted by o, which is the
area that is in contact due to the surface asperities. The
important value o, is used to determine typical, three-
dimensional surface parameters, namely the peak material
volume Vmp, the core material volume Vmec, the core void
volume Vve, and the dale void volume Vdv which are
explained in detail in [14]. In Fig. 5a, the closed void area
is surrounded by a solid area, which enables it to transmit
hydrostatic pressure between the contact partners. The
share of the closed void area on the total area A, is defined
as ol Similarly, the ratio o, denotes the share of the open
void area which is connected to the boundary of the loaded
area. As the lubricant can be squeezed out in this section,
this part of the area is not capable to build up a hydrostatic
pressure. Figure 5b shows 0, 01, and o, in dependency
of the penetration depth for a typical example.

Technical surfaces initially get into contact with their
surface peaks. As a,,,, is small in this case, the local contact
pressure is large enough to plastically deform the surface
asperities—even with a low nominal surface pressure po.
The elastic—plastic contact impacts o,,, which is important
for the friction, as tangential contact loads are only trans-
ferable in o,,,. The interdependency between poy and o4y,
cannot be described with surface parameters. Studying this
interdependency is a highly complex task. Therefore, a
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Fig. 5 Distribution of a surface according to mechanical-rheological model [18] (a). Material ratio in dependency on the penetration (b)

numerical identification is performed. The accurate repre-
sentation of the multi-scale character of the rough surface
needs both a very fine resolution and a large area to be
discretized. An elastic—plastic half-space model is chosen
for the numerical identification, because it only requires a
discretization of the contacting surfaces and, thus, has the
advantage that the numerical effort is significantly reduced
compared to standard FEM [15]. The half-space model was
successfully calibrated for the contact simulation of a
DCO04 sheet material [16]. Furthermore, the mechanical-
rheological model can be integrated [17], which makes it
possible to determine oiy,, 01, and o, in dependency on
po- The half-space model in conjunction with the
mechanical-rheological model is used to qualitatively
assess different surface structures. The criterion is the
ability to transfer friction stresses in dependency on po.
However, the model is not able to quantitatively determine
a friction coefficient. If this is required, an experimental
determination is still necessary.

4.2 Simulation of tribological behavior

The elastic—plastic half-space model with the implemented
mechanical-rheological model was used to simulate the
normal contact of the structured surfaces. The contact
partner for the surfaces was an electric discharge texture
(EDT) of a sheet metal with an average roughness of
Ra = 1.010 pm. The EDT is a typical rough surface for
SBMF. The contact load py ranged from 0 to 600 MPa in
steps of 25 MPa. A square-shaped section of each surface,
with a length of 2.56 mm and a discretization of 256 ele-
ments in each lateral direction, was used in the simulation.
The structured surfaces were treated as solely elastic,
whereas the sheet metal surface was considered to be
elastic—plastic. Figure 6 shows the determined results for
the 14 microstructures of Fig. 3 regarding the material ratio

Oma and the closed void area o;. All 14 structures show a
high variety of a,,, and o values which can be used to
adjust the friction behavior in forming processes. For fur-
ther examination in experimental studies, three surfaces
with different o,,,, and o, values for each manufacturing
technology were selected. From the high-feed milling
process, structures HF1-HF3 were chosen. From the
structures machined by micromilling, MS1-MS3 were
selected for further investigations. HF1 and MS2 show the
highest o, values within the group. For these structures, a
high potential of transmitting the hydrostatic pressure,
resulting in a low friction coefficient, can be expected. HF2
and MS1 obtain the lowest o, values. HF2 also presents
the structure with the highest material ratio o.,,. For these
structures, high friction coefficients are expected. HF3
shows the same o,,, value as HFI, but is positioned
between HF1 and HF2 with regard to the closed void area.
MS3 is selected due to its combination of high o and the
smallest o, values.

For more detailed information, results of the chosen
structures HF1, HF2, HF3, MS1, MS2, and MS3 are
depicted in Fig. 7, which shows o, o, and o, in
dependency on p, for each surface.

4.3 Tribological behavior of surface structures

In addition to the simulation by means of the half space
model, an experimental evaluation of the friction charac-
teristics for specific surfaces was performed. For a non-
destructive measurement of the surface topographies, a
confocal laserscanning microscope Keyence VK-X210
with a lateral resolution of 2 nm and a height resolution of
0.5 nm was used. For each surface topography, the mea-
surements were stitched to an area of 6000 pm Xx
6000 pm. The roughness parameters and surface charac-
teristics were calculated according to DIN EN ISO 4287
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Fig. 6 Characterization of 14 0,8

microstructures using a half- 0,7

space model

0,6 4
0,51
0,44
0,31
0,21
0,14

Area ratio

and were analyzed using the software Nanofocus psoft
analysis. Sections of the measurements
(2000 pm x 2000 pm), roughness parameter values, and
characteristics are presented in Fig. 7.

The experimental testing was conducted by using a ring-
compression test (RCT) according to [19]. The experi-
mental setup is shown in Fig. 8. The test was repeated five
times for each surface topography and sheet metal (DC04
and DP600). To ensure stable forming grades, a distance
ring of 1 mm was used. This means that all rings were
compressed from 2 mm to 1 mm in thickness. The exact
positioning of the ring is guaranteed by a respective unit.
The oil volume was regulated by a fine scaled syringe. The
rolling direction of the specimens was marked and oriented
on the X-direction of all surface structures.

To determine the inner radii of the rings, a tactile
coordinate measuring machine Zeiss ZMC 550 was used.
The inner contour of the rings was traced by a cylindrical
measurement sensor with a radius of 1 mm. Depending on
the length of the contour, measurement points in a range of
200 and 250 points were recorded. The 2D profiles were
evaluated using the software MATLAB. For this purpose,
the parameter values of the inner circle radii as well as the
ellipse parameters in X and Y-direction were calculated.

The friction behavior of the surface can be determined,
depending on the radii of the ellipse in X- and Y-direction
after the forming process. A smaller friction coefficient
indicates a larger inner radius, while a higher friction
results in smaller radii [20]. The results for the high-feed
and micromilled surfaces are presented in Fig. 9.

For DP 600, the radii are larger for both directions,
indicating a lower friction compared to DCO04. These
results can be explained by the microstructure of the
materials. Besides the ferrite, the dual phase steel DP600
contains martensite, which leads to a higher hardness and
therefore to lower friction values. These results confirm the
investigation of Rajnesh et al. [21] showing that higher
martensite contents lead to lower friction coefficients for
surfaces in contact with hardened steel.

Additionally, all analyzed structures show differences
with regard to the direction (X- vs. Y-direction). On the
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one hand, an anisotropic material behavior is caused by the
rolling direction of the sheets. On the other hand, the dif-
ferent surface structures illustrate a significant influence on
the material flow. The isolated effect of the surface struc-
tures can be determined by comparing a polished surface
(PO) to the selected surfaces with a high and low material
flow behavior. Surfaces machined by a polishing process
show a more isotropic friction behavior compared to con-
ventional surface treatments. Figure 10 presents the dif-
ference of the radii in X- and Y-direction, which indicates
the anisotropy of each structure. The structure-independent
anisotropic material behavior is visible for both materials
and is marked by a dotted line. For DC04, the anisotropy of
the sheets is smaller compared to DP600, but the ratio
between the different surface structures show the same
tendency. Depending on the structure, isotropic or aniso-
tropic friction, and thus a control of the material flow, can
be achieved. Using the micromilling and high-feed milling
process, it was possible to create surfaces which can pro-
vide an almost isotropic (HF3, MS2) and a strongly ani-
sotropic material flow (HF2, MS1). Depending on the
surface used, the friction can be adapted to create a
directional material flow. On the one hand, it is possible to
impede the material flow in specific areas. On the other
hand, the material flow can be facilitated to obtain a better
form filling of small cavities.

4.4 Tribological behavior of coated surfaces

Ring-compression tests were also conducted to investigate
the influence of a-C:H:W, CrAIN, and CrAICN coatings on
the friction behavior of DCO04 and DP600 steel. The
obtained inner radii of the rings for differently coated
forming tools and for a polished, uncoated reference tool
are presented in Fig. 11.

Except DC0O4 in combination with a CrAlN-coated
forming tool, all investigated samples show a directional
dependence of the friction behavior due to the anisotropy
of the sheet metal workpiece. In rolling direction (X-di-
rection), the friction is generally smaller when compared to
the orthogonal orientation due to the elongation of the
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Fig. 7 Confocal light pictures, Abbott-Firestone curve and area ratios determined by a hydrostatic elasto-plastic half space model
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Fig. 11 Results of ring-
compression test for DC04 and
DP600 with polished and coated
forming tools

Radii

a-C:H:W

grains. Independent from the coating process, DP600
shows a lower friction compared to DC04 in the ring-
compression test, confirming the previous results.

Beside the microstructure of the workpiece, the rough-
ness of the coatings and its characteristics play an impor-
tant role for friction conditions as well. Prior to the coating
process, all punches were polished in the same way. After
the coating process, different roughness values accrued.
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The a-C:H:W- and CrAlN-coated punches show the highest
roughness values (Fig. 12).

The incorporation of carbon into the nanocristalline
structure of (CrAlN results in lower roughness values
which lead to the formation of a friction reducing amor-
phous carbon phase [11]. Furthermore, it can be expected
that tribochemical reactions of a-C:H:W coatings with
extreme pressure (EP) additives of the forming oil, lead to
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Fig. 12 Surface roughness of
forming tools 0.035
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the formation of WS, compounds, which act as an addi-
tional solid lubricant [22].

4.5 Determination of friction factors using a pin-
extrusion test

The results of the ring-compression test, shown in the
previous sections, were used for a qualitative selection of
suitable tool-sided surface modifications according to the
requirements of SBMF [23]. Figure 13 shows the results of
the RCT for the modification with the lowest friction. This
condition is fulfilled by a polished surface covered by an
a-C:H:W coating, and the highest friction, generated by the
application of the structure MS1. To confirm these results
and to determine the friction factors for the simulation of
the SBMF process, these modifications are comprehen-
sively analyzed within a more process-oriented friction
test.

The pin-extrusion test combines an upsetting and a
forward extrusion process, which are typical SBMF oper-
ations. A pin is formed by pressing the upper die onto the
sheet Fig. 14a. This friction test was adapted to the
requirements in SBMF and validated [23]. Based on the
results of the numerical validation, the lower die includes a
cavity with an undercut with a diameter of 1.5 mm and a
shoulder radius of 1.0 mm. The higher the friction, the

Fig. 13 Results of the ring- 4.6

compression test mm

0.02
0.015
0.01
0.005
) e

a-C:H:W

CrAIN CrAICN PO

more material flows into the cavity due to the undercut.
This results in an increased height of the pin and indicates
an increased friction factor. For the experimental investi-
gation, specimens made of DC04 and DP600 with a
diameter of 20.0 mm and a sheet thickness of 2.0 mm were
used. To determine the friction factor m, the height of the
specimen after a defined punch stroke of 1.0 mm is used.
The specimen’s height is given by the remaining specimen
height after the punch stroke, including the height of the
pin Fig. 14b. Thus, the used height of the specimen for the
determination of the friction conditions is always higher
than 1.0 mm, even if the forming is frictionless.

As there are no means to obtain the friction factor
directly from the height of the specimen, the principle of
numerical identification was applied Fig. 14b. The corre-
sponding FE model of the pin-extrusion test was imple-
mented in simufact.forming 11.0.2. Several friction factors
m between 0.02 and 0.2 were simulated and a calibration
curve was determined. Figure 15 illustrates exemplary the
numerically determined calibration curve of DCO04. The
curve is used to determine the friction factors of different
tribological systems from the measured specimen heights.
This approach is exemplarily shown in Fig. 15 for DC04
using the lubricant Beruforge 150DL.

To implement the pin-extrusion test, a deep drawing
press Lasco 100SO with a traverse speed of 1.00 mm/s was

Ring Compression Test

B X-direction DC04 (t; =2 mm)
Y-direction DC04 (t; = 2 mm)

| X-direction DP600 (ty = 2 mm)

W Y-direction DP600 (t; =2 mm)

Beruforge 150DL
Repeatings n =5

MS1
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Surface
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used. Three workpieces were tested to increase the statis-
tical reliability. Figure 16 illustrates the results of the pin-
extrusion test for both surface modifications and materials.
The results confirm that the coated surface leads to a lower
friction than the microstructure. The friction factor of the
a-C:H:W surface on DC04 amounts to 0.06 £ 0.01. For
DP600, a friction factor of m = 0.058 £ 0.01 was deter-
mined. In comparison, the friction factor of structure MS1
has a value of 0.28 £ 0.03 for DCO04. The friction factor of
DP600 amounts to 0.21 4+ 0.01. The determined friction
factors were used for a process-oriented numerical inves-
tigation of two SBMF processes which is described in the
following section.

5 Process optimization by means of tailored
surfaces
As described in chapter 1, the friction in the area sur-

rounding the cavities should be as high as possible while
the friction in the cavities themselves should be as low as

@ Springer

Surfaces

possible in order to facilitate the formation of functional
elements. Based on this theory, the a-C:H:W coating and
the structure MS1 were used to investigate the possibility
to improve the flow forming process (Fig. 1) and the
incremental flow forming process (Fig. 2) since the surface
treatments possess the highest and the lowest friction fac-
tor, respectively.

Regarding the flow forming process, the investigation
was conducted by means of the simulation model displayed
in Fig. 17. The model resembles the process described in
chapter 1 and has been validated by a geometrical com-
parison between the resulting and simulated workpiece in
[2]. As it is the case in the real process, a blank of 120 mm
in diameter is centrally placed on a die that entails corre-
sponding cavities. Subsequently, the blank is clamped
between the punch and the counterpunch. Additionally, a
blank holder is used to impede a bulging of the blank in the
rim area. In order to conduct the operation, the punch is
moved in z-direction which results in the formation of the
functional elements displayed in Fig. 17 by flow forming.
For the simulation, a v. Mises material model for DC04 is
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Fig. 17 Cut display of the Blank holder
simulation model and resulting
geometry of the functional =
elements g Triangular
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G 0 element
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utilized. The corresponding hardening curve was ensured
by layer compression tests and was extended by means of a
Hockett-Sherby extrapolation. In order to achieve a suffi-
cient modeling of geometrical aspects, a general mesh edge
length of 0.4 mm is used and additionally refined in the
elemental area to an edge length of 0.05 mm. Since
numerical calculation time is challenging, the model size is
reduced to a 10° cut, which exploits the given process
symmetry and effectively lowers numerical demands. To
calculate the friction behavior in the process simulation, a
shear model according to Tresca is utilized.

In order to conduct the simulated experiments, MS1
was applied on the punch, the counterpunch, the blank
holder, and the die. Only a small circular area above the
cavities was omitted and the a-C:H:W coating was
applied. It was expected that the material flow in the sheet
plane will be reduced by the high friction in the structured
area. At the same time, it was assumed that the low
friction factor of the a-C:H:W coatings would facilitate a
material flow into the molds and therefore increase the
mold filling. Figure 18 visualizes the corresponding tai-
lored surfaces on the tool.

|
;Counterpunch
i
I

Rectangular
Die element

3mm
Blank —

The values derived in the previous chapter were used as
friction factors. In detail, friction factors of 0.062 (DC04)
and 0.058 (DP600) were applied to resemble the a-C:H:W
coated surfaces. In the same manner, values of 0.282
(DCO04) and 0.207 (DP600) were used for the corre-
sponding contact areas between the tool and blank,
entailing the MS1 structure. Two simulation runs were
conducted, one with DC04 and one with DP600, while all
other process parameters remained constant. Subsequently,
the results were compared to similar simulations that use a
global friction factor of 0.12. For all simulations, blanks of
2 mm, a blank holder force of 360 kN, and an counter
punch force of 400 kN were used. The punch stroke was
equal for all simulations and amounts to 1.7 mm. For
comparison, the mold filling, defined as the amount of
material volume located in the mold at the desired stroke
in relation to the absolute mold volume, was chosen. The
results showed that the mold filling could be increased by
6.04 % for the rectangular element and by 0.19 % for the
triangular element for DC04. Similar results were obtained
for DP600: mold filling could be improved by 4.15 % for
the rectangle and by 0.19 % for the triangle. The

Fig. 18 Model, process
parameters, and friction factors
used for simulation
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Il 2-C:H:W coating

Stroke: 1.7 mm
Blank holder force: 360 kN
Counter punch force : 400 kN

Blank holder (MS1)

Punch (MS1)
Blank
(not modified)

(MS1/a-C:H:W)

Counter punch

Initial sheet thickness: 2 mm
Blank diameter: 120 mm

Friction factors
used for simulation:

a-C:H:wW
DCO04: m = 0.062
DP600: m = 0.058

MS1
DCO04: m = 0.282
DP600: m = 0.207
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Fig. 19 Resulting mold filling
for the friction modified process
and a reference model with a
global friction factor of 0.12
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Fig. 20 Structuring process of a forming tool using a micromilling process and schematic illustration of the microstructures on active surfaces,

lengthwise and crosswise

differences between the rectangular and triangular ele-
ments can be explained by the fact that the mold filling of
the latter is already much higher (approx. 95-90 %) in the
reference simulation. This was expected due to the
dependency of the mold the filling on the shape of the
cavities, which was demonstrated in [2]. Since strain
hardening increases with convergence to the maximum
mold volume, a further improvement is more difficult to
obtain. The exemplary cut, displayed in Fig. 19, confirms
these findings, as the change in mold filling is mirrored by
the increased element height in case of the modified sim-
ulation, using the evaluated friction factors m for both
element types. At this point, it can be summarized that the
use of a local friction modification is effective to improve
the form filling for both DC04 and DP600 in case of the
investigated forward flow forming process.

For the incremental gear forming process presented in
chapter 1, two differently structured tools were used. The
MS 1 structure was applied lengthwise (A) and crosswise
(B) on the active surfaces of the geometrically identical
tools (high-speed steel ASP2023, 63 HRC) t by means of a
micromilling process (Fig. 20). Determining the influence
of the anisotropic behavior of the chosen structure on the
prevailing material flow and on the forming forces was the

@ Springer

main objective. The experiments were conducted using a
workpiece made of DC04 with a thickness of 3 mm. The
indentation depth of the tool was 3.5 mm.

The experimental force—displacement curves (Fig. 21a)
verify the anisotropic behavior of the MS1 structure also
during the incremental gear forming process. The tools with
the lengthwise structure, proved to have a lower friction
coefficient (Fig. 9) and require a 3.5 % lower forming force
than the crosswise structured tools. The measured mold
filling of the shaped tooth geometry, simplified as the height
h, shows a similar trend. Here, a 4 % higher mold filling
could be achieved with the lengthwise structured tool
(Fig. 21b). The results prove that microstructured surfaces
are not only favorable in terms of forming forces, but also
present an efficient means for the material flow adjustment.
Based on the results in Fig. 9, this effect can be attributed to
the reduced friction.

6 Summary and outlook
To ensure the product quality of Sheet-Bulk Metal Formed

components, the tool design and characterization are the
most important influencing factors. Therefore, the working
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group “Tools”, which is embedded in the Transregional
Collaborative Research Center TR73, determines specific
tool-sided optimization potentials. Within this paper, sur-
face tailoring methods, coating processes, and experimental
forming tests were performed. 14 different surface struc-
tures were machined utilizing high-feed and micromilling
processes. It was possible to obtain specific surface struc-
tures with tailored characteristics. With a simulation of a
half-space model, six surfaces resulting in a low and high
pressure build-up were evaluated and selected for forming
tests. Additionally, three different coating techniques were
considered. Subsequently, the surface structures and both
coating technologies, were evaluated in a ring-compression
test to determine the friction behavior. In general, the results
show lower friction values for DP600, which could be
assigned to the higher hardness of the dual phase material.
Structured surfaces show a major influence on the friction
condition and allow the control of an anisotropic material
flow by selecting specific structures. This notion was vali-
dated in an incremental gear tooth forming process. By
depositing coatings to the surface, the roughness values
were increased. The a-C:H:W coating, however, showed the
best friction behavior among all modified surfaces. In
addition to the ring-compression test, the friction factor was
determined by a pin-extrusion test for selected surfaces with
the highest and lowest friction values. Based on the evalu-
ated factors, the advantages of tailored surfaces were pre-
sented in a validated FEM-based study. The form filling of
small cavities could be increased up to 6.04 %. The pre-
sented results show the high potential of different surface
techniques to optimize forming tools in SBMF processes.
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