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Abstract
Sheet-bulk metal forming (SBMF) processes are characterized by a successive and/or simultaneous occurrence of different load
conditions such as the stress and strain states. These conditions influence the material flow and often lead to a reduced geomet-
rical accuracy of the produced components. To improve the product quality, a control of the material flow is required. One
suitable approach, the local adaption of tribological conditions by means of surface modifications of tool or workpiece, so-called
tailored surfaces. To control the material flow and thus to improve the component accuracy, methods to reduce and to increase
friction are needed. The aim of this study is to determine requirements for necessary adaptions of the friction, the identification of
tribological mechanisms for different types of tool-sided tailored surfaces as well as the verification of the effectiveness of these
surface modifications to improve the results of a specific SBMF process. The numerical analysis of a combined deep drawing and
upsetting process revealed that this process is characterized by two areas of varying tribological load conditions. Using a
numerical analysis, the friction factor gradient between these two areas was identified as a main influencing factor on the material
flow. Based on this finding, Chromium-based hard coatings for the reduction of the friction and high-feed milled surfaces for an
increase of the friction were investigated regarding their frictional behaviour. The results of the ring-compression tests revealed
that the carbon content and the post treatment of coated tool surfaces are relevant to reduce the friction. The increased profile
depth of the milled surfaces was identified as the main influencing factor on the tribological behaviour of this kind of tailored
surfaces. The effectiveness of both types of tailored surfaces was verified for the combined deep drawing and upsetting process.
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Introduction

Requirements for an increased light-weight construction [1]
and a near-net shape manufacturing [2] of functional compo-
nents forces the manufacturing industry to upgrade their prod-
ucts. This trend is strengthened by ecological challenges and
legal requirements. A promising approach to deal with the

requirements is to manufacture close tolerance and highly in-
tegrated functional components. Conventional bulk and sheet
metal forming processes are limited when producing these
components. An innovative approach to meet the existing
challenges is the combined application of sheet and bulk
forming operations, using SBMF processes. These processes
are defined as the application of bulk forming operations on
sheet metals [3]. A classification of sheet-bulk metal forming
processes is exemplary given by Mori [4]. The importance of
this process class is shown by several research results within
the last years. Mori exemplary analysed the manufacturing of
semi-finished products, so-called tailored blanks, using a
sheet-bulk forming operation [5]. Wang [6] investigated the
manufacturing of a pin shaped functional element using a
process combination of deep drawing and upsetting.
Especially the combination of a sheet and a bulk forming
operation applied on sheet metals allows varying load condi-
tions. Thus, within one single process, high contact normal
stresses combined with short sliding paths can occur

* Maria Löffler
maria.loeffler@fau.de

1 Institute of Manufacturing Technology,
Friedrich-Alexander-Universität Erlangen-Nürnberg, Egerlandstraße
11 – 13, 91058 Erlangen, Germany

2 Institute of Machining Technology, Technische Universität
Dortmund, Dortmund, Germany

3 Institute ofMaterials Engineering, TechnischeUniversität Dortmund,
Dortmund, Germany

https://doi.org/10.1007/s12289-018-1399-2

Received: 27 September 2017 /Accepted: 3 January 2018 /Published online: 25 January 2018

International Journal of Material Forming (2019) 12:17–26

http://crossmark.crossref.org/dialog/?doi=10.1007/s12289-018-1399-2&domain=pdf
mailto:maria.loeffler@fau.de


simultaneously with low contact normal stresses and high
sliding paths. The resulting load gradient significantly influ-
ences the material flow, in many cases yielding a reduced
product quality. Based on this limitation of the process, one
main challenge within SBMF processes is the control of the
material flow to improve the geometrical accuracy of the pro-
duced components. Former investigations have shown that a
local increase or reduction of the friction is an efficient ap-
proach to control the material flow in SBMF [7]. As the sur-
face properties are major influencing factors on the tribologi-
cal conditions, the modification of the sheet or the tool surface
is one possible approach to meet the unsolved challenges
within the scope of SBMF.

The modification of the tool as well as the sheet surface is
characterized by advantages and disadvantages. An adaption
of the tool surfaces requires a lower manufacturing effort. A
disadvantage is the increasing wear during the operating time
of the tool, which can lead to a reduced effectiveness of the
modified tribological system. An advantage of the adaption of
the sheet surface is the full utilization of the effectiveness, as
every single forming process requires a new adaption. The
main disadvantage is the higher manufacturing effort. Every
single semi-finished product needs to be adapted. One impor-
tant aim in SBMF is the shortening of the process chains.
Concerning this requirement a modification of the tool surface
seems more suitable than a modification of the sheet surface.
Based on this assumption, the current study focuses on the
fundamental investigation of different types of modifications
of the tool surface and their tribological influencing factors.
This is necessary to use the full potential of this type of surface
modification.

Methodology

The aim of the study is to investigate the effectiveness of
locally applied surface modifications on tool components
using a holistic experimental and numerical approach. The
effectiveness of tool-sided surface modifications is validated
using a combined deep drawing and upsetting process. The
applied methodology is shown in Fig. 1.

For a comprehensive investigation of the effectiveness of
tool-sided tailored surfaces requirements regarding the local
adaption of the friction conditions have to be defined.
Therefore, an FE model of the investigated combined deep
drawing and upsetting process was used. Based on an evalu-
ation of the tribological load conditions, a suitable local fric-
tion adaption of the respective tool components was selected.
To identify how the friction in the different tool areas needs to
be adapted, different friction factor combinations were numer-
ically investigated and evaluated regarding their influence on
the die filling of the functional elements. The FE program
Simufact.forming 12.0.1 was used for the numerical

identification. To reduce the simulation time, a 4.5° segment
of the component was calculated using the symmetry of the
part. Based on the numerical results, two manufacturing pro-
cesses that can be applied to increase or reduce friction were
selected. Both processes were evaluated regarding the influ-
enced surface properties and their frictional behaviour using a
laboratory friction test. The aim is to identify the surface prop-
erties which mostly influence the friction. Based on the iden-
tified surface properties and the results of the numerical study,
suitable tailored surfaces were selected. The chosen tailored
surfaces were used to evaluate the effectiveness of tailored
surfaces regarding their potential to improve the die filling
of functional elements within the investigated SBMF process.

For the analysis of the tribological behaviour of the tool-
sided tailored surfaces, specimens made of the deep-drawing
steel DC04 (1.0338) and the high-strength steel DP600
(1.0936) were used. Both workpiece materials have an initial
sheet thickness t0 of 2 mm and were cut by a Trumpf CO2 –
laser. As tool material, the powder metallurgical tool steel
ASP2023 (1.3344) with a hardness of 60 ± 1 HRC was used.

To investigate the tribological behaviour of the tailored
surfaces, a ring-compression test as a laboratory friction
test was used. A scheme of the setup of the test is shown
in Fig. 2 a).

Due to the requirements in SBMF, a specific workpiece
geometry, which was adapted to the forming conditions, was
used, as presented in Fig. 2 b. Using a numerical feasibility
study, the highest sensitivity regarding changes in tribological
conditions for an initial sheet thickness t0 of 2 mm was iden-
tified for an inner diameter of 9 mm and an outer diameter of
15 mm. The friction conditions can be determined based on
the resulting workpiece geometry after a punch stroke of
1 mm. The smaller the resulting inner diameter, the higher is
the friction. Trescas friction law was used for the evaluation of
the friction factor. The friction factor m was determined by
means of numerical identification. In this regard, an FE model
of the ring compression test was implemented in
Simufact.forming 12.0.1. The inner diameter functions as an
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Fig. 1 Methodology
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indicator for the occurring friction. Several friction factors
were simulated for both sheet materials DC04 and DP600
and calibration curves were derived using the curve fitting tool
of the programme Matlab R2013b.

Both functions are shown in Fig. 3. These functions can be
used to derive the friction factors from the experimentally
determined inner diameters of the formed specimen. The ex-
perimental investigations of the RCT were carried out on the
hydraulic deep drawing press Lasco 100SO with a ram speed
of 1 mm/s. To guarantee a statistical coverage, three work-
pieces were tested for each test series. Beruforge 150DL with
an amount of 10 g/m2 was used for lubrication.

Numerical identification of tribological
requirements

Within this chapter, requirements regarding the tribological
adaptions for the investigated SBMF process are numerically
defined. In order to understand the process itself, the process
and the limitations are described in a first step.

Process description and analysis

The investigated SBMF process is a single stage process com-
bination of a deep drawing and an upsetting step. The tool
consists of an internally geared drawing die, an upsetting
punch, an upsetting plate and a drawing punch in Fig. 4.
The drawing die, which determines the outer dimension of
the cup, and the upsetting punch are part of the upper tool.
The upsetting plate and drawing punch belong to the lower
tool. The manufactured functional component, analysed with-
in this study, is an external geared cup with 80 teeth. The outer
diameter of the component amounts to 82.72 mm. Within the
investigation, the height of the cup after forming is 9 mm. The
component is manufactured from a blank with an initial

diameter of 100 mm and a sheet thickness of 2 mm. In a first
step, the blank is clamped between the upsetting punch and
drawing punch. The cup is drawn, by a movement of the
drawing die downwards over the drawing punch. When the
drawing die is positioned on the upsetting plate, the upsetting
process is initiated by a downward movement of the upsetting
punch and the drawing punch. Due to the resulting reduction
of the height of cup, a radial material flow into the gear cav-
ities of the drawing die is induced. This enables the forming of
the functional elements. The process is described in detail in
[7]. The load conditions vary during forming due to the pro-
cess combination of deep drawing and upsetting.

These varying load conditions significantly influence the
material flow and thus the geometry of the produced part. One
resulting problem is the limited die filling of the functional
elements, which is exemplary shown in Fig. 5 for a 4.5° seg-
ment of the functional area.

The die filling of the experimentally formed functional el-
ements is lower than the die filling of the aimed geometry.
This will negatively influence the in-service behaviour of the
manufactured component and is thus a major process limit.
The reduced die filling can be explained by the uncontrolled
material flow during forming which is caused by the locally

Material Derived functions

DC04 m = (-0,07722*Di + 0.9696)

(Di – 5.834)

DP600 m = (-0,04545*Di + 0.6392)

(Di – 6,328)

Fig. 3 Functions to determine the friction factor m based on the measured
inner diameter Di
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varying load conditions. Especially during the upsetting, the
material flow is directed from the functional area into the
bottom of the cup, which leads to a thickening of the cup
bottom and thus a reduced die filling of the functional ele-
ments. The uncontrolled material flow is highly influenced
by the two areas of varying load conditions. In the area of
the functional elements, the load values regarding the contact
normal stress and surface enlargement are comparatively high
[7]. The bottom area of the cup is characterized by compara-
tively low load values [7]. Both areas are shown in Fig. 6.
Numerically determined values of contact stress, sliding path
and surface enlargement are discussed in [7].

Due to an increase of the friction in the area of the cup
bottom, the material flow from the functional area into the
cup bottom should be impeded. Additionally, a friction reduc-
tion in the gearing area promotes the material flow into the
gearing cavities, which leads to a higher die filling. Thus,
methods to increase and to reduce friction are needed. A de-
tailed numerical study was used to determine the requirements
regarding the needed local adaption of the friction.

Numerical study

The experimental design of the friction factor study is shown
in Fig. 7. It can be stated that the friction factor in the area of
the gearing mGearing needs to be smaller than in the area of the
cup bottommBottom. Within the study,mGearingwas set to 0.05.
This value was chosen because this is the lowest identified
friction factor in SBMF investigations so far. For mBottom, six
different values were chosen. The values range from 0.075 to
0.45. The aim is to generate different friction factor gradients
ΔmBottom/Gearing between the gearing area and the cup bottom.
This friction factor gradient is defined as:

ΔmBottom=Gearing ¼ mBottom−mGearing ð1Þ

The selection is based on the assumption that a higher
friction factor gradient between both areas leads to a higher
impedance of the material flow into the cup bottom and hence
a promotion of the material flow into the gearing cavities. The

influence of the friction factor gradient was evaluated by de-
termining the material volume in the functional area using the
CAD program Creo Parametric 2.0. The evaluation area, re-
spectively the functional area, is shown in Fig. 8. The deter-
mined volumes are referenced to the volume of a component
with 100% die filling.

Figure 9 shows the results of the numerical study. The
diagram shows that a local adaption of the friction is suitable
to influence the material flow, and thus the die filling of the
functional elements.

Additionally, the die filling increases with higher values of
the friction factor gradient ΔmBottom/Gearing. For the lowest
gradient of 0.025, the die filling amounts 88%. For the highest
gradient 0.4, the die filling has a value of 93%. The greater the
difference between mBottom and mGearing, the higher the die
filling of the functional elements. This confirms the assump-
tion above. Based on these results, it can be stated that an
increase of the friction factor difference between zones of
varying load conditions leads to higher die filling ratios of

m
Gearing

≠ m
Bottom

No. mGearing mBottom Δ mBottom/Gearing

1 0.05 0.075 0.025

2 0.05 0.10 0.050

3 0.05 0.15 0.100

4 0.05 0.25 0.200

5 0.05 0.35 0.300

6 0.05 0.45 0.400

m
Bottom

m
Gearing

Fig. 7 Experimental design of the numerical feasibility study
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Fig. 6 Zones of varying load conditions [7] Fig. 8 Evaluation area
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the functional elements. Thus, a surface modification that
leads to comparatively high friction conditions needs to be
applied in the area of the cup bottom. In the gearing, a surface
modification with comparatively low friction factors has to be
chosen.Within the next chapters, different manufacturing pro-
cesses to increase or reduce friction due to a modification of
the tool surface, is presented.

Modification of tool surfaces

In conventional sheet and bulk forming operations, the tools
are manufactured by a combination of hard machining and a
surface finishing step. Hard machining generates the tool ge-
ometry. Typical processes are grinding, electrical discharge
machining and milling. A polishing step is usually used to
finish the surfaces [8]. This kind of surface finish reduces
friction and abrasive wear during forming [9]. Additionally,
hard coatings, like TiN or TiC, are usually applied on the
polished tool surface to reduce the abrasive wear. Apart from
wear reduction DLC coatings are also known for their very
low and stable friction conditions [10]. There are further ap-
proaches to influence the friction due to a modification of the
tool topography in sheet and bulk forming operations. Twardy
[11] investigated the influence of micro milled tool surfaces
on the friction in micro deep-drawing processes including that
micro milling can be used to reduce the friction. Another
approach is machine hammer peening of sheet forming tools
[12]. This method leads also to a reduction of the friction
during forming. Neudecker [13] investigated the friction re-
ducing potential of deterministically arranged microstructures
manufactured by laser. In bulk forming operations, the friction
can be exemplary reduced by an application of deterministi-
cally arranged lubricant pockets using laser texturing [14].
This friction reducing potential of laser textured tool surfaces

was confirmed by Wagner [15] using the Double Cup
Extrusion test.

It can be stated that all listed methods, which are used to
modify the tool surface in conventional processes, are applied
to reduce friction. In SBMF, a method to increase the friction is
needed as well. Thus, new tool surface finishing processes need
to be investigated. The selection must consider the requirement
in SBMF regarding a shortening of the process chain as well as
during the tool manufacturing process. As a friction reducing
method, Cr-based hard coatings, which affect the chemical sur-
face composition, were applied on the tool surface. To increase
the friction, a high-feed milling process, which influences the
surface roughness, was selected. This hard machining step re-
places the manual polishing step and thus shortens the process
chain during the manufacturing of the tool. To use the full
potential of both types of surface modifications, the surface
properties, which influence the friction, need to be determined.
Within the next chapters, both processes are described and rel-
evant surface properties are identified by analyzing their influ-
ence on the tribological conditions.

Friction reduction – Cr-based hard coatings

Chromium-based hard PVD coatings are known for their high
wear resistance [16], which is one requirement in SBMF.
Especially CrN based coatings are characterized by a high
toughness and a good oxidation resistance [17]. An addition
of aluminium elements leads to a further increase of the hard-
ness due to a reduced grain size and a finer microstructure of
the coating [18]. Another advantage of this kind of coating is
given by the opportunity to tailor the chemical composition of
thin films by adjusting the carbon and nitrogen content. This
leads to an adjustment of the tribological properties of the
surface [19]. For this reason, nano-crystalline aluminium-rich
CrAlN coatings are modified by incorporating carbon leading
to a phase separation. Previous studies revealed that the
formed nanocomposite coating consists of a crystalline fcc
CrAlN phase that is surrounded by amorphous carbon [20].
By a further shifting of the atmosphere to pure carbon and
increasing the Cr/Al ratio, the carbon can be dissolved into
the Mn + 1AXn-phase structure. These ternary carbides
(Cr2AlC) are formed by recrystallization during the PVD pro-
cess with temperatures above 450 °C [21]. The chemical com-
position (at. %) of the investigated coating systems, their me-
chanical properties as well as fracture images of their cross
sections are given in Fig. 10. All coatings show a very dense
morphology with no defect, which indicates a high adhesion
to the substrate. Additionally, it is noticeable that the mechan-
ical properties such as the hardness and Young’s modulus are
highly dependent on the carbon level.

As mentioned above, the chemical composition is one sur-
face property which highly influences the friction conditions
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[19]. Table 1 shows the element composition of the three
investigated Cr-based hard coatings synthesized in a magne-
tron sputtering device CC800/9 Custom (CemeCon AG,
Germany). Especially the carbon content influences the fric-
tion. The higher the carbon content, the lower the friction
should be [22]. This is known from literature and needs to
be proven for SBMF processes as well.

Additionally, the coating process itself increases the surface
roughness. The higher the roughness, the higher the friction.
As this is contrary to the requirements concerning the friction-
al behaviour of coatings in SBMF, this surface property needs
to be considered as well. Thus, the coatings are evaluated in an
as-deposited and a mechanical post-treated state to identify
correlations between the tribological behaviour and the sur-
face roughness. For the post treatment, a polishing step, which
is supposed to reduce the roughness, is applied.

In a first step, the influence of the coating process itself and
the post-treatment on the surface roughness need to be evalu-
ated. For this evaluation, the reduced peak height Rpk has
been determined. The reduced peak height determines the
average height of the protruding peaks above the roughness
core profile. The higher roughness peaks impede the material
flow. Thus, the higher the Rpk value, the greater the imped-
ance of the material flow. Figure 11 shows the results of tactile
roughness measurements.

The evaluation of the as-deposited condition confirms the
assumption that the application of coatings leads to an in-
crease of the roughness compared to the uncoated original
surface. The Rpk value of the CrAlN coatings amounts to

0.12 ± 0.01 μm. This equals a roughness increase of 53%
compared to the uncoated reference. The roughness increase
correlates directly with the amount of carbon in the PVD-
coatings and can be explained by the higher amount of amor-
phous C-phases. This is valid for both conditions.
Additionally, the evaluation shows that a post-treatment of
the coated surfaces leads to a reduction of the roughness com-
pared to the as-deposited condition. Thus, the influence of the
surface roughness on the friction conditions can be investigat-
ed independently from the influence of the carbon content.

To identify the influence of the roughness and the carbon
content, these properties were correlated with the determined
friction factors. Both correlations are exemplary shown in
Fig. 12 for DC04. The results are transferable to DP600. The
correlation between friction and carbon content in Fig. 12 a)
reveals that there is a trend towards a reduced friction with
increased carbon content. For the post-treated condition, the
friction factor is reduced from 0.13 ± 0.01 to 0.11 ± 0.002
from the lowest to the highest carbon content. This equals a
reduction of 15%. For the as-deposited conditions the friction
can be lowered by 24%. The influence of the carbon content
can be explained on the one hand by the phase separation
forming a nanocomposite with an amorphous carbon phase
and, on the other hand, by the ternary Mn + 1AXn-phase. The
evaluation also shows that there is a difference between the as-
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based hard coatings
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deposited and the post-treated condition. The friction factor of
all three polished surfaces is lower than the friction values of
the as-deposited condition. Thus, the roughness also influ-
ences the friction. This is indicated in Fig. 12 b). The lower
the roughness, the lower is the friction. All three friction fac-
tors of the as-deposited surfaces are higher than the friction
factor of the reference. The friction factors of the polished
surfaces are lower than the reference. Thus, beside the carbon
content, the surface roughness of the coated surfaces highly
influences the resulting friction. To use the friction reducing
potential of Cr-based hard coatings, the coated surfaces need
to be post-treated to reduce the roughness increase caused by
the coating process. All in all, it can be stated that the chemical
surface composition and the surface roughness are relevant
properties, which needs to be considered when generating
coatings with a high friction reducing potential.

Friction increase – High-feed milling

To increase the friction on hardened surfaces, a high-feed
milling process was investigated within this study. High-feed
milling is a process that is mainly used for rough machining or
milling of hardened materials [23]. Compared to the conven-
tional milling process, high feeds per tooth with a low axial
cutting depth are used [24]. The tools have complex cutting
edges and are optimized to transfer the milling force in z-
direction which stabilises the process and leads to compres-
sive residual stresses in the tool surface [25]. Depending on
the process parameter and the tool geometry, high-feedmilling
can produce a wide range of surface structures [26]. Peuker
[27] showed that higher feed rates lead to higher roughness
values.

Furthermore, a variation of the lead angle can affect the
roughness as well. The surface roughness highly influences
the friction. The higher the roughness, the higher the friction
should be. In order to analyse the influence of the surface
roughness, different surface structures, manufactured by using
different lead angles, were applied within this study. The mill-
ing process was conducted with a DMG HSC 75 5-axis mill-
ing machine. In order to achieve a higher friction in radial
direction, the tool paths for the milling process were orientated
radially. The process parameters as well as the NC-paths for
the milling process are shown in Fig. 13.

By processing radial surface structures on the tool surfaces
with round areas, the radial immersion ae varies depending on
the radius of the surface. This leads to a small radial immer-
sion value in the centre of the tool surface and a large value at
the border. To achieve a more balanced proportion and thus to

Reduced peak height Rpk

a) b)
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minimize the influence on the friction, the NC-paths were
split. Therefore, the lowest value of radial immersion is set
to 0.75mm. If the NC-path spreads more than 1.5 mm because
of a larger radius, new NC-paths were generated between the
NC paths to vary the friction on the tool surfaces. Three dif-
ferent surface structures were milled using the described NC-
paths. The surface roughness is adjusted using three different
lead anglesβf: 0°, 1.5°, and 3°. All other parameters were kept
constant.

Figure 14 shows scans of all three topographies and the
respective Rpk values. The higher the lead angle βf, the higher
is the reduced peak height.

The Rpk value increases from 0.49 to 1.38 from the lowest
to the highest lead angle. This can be explained by the fact,
that depending on the lead angle βf, a different part of the
cutting edge is in contact with the material. This highly influ-
ences the resulting roughness of the surface. While using a
lead angle of 0°, all four cutting edges are in contact with the
material and only one cutting edge is in contact at an angle of
3°, which leads to an increase of the surface roughness. The
differences in the surface roughness should lead to varying
friction conditions. To investigate this, the friction factor
values were correlated with the Rpk values. Figure 15 reveals
that high-feed milled tool surfaces are a suitable method to
increase the friction in comparison to an unmodified tool sur-
face. The friction factor for a lead angle of 3° and the work-
piece material DC04 amounts to 0.24 ± 0.001. This equals an
increase of 75% compared to the reference surface. For
DP600, the increase amounts to 65%. The trend between
roughness and friction is almost linear. The higher the rough-
ness, the higher is the friction. This can be explained by the
fact that due to the higher roughness, the interaction between
the roughness peaks of the tool and the workpiece surface is
enforced. This results in an impedance of the material flow
and thus leads to higher friction values. Due to the high-feed
milling of the tool surface, the roughness and thereby the
friction are significantly influenced. The highest roughness
and thus friction can be realized within this investigation using
a lead angle of 3°.

Effectiveness of tool surface modifications

Based on the results of the numerical study of the SBMF
process and the experimental friction investigation of the dif-
ferent tailored surfaces, appropriate surface modifications
were selected. These were used to investigate their effective-
ness to improve the die filling of the functional elements with-
in the combined process.

The numerical results in Fig. 9 reveal that the friction in the
area of the cup bottom needs to be increased while the friction
in the area of the functional elements should be reduced. Thus,
in the area of cup bottom a tailored surface, which leads to a
very high friction factor, needs to be chosen. As shown above,
a high-feed milled tool surface using a lead angle of 3° gen-
erates the highest friction factor within the investigated param-
eter range. Thus, based on the tool components defined in Fig.
6, the upsetting punch and the front face of the drawing die
were modified by high-feed milling. Additionally, in the area
of the functional elements, the friction needs to be reduced.
This can be realized by the application of Cr-based hard coat-
ings at the gearing cavities of the drawing die and the lateral
surface of the drawing punch. Within the investigation, only
the lateral surface of the drawing punch was modified. This is
due to the fact that an adaption of the drawing die would make
this tool component unusable for further investigations. For
the investigation, the CrAlCN coating in combination with a
post treatment was applied in this area. This is not the coating
that leads to the lowest friction factor. But this coating com-
bines the advantages of a nitridic coating system and high
carbon content. Fig. 16 shows the adapted tool components
and the tailored surfaces.

Besides the investigation of the general effectiveness of
modifications of the tool surface, the influence of the friction
factor gradient ΔmBottom/Gearing should be investigated.
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In addition to the application of the high-feed milling struc-
ture and the coating on the respective tool components, only
the high-feedmilling structure was applied on the drawing and
upsetting punch. Thus, two different friction factor gradients
ΔmBottom/Gearing were investigated.

The experiments were performed on the triple-acting hy-
draulic press Lasco TZP 400/3 with a maximum press force of
4.000 kN. The part ejection is enabled by an external hydrau-
lic cylinder. To determine the die filling, the parts were
scanned using a topometric 3D–sensor ATOS. Based on this
measurement results, the die filling was determined analo-
gously to the numerical investigation. The material volume
in the functional area was detected using the CAD system
Creo parametric 2.0. The determined material volume was
referenced to the material volume of a component, which is
characterized by 100% die filling.

Figure 17 shows the results of the die filling analyses. Both
surface modifications lead to an increase of the die filling in
comparison to the reference surface. The die filling of a just
high-feed milled tool surface has a value of 91 ± 0.27% for

DC04 and 88.8 ± 0.45% for DP600. This is just a slight in-
crease in comparison to the reference. For DC04, the increase
is 0.25% and for DP600, 1.6%. The combination of high-feed
milled and coated tool surfaces leads to a higher increase of
the die filling. For DC04, the die filling increases by 3.6%
compared to the reference. These values amount to 3.1% for
DP600. In a first step, the results show the general effective-
ness of tool-sided tailored surfaces to control the material flow
in SBMF.

The difference regarding the die filling between the only
high-feed milled tool surface and the combination of the two
surface modifications confirms the assumption for the friction
factor gradient ΔmBottom/Gearing. Due to the application of the
high-feed milling structure on the drawing and the upsetting
punch as well as the application of the coating on the lateral
surface of the drawing punch, the gradient is higher than for
the other investigated modification. Thus, the higher the gra-
dient, the better the control of the material flow. The friction
increases in the area of the cup bottom using high-feed milling
what impedes the material flow in this area. Thus, more ma-
terial remains in the area of the functional elements.
Additionally, using a CrAlCN coating for the friction reduc-
tion in the area of the gearing promotes the material flow,
which increases the die filling.

It can be stated that tool-sided surface modifications are an
appropriate approach to control the material flow in SBMF.
The investigation of Cr-based hard coatings and high-feed
milling structures revealed the suitability of these two surface
modification processes. To increase the die filling, the friction
conditions between the two areas of different tribological load
conditions need to be enlarged.

Summary and outlook

Within this study, the suitability of modifications of the tool
surface to improve the process result of a selected SBMF
process was shown. Based on a numerical study and with
regard to the needed tribological adaptions, different
manufacturing methods to adapt the tool surface were
analysed. To increase the friction, high-feed milling was
invested as a surface finishing step. The analysis revealed that
an increase of the roughness leads to higher friction factors
due to higher lead angles. This can be explained by an
enforced interaction of the roughness peaks of the tool and
sheet surface. Cr-based hard coatings were investigated as a
method to reduce friction. The results reveal that the increased
roughness due to the coating process and the change of the
chemical surface composition influence the resulting frictional
behaviour. To obtain low friction values, the coated surfaces
need to be post-treated to reduce the roughness. Additionally,
the analysis revealed that the carbon content highly influences
the friction. The higher the carbon content, the lower the
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friction. To verify the effectiveness of coated and milled tool
surfaces, two structures were selected and applied onto select-
ed tool components of the combined deep drawing and upset-
ting process. The analysis of the die filling of the functional
elements showed that a local adaption of the tribological con-
ditions is suitable to control the material flow and thus to
improve the geometrical accuracy of the produced parts.
Additionally, it was shown that the difference of the friction
between the tool areas of varying load conditions needs to be
increased to ensure the best possible material flow control.

Future works should focus on the investigation of the wear
behaviour of modifications of the tool surface. Furthermore,
the effectiveness of a combination of workpiece- and tool-
sided surface modifications should be analysed.
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