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Abstract. The increasing demand for lightweight design requires functional integration. This poses challenges
to conventional manufacturing processes due to the rising geometrical complexity of components. The
application of bulk forming operations to sheet metal, named sheet-bulk metal forming (SBMF), is one approach
to overcome these challenges. Currently, mainly pre-cut blanks are applied in research of SBMF. Production
from coil, in contrast, would combine the advantages of SBMFwith the advantages of manufacturing from a coil
regarding high output quantity. To research SBMF from coil, a lateral and a backward extrusion process are set
up. In addition to a reduced geometrical accuracy of the parts, which is known from SBMF of pre-cut blanks, an
anisotropic material flow is identified as a coil-specific challenge. The aim of this research is to investigate
measures that extend the forming limits by means of a material flow control. For this purpose, a combined
numerical-experimental approach is applied in order to analyze and evaluate an adaption of the width of the coil,
the feed width, and the local friction as measures for material flow control. Particularly local adaptation of
friction by means of modified tool surfaces reduces the anisotropic material flow and improves the geometrical
accuracy of the parts.
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1 Introduction

The increasing demand for lightweight construction, for
example in transportation engineering [1], confronts
production technology with the challenge to reduce the
system weight. One approach to meet this challenge is
component design with functional integration [2]. This
approach achieves the aim of lightweight construction by
reducing the weight of the system [2]. Due to the resulting
increase in geometrical complexity of the components,
conventional forming processes reach their limits [3]. This
motivates research of the process class of sheet-bulk metal
forming (SBMF). By applying bulk forming operations to
sheet metal, often in combination with a sheet metal
forming operation, functional elements are formed by
a three-dimensional material flow [4]. Stimulated by the
importance of SBMF for the manufacturing of functionally
integrated components, the process class is subject of
numerous investigations. Similar processes are researched
under the terms plate forging [5], flow control forming [6]
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and local metal sheet thickening [7]. The production of
powertrain components such as duplex gears [8], geared
drums [9], or gear wheels for combustion engines [10] is
being investigated. In order to ensure a sufficient flexibility
of the material supply, pre-cut blanks are often used [11].
In comparison, production from a coil instead of pre-cut
blanks would have the advantage of shorter cycle times and
thus higher output [12]. The reason for this is the faster
transport of parts between forming stages due to the coil
connection and the associated elimination of cycle-time-
limiting handling systems. Consequently, this type of
forming is an efficient approach for the production of large
quantities of high-quality components [13]. Since SBMF
parts like components of the powertrain are often required
in high quantities, a production from coil would have a high
potential. There are industrial approaches to produce
components from coil by SBMF, such as the forming of
headphone yokes [6] or duplex gears [14]. Tajul et al.
identified an anisotropic material flow as a major challenge
in incremental forming of coil sections [15]. In addition, in
SBMF of pre-cut blanks, a reduced geometrical accuracy of
the components as a result of a partially uncontrolled
material flow is another challenge [11]. In this context,
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Fig. 1. Methodology.

Fig. 2. Part geometry in backward and lateral extrusion.
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measures to improve the part accuracy by a material flow
control are to be investigated to benefit from the
advantages of SBMF of parts from coil.

2 Objective and methodology

The objective of the presented research is to create a
fundamental understanding of measures for improving the
geometrical accuracy of components produced by SBMF-
processes from coil by means of a material flow control.
This requires the identification of cause-effect relations of
the different measures. In addition, the transferability of
material flow controlling modifications, which are known
from the SBMF of pre-cut blanks, has to be examined.
Finally, different approaches are to be evaluated regarding
their effectiveness and practicability in order to provide
recommendations for measures for extending the forming
limits when SBMF parts from coil. To achieve these
objectives, the methodology shown in Figure 1 is applied.

In a first step, two extrusion processes for the SBMF of
components from coils are designed as a basis for research.
In addition to the experimental setup of the processes, they
are mapped by virtual process models. The simulation
models, validated by comparison with the experiments, are
necessary for the research of the processes without costly
experiments and the investigation of target values that
experimentally can only be analyzed to a limited extent.
As a basis for investigation of measures to overcome the
forming limits, the characteristics and causes of the
material flow are examined in both processes. Based on
this, requirements for measures will be derived. Subse-
quently, workpiece-, process- and tool-sided approaches are
numerically examined with regard to their suitability to
influence the component geometry. Suitable variants of the
measures are implemented experimentally to verify the
numerical findings. Finally, the results regarding the
measures are synthesized as well as evaluated, and
recommendations for a material flow control in SBMF of
parts from coil are concluded.

3 Process layout

3.1 Process setup

For the design of the processes, general and workpiece
specific requirements are defined. General requirements
are, firstly, a transferability of the results. Therefore, a
lateral as well as a backward extrusion process are set up to
ensure transferability of the findings regarding different
mainmaterial flow directions. In addition, comparability of
the results between the processes is targeted. Therefore, the
samematerial volume is formed in both processes and equal
resulting sheet thicknesses are aimed for. A central
objective of SBMF is to shorten the process chains [5].
For this reason, the components are to be formed in a single
stroke. In order to benefit from the advantages of a
production from coil, high output quantities have to be
achieved. Thus, the requirements are short cycle times and
a long tool life. This is ensured by designing the tools
according to [16] as well as by implementing the processes
on a high-speed press.

A component-specific requirement is that the material
usage per part must be minimized. This ensures that the
tools are capable of material-efficient tool life research in
future investigations. Furthermore, the components must
be similar to the parts produced through established SBMF
processes. The functional elements manufactured by
SBMF are of a similar size as the sheet thickness [17].
On the one hand, a pin is produced by backward extrusion.
Pins are important design elements in electrical and
automotive industries [18]. The forming of these elements
from pre-cut blanks by SBMF processes is researched in
[19]. On the other hand, a blind cavity is formed by lateral
extrusion. Both functional elements� pin and blind cavity
� are widely used in SBMF as positioning and stop
elements or for material pre-distribution [20]. Schlagau
et al., for example, present a process in which both
functional elements are produced in combination for the
manufacturing of planetary gear carriers from coil [21].
The geometries shown in Figure 2 are deducted from the
requirements.



Fig. 3. Tool systems and process kinematics in backward and
lateral extrusion.

Fig. 4. Workpiece geometry in the simulation of the backward
extrusion process.
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Since there are studies on the influence of the pin
geometry � produced by backward [20] and forward
extrusion [22]� on the process results, the following section
does not focus on this. A pin with a diameter of 4mm is
produced by backward extrusion, forming the coil up to
a resulting sheet thickness of 1.0mm. A die with an outer
diameter of 12.0mm is applied for this purpose. To reduce
load maxima, the die has an outer edge radius of 0.5mm
and an inner one of 1.0mm. A complete material flow of the
displaced material into the die cavity would result in a pin
height of 8.4mm. The blind cavity is formed by lateral
extrusion, once more up to a resulting sheet thickness of
1.0mm. In order to displace the same material volume in
both processes, the blind cavity has a targeted diameter of
11.1mm and an edge radius of 0.5mm. The workpiece
material used in both processes is the mild deep-drawing
steel 1.0338 due to its established usage in SBMF [23] with
an initial sheet thickness of 2mm and a coil width of 30mm.
The geometries of the active tool parts are derived from the
components and used in the tool systems shown in Figure 3.

In both processes, the tool system consists of a die,
a blankholder, and a counterholder. In a first step, the coil
is fixed by the blankholder driven by gas pressure springs
with a force of 130 kN. This results in a contact pressure of
approximately 65MPa, which is characteristic for SBMF
processes [11] and prevents the coil from thickening in the
area adjacent to the functional elements. In a next step, the
components are formed by the downward moving dies.
To reduce high tribological loads, the workpieces are
lubricated with Beruforge 150 DL. Afterwards, the dies
move back to demold the parts. Lifting of the coil during
demolding is prevented by the blankholder. In the following
step, the blankholder releases the components, which are
moved out of the forming zone by a feed of 20mm. For the
next forming operation, the feed provides a new coil section.
By applying the described tool systems on the high-speed
press BSTA 510-10125B2 from Bruderer AG, 100 compo-
nents per minute can be produced. Consequently, the
advantage of a production from coil regarding high output
quantities is used.

3.2 Numerical process modelling and validation

The application of the finite element method is established
in metal forming for a process analysis and the develop-
ment of process understanding [24]. In the context of the
presented research, simulations are utilized to investigate
the material flow as well as material flow-controlling
measures.

3.2.1 Model setup

For the virtual process models, the program Simufact.
forming 14 is applied. The suitability of this software for
the mapping of SBMF processes was shown in [11]. For the
representation of the tribology, a friction factor of 0.1 is
chosen. In [25] it was shown that this friction factor is
appropriate for mapping friction during extrusion of sheet
metal with the applied tribological system. In order to
reduce the high computational time while keeping the level
of findings constant, the symmetry of the processes on the
X-axis is used in both models. A 180° segment of the
components is simulated according to Figure 4.

To ensure stable simulation models, the tools are
modeled rigidly in accordance to [11]. Both, the tool design
and the process kinematics correspond to Figure 3.
The blankholder tension is represented by a compressed
spring with a low stiffness of 10�6N/mm. By that, an
approximately constant force independent of the deflection
of the spring is ensured. The mechanical properties of the
workpiece material 1.0338 are modelled by a flow curve,
that is determined experimentally in a layer compression
test at room temperature following DIN 50106 [26] up to
a true strain of ’=0.57. The initial true stress is 180MPa.
Since higher true strains are to be expected in SBMF [11],
the flow curve is extrapolated according to the Hockett-
Sherby approach [27] up to a true strain of ’=4.00. For the
material flow simulation, the parts must be discretized.
According to [28], the parts are meshed hexagonally.
A maximum edge length of 0.3mm is selected. To improve
the simulation’s accuracy, the forming zones are meshed in
a cylindrical area around the center of the parts with



Fig. 5. Comparison of numerically and experimentally evaluated
component properties in lateral extrusion.

Fig. 6. Comparison of numerically and experimentally evaluated
component properties in backward extrusion.
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a diameter of 14mm by a local mesh refinement presenting
a maximum edge length of 0.075mm (Fig. 4). For
considering the influence of the forming of the previous
component, two components per process are simulated
successively and the second part is evaluated.
3.2.2 Validation

To assess the validity of the applied process models, they
must be evaluated by comparing them with experimental
results [24]. For this purpose, components are produced,
applying both forming processes (Figs. 5 and 6), and
subsequently compared with the simulation regarding
component and process specific target values. In the lateral
extrusion process, the parts are compared qualitatively and
quantitatively in Figure 5.

The optical measurement of the component diameter in
Y-orientation with a VHX-100K from Keyence shows
a diameter of 13.73±0.08mm. The simulation model
reproduces the experimental value with a deviation of
0.19mm in good agreement. The experimentally deter-
mined diameter deviates by 2.63mm compared to the
targeted diameter of 11.1mm (Fig. 2). This is due to
a material flow out of the area of the functional element,
which in analyzed in detail in Figure 8. The simulation
confirms the difference between the actual and the targeted
diameter. In addition to the quantitative comparison,
a qualitative comparison of the mechanical component
properties is conducted. For this purpose, the microhard-
ness distribution is determined according to Vickers by ISO
14577-1 [29] with the HM2000 from Fischer on a section in
the Y–Z plane. Since the numerically determined true
strain distribution correlates with the hardness due to
strain hardening [30], these target values are appropriate
for an indirect comparison between simulation and
experiment [28]. Both, the distribution of the target values
and the location of the maximum values, are identical and
thus prove that the simulation is suitable for reproducing
the mechanical properties of the laterally extruded parts.
The same procedure is applied for comparing simulation
and experiment in backward extrusion in Figure 6.

In backward extrusion the deviations between the
experimentally determined Y-diameter of 14.36± 0.06mm
and the numerically diameter of 14.13mm are low and
show a good agreement of simulation and experiment. Both
diameters are wider than the targeted diameter of 12.0mm
(Fig. 2). In addition, the experimentally and numerically
determined pin heights of 3.30±0.01mm and 3.66mm
reveal a reduced component height. The targeted pin
height of 8.40mm is not achieved. Consequently, the
simulation reproduces the dimensional deviations from the
targeted geometry regarding the functional element
correctly. The cause of the deviation is an uncontrolled
material flow out of the functional element. This is due to
local strain-induced strength gradients. Such a material
flow is characteristic for SBMF and also occurs during
extrusion of pre-cut blanks [11]. Besides the component
geometry, a good agreement between simulation and
experiment can also be observed with regard to the
microhardness and true strain distribution.

For the validation of the simulation models, both
workpiece- and process-specific target values must be
compared [24]. Therefore, the process forces are compared
in Figure 7. These are measured experimentally with a
piezoelectric load cell 9106A from Kistler AG.

The numerically determined forces are in both
processes during the first 30% higher than the experimental
values. This is due to the fact that in the experiments
during the first 30% of the processes gaps between the
different components of the tool system are closed due to
the application of a load. Thus, the distance measured on
the tool system overestimates the performed movement of
the die. In backward extrusion the experimental values
afterwards corresponds closely to the simulation. The
experimentally determinedmaximum force of 132.7±0.4 kN
deviates by 2.5% from the numerically analyzed value.
In lateral extrusion, both the experimentally and numerically
determined maximum forces are higher than in backward
extrusion. This is due to the larger displacement of the
material out of the forming area due to the absence of a cavity



Fig. 7. Comparison of experimental and numerical forming
forces in lateral (LE) and backward extrusion (BE).

Fig. 8. Material flow in lateral and backward extrusion.
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(Fig. 8). The experimentally determined maximal forming
force of 138.6±0.7 kN deviates by 7.8% from the simulation.
Thisdifference is due to the complex tribological loadsof sheet
bulk metal forming [4], which can only be represented
numerically with limited accuracy [11]. In lateral extrusion
higher contactpressures occurat thediedue tohigher forming
forces with an approximately identical contact area. Thus, a
wider range of tribological loads occurs simultaneously over
the entire tool system compared to backward extrusion.
Higher, but acceptable, deviations of the maximum process
force than in backwards extrusion are resulting.

Overall, due to the agreement of workpiece- and
process-specific values between the experiments and the
simulation (Figs. 5 until 7), the virtual process models can
be applied for the following analyses of the material flow as
well as material flow-controlling measures.
4 Material flow characteristics

Within the scope of the validation of the simulations, a
reduced geometrical accuracy of the components due to an
uncontrolled material flow out of the functional elements,
which is characteristic for SBMF, was determined in both
processes. In addition, in both processes an unequal
material flow in different directions can be observed at
the edges of the manufactured components (Figs. 5 and 6).
This anisotropic forming of the components represents a
central difference to the SBMF of pre-cut blanks and is
investigated in Figure 8 on the basis of numerically
determined radial displacements. In the reference state �
the forming of multiple components from the coil � an
unequal radial displacement occurs in both processes in the
area adjacent to the functional elements. This radial
displacement is partly due to the material flow out of the
area of the functional elements caused by forming induced
strain gradients (Figs. 5 and 6). Also, this material flow is
more pronounced in lateral than in backward extrusion,
since in this process, the entire formed volume is displaced
outwards and does not partially form the pin. Additionally,
in both processes, the radial displacement is anisotropic.
Perpendicular to the feed direction it is on a higher level
than parallel. Furthermore, it is higher against feed
direction than in feed orientation.

The forming processes are adapted in Figure 8 to
determine the causes for the anisotropic material flow.
To analyze the cause of the unequal radial displacement in
and perpendicular to the feed direction, the sheet geometry
is varied. When forming a round blank, the radial
displacement in both processes is rotationally symmetrical,
whereby, when forming a part from a coil section, a higher
radial displacement occurs perpendicular to the feed
direction than parallel. This is due to the unequal
supporting effect against a material flow out of the area
of the functional elements. In the case of the circular blank,
the distance from the part center to the edges and thus the
supporting effect is the same in all directions. In contrast,
when forming a coil, it varies and rises parallel to the coil
direction. Consequently, the supporting effect also
increases due to additional friction caused by a larger
contact area between tool and workpiece as well as
additional material with resistance against deformation.
For the analysis of the causes of the unequal radial
displacement in and against feed direction in both
processes one, as well as multiple parts from one coil
section are formed When forming only one component, the
radial displacement in and against the feed direction is the
same (Fig. 8). Consequently, the anisotropic material flow
in and against the feed direction is due to the forming of
multiple components from one coil section. It is explained
by the local strain hardening of the coil by the forming of
the previous part which can be seen in Figure 9. This
reduces the material flow in feed direction.

The unequal forming of the components identified in
Figures 5 and 6 can therefore be explained in both processes
by the anisotropic material flow caused by the forming of
several components from one coil as well as the sheet
geometry. This represents a fundamental difference
regarding the material flow to the forming of pre-cut



Fig. 9. Influence of the forming of one or multiple parts from
a coil section on the true strain in backward extrusion.

Fig. 10. Investigated material flow-controlling measures.

Fig. 11. Target values for the analysis of the component
geometry in lateral and backward extrusion.
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blanks and, in addition to the reduced die filling of the
functional elements, is one of the forming limits which are
to be extended by material flow controlling measures in the
following.
5 Analysis of measures

Based on the challenges regarding the partly uncontrolled
and anisotropic material flow when extruding parts from
coil, measures for the improvement of the components’
geometrical accuracy shall be investigated. These adap-
tions are divided into workpiece-, process- and tool-specific
measures shown in Figure 10.

In SBMF of pre-cut blanks, there are numerous
approaches for extending the forming limits. Workpiece-
sided measures are, for example, the usage of blanks with
a locally adapted sheet thickness distribution [25] or locally
adapted topographies for controlling the material flow by
friction [31]. These approaches can only be implemented to
a limited extent when manufacturing from coil. However,
Figure 8 indicates that the sheet geometry influences the
material flow. Consequently, a material flow control by
adapting the coil width is being investigated within the
scope of this research. A process-specific measure in SBMF
of pre-cut blanks is the superimposition of the punch
movement with a low-frequent oscillation [32]. The
oscillations are induced by the control of the applied servo
press and improve the geometrical accuracy of the formed
parts. This is not possible when manufacturing from coil
with a high-speed press. However, it was shown in Figure 8
that the forming of the previous component influences the
material flow. Consequently, it is necessary to investigate
whether the material flow can be influenced by an adaption
of the feed width, which can be adapted to a limited extent
when using a high-speed press. Another measure is the
usage of modified tool surfaces to control the material flow
by local adaptions of friction [11]. This can also be realized
in a production from coil. Within the scope of the
investigations, it is examined to which extent the material
flow out of the area of the functional elements can be
controlled by a local adjustment of the friction through an
adaptation of the tool surface.

In a first step, the presented measures are investigated
numerically with regard to their influence on the compo-
nent geometry and the maximum forming force.
Afterwards, the findings are experimentally verified with
variants with numerically identified parameters. Due to
the anisotropic material flow, which is irregular in all
directions, the distance from the component centers to the
edges in +X-, �X- and Y-direction is defined as a target
value in Figure 11. In order to increase the comparability
between the processes, these radii are referred relatively to
the targeted radii of 5.55mm in lateral and 6.00mm in
backward extrusion. As a further target value, the pin
height is analyzed, to evaluate the geometrical accuracy of
the pin.

5.1 Numerical investigations of measures
5.1.1 Workpiece-sided measure

As a workpiece-sided approach for a material flow control,
the width of the coil is varied from 20mm to 100mm. The
influence on the geometry is shown in Figure 12.

By increasing the width of the coil, the sheet geometry-
related high Y-radius in lateral and backward extrusion
(Fig. 8) decreases from 1.35 to 1.02 and 1.28 to 1.05,
respectively. The reason for this is the decreasing material
flow out of the area of the functional elements perpendicu-
lar to the feed direction. This is due to the supporting effect
of the additional material caused by the higher friction as a
result of the larger contact surface to the tool as well as the
resistance to deformation of the additional material.
The reduced material flow out of the area of the functional
elements also reduces the radii in �X-orientation in both
processes and rises the height of the pin in back-
ward extrusion from 3.06mm to 5.48mm. The radius



Fig. 12. Influence of the coil width on the part geometry.

Fig. 13. Influence of the coil width on the Y-displacement in
lateral extrusion.

Fig. 14. Influence of the coil width on the maximum forming
forces.
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in +X-orientation reaches a maximum of 1.17 (LE) and
1.12 (BE) for a coil width of 40mm. To analyze the
causality, Figure 13 shows the Y-displacement in lateral
extrusion for different coil widths.

The displacement figures of the second stroke confirm
that by increasing the coil width due to the additional
supporting effect, the material flow perpendicular to the
feed direction decreases. For the reference coil width of
30mm, no Y-displacement of the first part, which is
caused during the forming of the second part, is visible.
In contrast, for a coil width of 40mm, the forming of
a second component causes the first component to be
compressed elliptically in X-direction and stretched in
Y-direction. This is due to the reduced material flow in
Y-direction of the second part. Instead, the material flows
in +X-direction, inducing the maximum +X-radius at a
coil width of 40mm (Fig. 12) as well as the deformation of
the first part. When the coil width is further increased to
100mm, the deformation of the first component through
forming of the second part in Y-direction is reduced due to
the supporting effect of the higher coil width, which also
affects the first part. This lowers the deformation of the
first part in X-direction and consequently the material flow
from the second component into the first part, resulting in
a low +X-radius.

To plausibilize the influence of the coil width on the
material flow, Figure 14 shows the maximum forming
forces for different coil widths.

By increasing the coil width, the maximum forming
force in lateral and backward extrusion increases continu-
ously from 123.6 kN to 211.9 kN and from 117.1 kN to
164.8 kN. This is due the rises of the resistance against the
material flow out of the area of the functional elements
when increasing the coil width, which is numerically proven
by a reduced radial displacement (Fig. 13). In lateral
extrusion, the entire material volume is displaced out-
wards, whereas in backward extrusion, a part flows into the
cavity of the die to form the pin (Fig. 8). Consequently,
a change in the resistance against a material flow out of the
area of the functional elements has a higher influence on the
maximum forming force in lateral than in backward
extrusion. This induces the difference in the magnitude of
the increase between the processes.
5.1.2 Process-sided measure

To investigate the influence of the feed width on the process
result, it is increased in four steps from a minimum value of
15mm to 30mm. In addition, only one part per coil section
is formed as an extreme value, see Figure 15.

In lateral extrusion, no significant influence of the feed
width on the radius in �X- or Y-orientation is numerically
determined. Thus, these are approximately constant.
In backward extrusion, both radii are at a lower, but also
approximately constant level. The radius in +X-direction,



Fig. 15. Influence of the feed width on the part geometry.

Fig. 16. Influence of the feed width on the true strain
distribution in backward extrusion.

Fig. 17. Influence of the feed width on the maximum forming
forces.
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however, is influenced by the feed width in both processes.
In lateral extrusion, it decreases from 1.12 to 1.06 when
the feed is increased from 15mm to 20mm (reference) and
then rises continuously up to 1.12 when forming only one
component per coil section. A comparable behavior occurs
during backward extrusion. The reason for the increase of
the +X-radius with an enlargement of the feed distance
starting from 20mm is the rising distance between the
components and the associated decrease of the influence of
local strain hardening caused by the forming of the
previous part. The anisotropic material flow in +X- and
�X-direction is consequently reduced by increasing the
feed width, but the unequal material flow in and
perpendicular to the feed direction remains. The increase
of the radius in +X-direction with a reduction of the feed
width from 20mm (reference) to 15mm in both processes
cannot be explained by the influence of the local pre-
hardening and is examined in detail in Figure 16. Besides,
the feed width influences the pin. By increasing the feed
width from 20mm on, the pin height decreases continu-
ously from 3.66mm to 3.45mm. This reduction is due to
the increased material flow in +X-direction and the
resulting lower material flow into the die cavity.

In order to investigate the cause of the rising +X-radius
when reducing the feed width from 20mm to 15mm,
Figure 16 shows the true strain distribution exemplary for
backward extrusion before and after forming. At a feed
width of 20mm (reference), the first part is not affected by
the forming of the second part. In contrast, at a feed width
of 15mm, the�X-radius of the first part is reduced because
the supporting effect of the material between the parts is
not sufficient to prevent material flow from the second into
the first part. Consequently, the +X-radius of the second
component is increased. To check the plausibility of the
identified influences of the feed on the component
geometry, the maximum forming forces are shown in
Figure 17.

In both lateral and backward extrusion, an increase of
feed width starting from 20mm (reference) results in
a reduction of the maximum forming forces from 149.5 kN
to 143.2 kN and from 136.2 kN to 131.3 kN. The reduction
confirms the lower influence of local pre-hardening induced
by the forming of the previous component. A reduction of
the feed width to 15mm reduces the maximum forming
force to 145.7 kN in lateral extrusion. This is due to the
lower resistance to a material flow out of the area of the
functional element in feed direction caused by the material
flow into the previous component. In backward extrusion,
however, the forming force is approximately constant when
the feed width is reduced to 15mm. A reduction in forming
force occurs due to a material flow into the previous part.
It is lower than in lateral extrusion, since part of the
material flows into the die cavity and forms a slightly
higher pin (Fig. 15). But due to the more pronounced
material flow out of the +X-half and into the die cavity,



Fig. 18. Influence of the friction gradient on the part geometry.

Fig. 19. Influence of the friction gradient on the maximal
forming force.
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the maximal true strain in the area where the die
penetrated the sheet rises form 0.971±0.003 (feed
20mm) to 1.207±0.004 (feed 15mm) as can be seen in
Figure 16. This, in turn with the correlation of true strain
and true stress, causes an increase in the forming force and
simultaneously compensates the decrease in forming force
due to the material flow into the previous part.

5.1.3 Tool-sided measure

As a tool-sided measure, a local adjustment of friction for
a material flow control is investigated. Since in both
processes an undesired material flow out of the area of
the functional elements was identified worsening the
geometrical accuracy (Fig. 8), it is analyzed whether an
increase of the friction at the blankholder reduces this
effect. The friction factor at the die is constant with 0.1.
The influence of different friction factor gradients up to
a value of 0.4 is researched in Figure 18. 0.4 is chosen as
a maximum value, as this represents the highest gradient
that can be experimentally realized by adapting the tool
surface [33].

In both processes, an increase of the friction factor
gradient causes a significant decrease in the relative radii.
In lateral and backward extrusion, the Y-radii decrease
continuously from 1.22 to 1.06 and from 1.18 to 1.12.
The +X- and �X-radii also decline and the anisotropy of
the material flow is reduced. The reason for this is that the
material flow from the area of the functional elements is
decreased due to the locally higher friction. Thus, the
forming of the edges is improved. In backward extrusion,
the height of the pin rises from 3.66mm to 4.91mm due to
the reduced volume of the material flow out of the area of
the functional element. Since in lateral extrusion the entire
volume of the formed material is displaced under the
blankholder, whereas in backward extrusion a part flows
into the die cavity, in lateral extrusion the friction
adjustment on the blankholder influences the process more
strongly. To verify the plausibility of this, the maximum
forming forces are analyzed in Figure 19.

By increasing the friction factor on the blankholder, the
maximum forming forces in lateral and backward extrusion
increase from 149.5 kN to 200.6 kN and from 136.2 kN to
159.9 kN, respectively. This confirms the higher resistance
against a material flow out of the area of the functional
elements as a result of the locally higher friction.
The increase is more pronounced in lateral extrusion, as
the entire material volume is displaced outwards into the
area of higher friction, whereas in backward extrusion,
a part of the formed material volume flows into the die
cavity with a constantly low friction factor of 0.1.

5.2 Experimental verification of measures

For the verification of the numerical results regarding the
material flow, the measures are experimentally imple-
mented for selected variants. Firstly, the effects of the coil
width on the component geometry are verified by varying it
in three steps from 20mm to 30mm, see Figure 20.
A further increase is not possible due to the applied tool
system.

By increasing the coil width from 20mm to 30mm, the
Y-radius in lateral and backward extrusion is reduced from
1.39±0.01 to 1.24±0.01 and from 1.30±0.01 to
1.19±0.01. This confirms the numerically identified
correlation that an increase of the coil width reduces the
Y-radius due to a decrease of the material flow out of the
functional element in Y-orientation. In addition, the
smaller material flow out of the functional element is
confirmed by the increase of the height of the pin from
2.79±0.01mm to 3.30±0.01mm.

To verify the influence of the feed width on the part
geometry, the feed is varied from 20mm to 30mm in
Figure 21. In addition, as in the numerical investigations,
a single part on one coil section is formed as an extreme value
without the influence of a previous forming operation.
The feed width is not reduced to 15mm, because numerical
analysis has shown that this deforms the previous part



Fig. 20. Experimental verification of the influence of the coil
width on the component geometry.

Fig. 21. Experimental verification of the influence of the feed
width on the component geometry.

Fig. 22. Applied tool surfaces for the experimental investigation
of the influence of tailored surfaces.

Fig. 23. Experimental verification of the influence of tailored
surfaces on the component geometry.
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(Fig. 16), which impedes the experimental production from
coil.

The radius in +X-orientation increases in lateral and
backward extrusion from 1.10±0.01 to 1.18±0.01 and
from 1.07±0.01 to 1.15±0.01. When forming only one
part from a coil section, the �X-radius declines due to the
increasing material flow in +X-orientation. The experi-
ments confirm that by increasing the feed width, the
anisotropic material flow in and against feed direction is
reduced due to the lower influence of the local pre-
hardening induced by the forming of the previous
component. In addition, this causes a decrease in pin
height from 3.30±0.01mm to 3.10±0.01mm.
In order to verify the influence of a local friction
adjustment by modified tool surfaces, the friction on the
blankholder is locally increased by tailored surfaces.
The modifications shown in Figure 22 are applied for this
purpose.

Blankholders with a high-feed milled surface are used.
This modification is described in detail in [34] and causes
a friction factor gradient to the die of approximately 0.2.
In order to investigate the influence of a higher gradient,
abrasive blasted blankholders are applied as well. This
surface modification investigated in [33] causes a friction
factor gradient of approximately 0.4. Both surface
modifications increase the friction due to their rough
topography and the resulting mechanical interlocking of
tool and workpiece roughness peaks. The influence of these
modifications on the workpiece geometry is analyzed in
Figure 23.

A friction factor gradient of 0.4 causes a significant
reduction of the radii in both lateral and backward
extrusion. This is a result of a friction-related reduction of
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the undesired material flow oriented away from the
functional elements. In contrast, a gradient of 0.2 is in
the experiments too low in both processes to reduce the
anisotropic material flow and radii. With regard to the pin
height, however, all friction factor gradients result in an
improvement when forming the functional element. It is
continuously increased from 3.30±0.1mm to 3.42±0.21mm
and finally, up to 3.60±0.08mm.

The experiments confirm the numerically identified
influences of the workpiece-, process- and tool-sided
measures on the material flow. Any differences in the level
of the numerically and experimentally investigated values
are due to the complex tribological conditions of SBMF [4],
which can only be represented numerically with limited
accuracy [11].
Fig. 24. Evaluation of investigated measures.
6 Derivation of conclusions

Based on the investigation of the material flow and the
combined numerical-experimental analysis of material
flow-controlling measures, findings are concluded and
material flow-controlling approaches are evaluated.

The uncontrolled and anisotropic material flow repre-
sents a central challenge for SBMF components from coil.
As in SBMF of pre-cut blanks, the geometrical accuracy of
the parts in both investigated processes is limited due to the
material flow oriented away from the functional elements
(Figs. 5 and 6). One reason for this are forming-induced
local strain gradients. A difference to SBMF of pre-cut
blanks is the anisotropic material flow, which causes an
unequal forming of the components (Fig. 8). The different
material flow perpendicular and parallel to the coil feed
direction is due to the sheet geometry. The coil causes an
unequal supporting effect in each directions. Perpendicular
to the feed direction, the distance from the forming zone to
the edge and thus the supporting effect is the smallest,
making the material flow towards the outside the highest.
In addition, an anisotropic material flow occurs in and
against the feed direction. It is caused by the forming of
multiple parts form one coil (Fig. 8). The anisotropy is
affected by the local pre-hardening of the coil, induced by
the forming of the previous part. In order to use the
advantages of SBMF of components from coil, measures are
being researched to counteract both, the reduced die filling
of the functional elements and the anisotropic material
flow. These are evaluated in Figure 24.

In both investigated processes, an increase in coil width
results in a significant decrease in the anisotropic material
flow perpendicular and parallel to the feed direction
(Fig. 12). The reason for this is the additional material
perpendicular to the feed direction, which reduces the
material flow out of the functional elements due to a higher
supporting effect in this direction. The supporting effect is
a result of higher friction caused by the larger contact area
and the resistance of the additional material to deforma-
tion. By reducing the material flow perpendicular to the
feed direction, the material flow oriented away from the
functional elements is reduced and consequently, the pin
height of the components increases. The higher resistance
to a material flow away from the functional elements also
causes an increase in the required forming force in both
processes (Fig. 14). This is more pronounced in lateral than
in backward extrusion, since in this process, the inhibited
material flow to the outside cannot flow into a die cavity.
When evaluating the practicability of this approach, it
must be considered that a substantial increase in the width
of the coil is necessary to reduce the anisotropic material
flow. Consequently, the material efficiency of the processes
decreases. Furthermore, it was proven that for a width of
40mm, the geometrical accuracy of the previous compo-
nent is negatively influenced by a material flow into it
(Fig. 13).

The adaptation of the feed width is, in contrast to the
adaptation of the coil width, not capable of compensating
the anisotropic material flow in and perpendicular to the
feed direction. However, it reduces the unequal material
flow in and against the feed direction (Fig. 15). The reason
for this is that a higher distance between the components
reduces the influence of the local pre-hardening of the coil
induced by forming the previous component. Consequent-
ly, the material flow in +X- and �X-direction assimilates.
Nonetheless, this also reduces the pin height. On the
positive side, the higher feed width in both processes lowers
the required forming force (Fig. 17). Regarding the
practicability of the measure, it must be evaluated that
an increase in feed width reduces the material efficiency.
Nevertheless, a reduction of the feed width can be applied
to improve the forming of the pin by reducing the material
flow out of the area of the functional element in
+X-direction and simultaneously increasing material
efficiency. Still, the increasing anisotropy of the material
flow as well as the negative influence on the geometrical
accuracy of the previous component must be taken into
account (Fig. 16).

In both processes, the local adaptation of the friction by
modifying the blankholder surface is the only measure that
reduces both the anisotropic material flow in and against
the feed direction as well as perpendicular and parallel to
the coil (Fig. 18). The reason for this is the decrease of the
material flow oriented away from the functional elements
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by a locally higher friction in the area adjacent to the
functional elements. This also increases the height of the
pin in backward extrusion (Fig. 18). At the same time, an
increase in the forming forces results (Fig. 19), which is
more pronounced in lateral than in backward extrusion,
since in lateral extrusion, there is no cavity in the die
where the outwardly inhibited material flow could flow.
The practical applicability of the approach can be rated as
high, since it neither extends the process chain nor reduces
material efficiency.

7 Summary and outlook
The extrusion of components from the coil enables the
combination of the advantages of SBMF in terms of
lightweight design by functional integrated components
with those of a production from the coil in terms of higher
output quantities due to shorter cycle times. Currently, the
investigations of SBMF mainly focuses on pre-cut blanks.
To benefit from the advantages of SBMF parts from the
coil, two processes were set up and numerically modeled.
It was shown that when SBMF components from coil, an
anisotropic material flow is a further challenge additionally
to the reduced geometrical accuracy of the functional
elements known from the SBMF of pre-cut blanks.
Numerically, the adaptation of the coil width, the feed width
as well as a local friction adaptation were investigated with
regard to the suitability for a material flow control. The
results, verified by experiments, show that especially a local
friction adjustment can reduce the undesired material flow
oriented away from the functional elements as well as the
anisotropic shape of the components. Hence, the forming
limits when SBMF parts from coil are extended when using
tailored friction systems by modified tool surfaces.

Given those facts, the functional stability of the
measure is to be investigated in future research. It must
be analyzed whether potential wear of the modified tool
surfaces changes the effectiveness of this measure.
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