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Abstract: Given the use of high-strength steels to achieve lightweight construction goals, conventional
shear-cutting processes are reaching their limits. Therefore, so-called high-speed impact cutting
(HSIC) is used to achieve the required cut surface qualities. A new machine concept consisting of
linear motors and an impact mass is presented to investigate HSIC. It allows all relevant parameters
to be flexibly adjusted and measured. The design and construction of the test bench, as well as the
mechanism for coupling the impact mass, are described. To validate the theoretically determined
process speeds, the cutting process was recorded with high-speed cameras, and HSIC with a mild
deep-drawing steel sheet was performed. It was discovered that very good cutting edges could be
produced, which showed a significantly lower hardening depth than slowly cut reference samples.
In addition, HSIC was numerically modelled in LS-DYNA, and the calculated cutting edges were
compared with the real ones. With the help of adaptive meshing, a very good agreement for the
cutting edges could be achieved. The results show the great potential of using a linear motor in HSIC.

Keywords: linear motor; blanking; high-speed impact shear-cutting; simulation

1. Introduction

The manufacturing of complex components and assemblies, such as vehicle bodies,
requires additional punching operations after the actual forming process in order to be
able to realize the final component geometry [1,2]. On the one hand, this includes the
trimming of formed parts, and on the other hand, holes or forming contours are cut into
the component to ensure further processing as well as the function of the component [3].
Therefore, a primary challenge is ensuring the required cut quality [4,5]. Given the growing
importance of lightweight construction, higher, high-strength and ultra-high-strength steels
are increasingly being used in vehicle construction [6], which means that the application
limits of conventional shear-cutting operations are being reached [7]. One approach to
optimising the shear-cutting of ultra-high-strength steels is to exploit high-speed effects in
cutting processes [8]. In recent years, the potential of high velocities (v ≥ 10 m/s) in shear-
cutting has been investigated, analysed and evaluated within the framework of various
research projects [9,10]. In so-called high-speed impact cutting (HSIC), early shear failure in
the material is exploited by generating adiabatic shear bands [11–13]. Given this effect, even
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ultra-high-strength steels can be cut with particularly high-quality cut surfaces in a resource-
and energy-efficient way [14,15]. The current hydraulic HSIC presses can provide very
high-impact energies (up to 7000 J) and require a large installation space. However, recent
studies show that significantly lower energies are required for cutting [16]. Winter et al. [17]
were able to show, on the 3 mm thick and hardened steel 22MnB5, that 250 J impact energy
and velocities significantly below 10 m/s are already sufficient to produce qualitatively very
good cutting surfaces. Because significantly lower energies and velocities are sufficient,
this allows for the use of other more flexible drive concepts with significantly smaller
installation spaces. Electromagnetically accelerated drives are conceivable here, such as
that of Linnemann et al. [18]. Therefore, an impact body is accelerated, which provides the
impulse for the subsequent shear-cutting. However, the disadvantage is that the accelerated
mass is usually below 5 kg; otherwise, the coils and the currents are very large, and
consequently, the energy provided is also very low. Pneumatic [19] or explosively [20,21]
operated drives are also conceivable. If larger masses are to be accelerated, however,
they quickly reach their limits. Likewise, explosive drives are hardly transferable to
larger industrial areas. Linear motors offer an interesting approach here because, in
comparison with conventional drives, they can reach higher dynamics because of a lack
of mechanical coupling elements [22]. As a result, highly dynamic motion profiles are
achieved through significant accelerations, typically in the range of 100 m/s2 [23]. These
are mainly used in the areas of handling systems, machine tools and special machine
building, as well as packaging and assembly systems [24]. Linear motors have a high
degree of flexibility, are very compact and can easily accelerate masses significantly above
50 kg to the velocity range relevant for the HSIC (v > 2 m/s). Nevertheless, linear drives
are not currently used for HSIC, as they are limited in their maximum force because of
the physical principle of action and the associated lack of gearing on the one hand, and
decoupling acceleration and impact is necessary on the other. This study will be the first
to use the advantages of a linear actuator for HSIC. The paper is structured as follows:
Section 2 outlines the conceptual design of the HSIC process, followed by explanations of its
constructive realization and a summary of the test bench’s benefits. At the end of Section 2,
the experimental investigations to be performed are mentioned, with their execution and
subsequent discussion presented in Section 3. Numerical validation of the cutting results
through FEM analysis is performed in addition to experimental validation. The paper
concludes with a summary of the main results.

2. Materials and Methods
2.1. Conception of the High-Speed Impact Cutting Process

The principle of a drop tower was adopted for the implementation of HSIC and is
shown in simplified form in Figure 1, in which the process is divided into four phases. First,
in phase one, a large impact mass (IM) is actively accelerated by a linear motor unit. During
the transition to phase two, the IM is uncoupled from the motors and then continues to
move downwards under the influence of acceleration due to gravity. Phase 3 describes
the transfer of kinetic energy due to an elastic impact between the IM and a smaller, float-
mounted mass—the shear-cutting tool. The mass ratio and the physical relationship of the
elastic impact result in the higher speed of the tool with a mounted cutting punch, which
should be in the adiabatic range. The final and fourth phase is meant to decelerate the
moving components to a standstill. For the conceptual design of the test bench, the kinetic
energies and the required cutting energies were calculated on the basis of the following
equations. Equation (1) describes the kinetic energy of a mass, and Equation (2) represents
the law of conservation of momentum, which can be used for calculations of the elastic
impact of two masses [25].

Ekin =
1
2

m·v2 (1)
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→
p
=

n

∑
i=1

mi·vi = const. (2)
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of the nominal speed of the linear motors (set to 2.0 m/s) and a residual drop height 
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simplification. With these assumptions, the impact velocity, vIM0, amounts to 5.1 m/s. To 
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adapted form in Figure 2. Since the IM has a significantly higher mass than the upper part 

Figure 1. Simplified schematic representation of the HSIC concept.

Figure 2 describes the distribution of the different energies and their specific calcu-
lation. Initially, the kinetic energy of the IM is available based on the velocity, vIM0, of
the IM before the impact. After the impact, the kinetic energy of the IM splits into the
remaining kinetic energy of the IM and the kinetic energy of the upper part of the cutting
tool. The latter is available for the blanking process and is divided into the required cutting
energy and the available energy for cutting speed. The quantity of this available energy
finally determines the speed at which the cutting punch moves through the sheet metal
strip in theory.
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Figure 2. Allocation of the present process energies for conceptual design and their calculation,
assuming the uncoupling speed of the linear motors to be 2 m/s.

The required masses of the IM and the cutting tool, as well as the required processing
speeds, are inversely calculable via the theoretically occurring cutting speed. This should
be in the adiabatic range for the generation of reproducible high-speed cutting effects on the
workpiece. The calculation starts with the impact speed of the IM. This is composed of the
nominal speed of the linear motors (set to 2.0 m/s) and a residual drop height (assumed to
be 0.5 m). For the latter, a frictionless acceleration of 9.81 m/s2 is assumed for simplification.
With these assumptions, the impact velocity, vIM0, amounts to 5.1 m/s. To calculate the
velocities of the IM, vIM1, and the cutting tool, vTool, after the impact, the equations of
the elastic impact of the two masses are used. They are included in an adapted form in
Figure 2. Since the IM has a significantly higher mass than the upper part of the cutting
tool, the latter will move at a higher speed than the IM after the impact. In addition to the
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calculation of the kinetic energies, Figure 2 also shows the calculation of the cutting energy
required for blanking a sheet metal strip (sheet thickness, s0) with the length of the cutting
line, ls. The parameter k1 is a scaling factor in a range of 0.4 to 0.7, and ks describes the
shear resistance that can be approximated with 0.8 tensile strength. After calculating the
cutting energy and subtracting it from the kinetic energy of the cutting tool after the impact,
the remaining amount is used to calculate the theoretical cutting punch speed. In this
calculation example, the final cutting speed is around 7 m/s. In Table 1, the cutting speeds
were calculated for other sheet materials with different tensile strengths, in each case for
the three linear motor speeds, vmot, 1, 1.5, and 2 m/s. It is evident that the enhancement
of the sheet material’s tensile strength has minimal impact on the theoretically achievable
cutting speed. Conversely, elevating the motor speeds results in a considerable increase in
the resulting cutting speeds.

Table 1. Calculated cutting speeds for different sheet materials and linear motor speeds.

Sheet Material (Tensile Strength) vmot = 1 m/s vmot = 1.5 m/s vmot = 2 m/s

Cu-OF R240 (240 MPa) 5.90 m/s 6.52 m/s 7.11 m/s

1.4404 (700 MPa) 5.71 m/s 6.35 m/s 6.95 m/s

HC450XD (780 MPa) 5.68 m/s 6.32 m/s 6.92 m/s

2.2. Constructive Realization of the Novel Test Bench

For practical implementation, a linear motor test bench was considered, which consists
of two separately controllable, couplable linear motors. They can perform highly dynamic
motions up to an acceleration of 100 m/s2 because of their design and are thus predestined
for the acceleration of the IM. For the integration of the shear-cutting tool into the linear
motor test bench, depicted in Figure 3, a pillar-guided plate frame was chosen, into which
the cutting tool was integrated. The plate frame includes top and base plates, which
clamp four cylindrical guide pillars with a length of two meters. Two further plates are
located between the top and base plates and are movable along the guide pillars with
slide-bearing sockets. The more massive of these displaceable plates acts as the IM and
has to be accelerated by the linear motors, whereas the second movable plate functions
as a carrier for the cutting tool, subsequently referred to as the assembly plate. The two
vertically movable linear motors move synchronously in gantry mode and are connected
via an adapter plate. The technical data of the drives from SKF® are specified with a
maximum force of 3.1 kN each and a maximum feed rate of 7 m/s at a nominal force and
2.3 m/s at maximum force.
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The cutting tool is provided with an additional mass on the upper side to absorb an
increased amount of kinetic energy from the IM during the elastic impact. After the impact
of the cutting tool and the IM, the cutting punch immediately performs the shear-cut, and
the cutting tool subsequently closes by itself. Next, the IM continues to move downwards
at a reduced speed and is cushioned by two buffers. The buffers are also mounted on the
assembly plate like the tool. This plate is floated with a spring-damper system in order to
forward the dynamically occurring forces during the acceleration and deceleration of the
components to the base frame.

For the pick-up of the IM, a linking mechanism was implemented that enables the
detachment of the IM, which is necessary to protect the motors, as they must not collide
with a stationary tool while the IM is linked. For this purpose, an arm was constructed on
the adapter plate that enables the centric lifting and acceleration of the IM. The purpose of
this is to prevent the potential wedging of bearing bushes and the guide pillars of the plate
frame. The coupling mechanism was developed as a completely mechanical solution and is
shown schematically in Figure 4. In (a), the lifting process is shown. The IM is lifted to the
upper-end position by a bolt and a rotatably mounted hook (the red part in Figure 4a–c). In
(b), the acceleration of the IM towards the tool is carried out. Given the high dynamic of the
linear motors, the mounting of IM is first pushed against the base plate of the arm, which
leads to the rotation of the hook. At the same time, the hook is locked by a fixator (the
yellow part in Figure 4a–c) preloaded with a pressure spring. When the linear motors are
subsequently decelerated, the IM continues to move unhindered until it collides with the
tool. To recouple the impact mass, the locked hook moves downwards with the extension
arm in (c). As soon as the hook reaches a defined distance from the IM, a release rod (the
blue part in Figure 4c) pushes against the fixator, causing the hook to rotate downwards,
and the IM is coupled. Afterwards, lifting the IM again can be carried out.
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In accordance with Figures 3 and 4, the most important requirements for the test
stand; their constructive realisation; and the resulting specific advantages are summarised
in Table 2. The main advantage of the test bench is high flexibility in the examination of
HSIC, as the applied impact energies can be continuously adjusted, and furthermore, good
accessibility for the sensory recording of the shear-cutting process is guaranteed.
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Table 2. Description of technological requirements; the corresponding constructive realisations; and
the derivation of specific advantages.

Technological Requirement Constructive/Technological Implementation

Highly dynamic acceleration of the cutting punch Principle of elastic impact; acceleration of an impact mass with linear motors

Central localised impact on cutting tool Selection of a frame with column-guided plates; one plate operates as the impact mass

Variation in the cutting energy Flexible adjustment of the motor dynamics by setting control parameters; optional
variation in impact mass and additional tool masses

Controlled absorption of dynamic forces Use of a spring-damper system, which absorbs impact energy and transfers it to the
frame over a large area

Linear motors must not collide with stationary masses Construction of a coupling mechanism that enables the automated pick-up and
uncoupling of the impact mass

Technological advantages compared with other test benches

• Precise adjustment of impact energy by adjusting engine dynamics (speed, acceleration, jerk, setting of launch position) and variations in
impact and cutting-tool masses;

• High accessibility for sensory acquisition of the HSIC process;
• Full mechanical implementation of the coupling mechanism without additional actuators;
• Recording of the cutting punch speed with high-speed cameras to ensure no obscuring of the field of vision by enclosures, etc.;
• Integrated motor-measuring system enables feedback on the applied impact energy;
• Easy access to the cutting tool simplifies workpiece handling.

In the following, the implemented automation and the technological sequences, shown
in Figure 5, are described in more detail. At the beginning, the linear motors are in the start
position. Here, the IM is located on the cutting tool in the uncoupled state. First, the linear
motors move down to the IM and pick it up via the fully mechanical coupling mechanism.
Afterwards, the IM is lifted by a few centimetres, while the upper part of the cutting tool,
including the blank holder, is also lifted. This motion opens the cutting tool, and the sheet
metal strip can be inserted. Subsequently, the cutting tool is closed, and the IM is lifted to
the upper-end position of the linear motors. With release by the user, the IM accelerates up
to the parametrised uncoupling speed. After uncoupling the IM, it is further accelerated
by gravity until the elastic impact with the tool and the execution of the cutting process.
After performing the shear-cutting operation and decelerating the moving masses with the
spring-damper unit, one cycle is completed.

J. Manuf. Mater. Process. 2023, 7, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 5. Technological flowchart for the implementation of HSIC trials. 

2.3. Experimental and Numerical Studies 
The first part of the investigation served to validate the test bench. For this purpose, 

motor speeds in a range of 1 to 2 m/s were tested. It was found that the correct uncoupling 
and recoupling of the IM occurred. Furthermore, we tested whether the accessibility of 
the loading tool was sufficient. In order to validate the theoretically occurring process 
speeds, the speeds of the IM and the upper part of the tool were recorded with high-speed 
cameras in three recording windows. The highly dynamic process of accelerating and de-
coupling the IM was also recorded for three motor speeds. 

To validate the flexible test bench, circular blanks with a 10 mm diameter were cut 
from mild deep-drawing steel (1.0338, DC04). The fixed parameters for the test series in-
cluded a sheet thickness (s = 2 mm), a related clearance (us = 2.5%s) and the specified ma-
terial. The only variation during the validation process was the cutting speed, which de-
pended on the decoupling velocity from the IM (1.0, 1.5 and 2.0 m/s). Additionally, con-
ventional shear-cutting tests were conducted at a cutting speed of 0.025 m/s. Following 
the completion of the tests, the cut surfaces were evaluated in accordance with VDI 2906 
sheet 2 [26]. Furthermore, the assessment of cut surface quality was enhanced by deter-
mining the hardening depth and conducting microstructural investigations. 

Finally, an FE simulation of the HSIC was performed with the explicit mechanical 
solver R13.1 of the commercial software LS-DYNA (DYNAmore GmbH, Germany). The 
goal was to verify if the cut surface quality could be predicted with sufficient accuracy at 
high speeds. The plastic deformation behaviour of the material was described using the 
classic *MAT 024 PIECEWISE LINEAR PLASTICITY model, with the various strain-rate-
dependent yield curves of DC06 steel (1.0873), which is nearly identical to the steel used 
in the experiment, DC04 (1.0338). Details of this model, including the yield curves used, 
are provided in [27]. Strain-rate-dependant damage and failure were modelled using the 
GISSMO damage and failure model developed by Neukamm et al. [28]. This model com-
bines the damage description used to compute crash simulations and an incremental for-
mulation to describe material instability and localisation. This fracture model can be used 
as a complement to the plastic material model and is specified using the 
*MAT_ADD_EROSION file. More detailed parameters for this fracture model are pre-
sented in [29]. Since the experiment used a circularly symmetric die, an axially symmetric 
2D model was used to reduce computation time, as shown in Figure 6. The modelling was 
performed using an element formulation, numbered 15, with an element size of 0.05 mm. 
In addition, the new adaptive r-type mesh generation available in LS DYNA for 2D mod-
els was used to obtain a valid shear surface. All elements except the sheet (2 mm thick) 

Figure 5. Technological flowchart for the implementation of HSIC trials.



J. Manuf. Mater. Process. 2023, 7, 173 7 of 13

In Figure 5, at the beginning of Section C, a pulse-like change in the speed of the IM
and the cutting tool occurs. The speed of the cutting tool adjusts to the cutting speed,
which results after the deduction of the required cutting energy. During the cutting process,
the cutting punch moves faster through the metal strip than the IM falls at its residual
speed. As a result, the cutting tool speed is temporarily at 0 m/s after the cutting process
has been completed. As soon as the IM hits the buffers, both the IM and the cutting tool
move downwards at the same speed and are decelerated by the spring-damper unit to
a standstill.

2.3. Experimental and Numerical Studies

The first part of the investigation served to validate the test bench. For this purpose,
motor speeds in a range of 1 to 2 m/s were tested. It was found that the correct uncoupling
and recoupling of the IM occurred. Furthermore, we tested whether the accessibility of the
loading tool was sufficient. In order to validate the theoretically occurring process speeds,
the speeds of the IM and the upper part of the tool were recorded with high-speed cameras
in three recording windows. The highly dynamic process of accelerating and decoupling
the IM was also recorded for three motor speeds.

To validate the flexible test bench, circular blanks with a 10 mm diameter were cut from
mild deep-drawing steel (1.0338, DC04). The fixed parameters for the test series included a
sheet thickness (s = 2 mm), a related clearance (us = 2.5%s) and the specified material. The
only variation during the validation process was the cutting speed, which depended on the
decoupling velocity from the IM (1.0, 1.5 and 2.0 m/s). Additionally, conventional shear-
cutting tests were conducted at a cutting speed of 0.025 m/s. Following the completion
of the tests, the cut surfaces were evaluated in accordance with VDI 2906 sheet 2 [26].
Furthermore, the assessment of cut surface quality was enhanced by determining the
hardening depth and conducting microstructural investigations.

Finally, an FE simulation of the HSIC was performed with the explicit mechanical
solver R13.1 of the commercial software LS-DYNA (DYNAmore GmbH, Germany). The
goal was to verify if the cut surface quality could be predicted with sufficient accuracy
at high speeds. The plastic deformation behaviour of the material was described using
the classic *MAT 024 PIECEWISE LINEAR PLASTICITY model, with the various strain-
rate-dependent yield curves of DC06 steel (1.0873), which is nearly identical to the steel
used in the experiment, DC04 (1.0338). Details of this model, including the yield curves
used, are provided in [27]. Strain-rate-dependant damage and failure were modelled
using the GISSMO damage and failure model developed by Neukamm et al. [28]. This
model combines the damage description used to compute crash simulations and an incre-
mental formulation to describe material instability and localisation. This fracture model
can be used as a complement to the plastic material model and is specified using the
*MAT_ADD_EROSION file. More detailed parameters for this fracture model are presented
in [29]. Since the experiment used a circularly symmetric die, an axially symmetric 2D
model was used to reduce computation time, as shown in Figure 6. The modelling was
performed using an element formulation, numbered 15, with an element size of 0.05 mm.
In addition, the new adaptive r-type mesh generation available in LS DYNA for 2D models
was used to obtain a valid shear surface. All elements except the sheet (2 mm thick) itself
were set as rigid bodies. The blank holder force was set to 10 kN; the friction coefficient was
set to 0.15; and the clearance was 50 µm (related clearance = 2.5%s). The punch speed ob-
tained from the experiment (3.0 m/s) was specified as input information for the simulation
using the *BOUNDARY_PRESCRIBED_MOTION file.
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3. Results and Discussion
3.1. Validation of the Test Bench

After the successful commissioning of the test bench, the functionality of the concep-
tualized kinematics had to be proven. This includes, in particular, the effective coupling
and decoupling of the IM for different process speeds. Two high-speed cameras were
used in combination with two high-power LED spotlights to determine the process speeds
of the IM and the tool. Figure 7 shows the determined velocity curves of the IM for an
uncoupling velocity of 2.0 m/s. The sections (A) to (D) of the process depicted in Figure 5
were also included in Figure 7, although (C) and (D) cannot be separated exactly from each
other in the measured curves. Since the entire motion range cannot be captured with one
measuring range of the camera, three relevant measuring ranges, each covering 130 mm
in the vertical direction, were selected. The arrangement of the first two upper windows
was selected in such a way that, starting with the acceleration of the IM from a standstill,
its speed was recorded approximately continuously over 260 mm. The set speed of the
motors was already reached in the first window, with the result that only acceleration due
to gravity is shown in the second window. After passing out of the second window, the IM
continued to move downwards and is recorded with the third window subsequently at the
impact height. The intermediary velocity curve is linearly interpolated according to the
assumption of uniform acceleration and constant friction and is shown with an interruption
(dotted lines in Figure 7) for the improved visibility of the subsequent camera window in
Figure 7. Window 3 shows the first maximum speed of the tool at approximately 3.0 m/s,
indicating that the adiabatic cutting range is reached. At 3.5 m/s, the impact velocity
of the IM is around 1.6 m/s below the theoretically calculated impact velocity, vIM0, in
Figure 2. The main reasons for this are the frictional forces acting during the acceleration
of the IM. These were not considered in the conception. If the calculation of the cutting
speed is repeated with the measured impact speed, the result is 4.5 m/s for the vcut. This
implies that the vcut is still 1.5 m/s below the calculated speed. This deviation can be partly
explained by a lack of lossless energy transmission during the elastic impact. In particular,
the floating mounting of the tool contributes to the absorption of parts of the kinetic energy
by the IM from the spring-damper system. With good approximation, the recalculated
velocity, vIM1, of 1.4 m/s agrees with the practically measured velocity of the IM after the
impact. After the impact of the IM with the tool, both velocity curves show an oscillating
course. The oscillation behaviour can be explained by a superposition of several effects.
First, the entire test bench is excited to oscillate as a coupled spring-mass damper system
by the highly dynamic motion of the linear motors and the IM. During the motion of the
IM and the tool plate, stick-slip effects also occur between the slide-bearing sockets and the
guide pillars. Finally, the multiple impacts also lead to the occurrence of vibrations. The
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observed effects and measured process speeds indicate that the simplified assumptions
made for the conceptual design of the cutting process are only valid within a limited range.
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Figure 7. Measured velocity profile of the IM and tool, captured with three different recording
windows, consisting of acceleration with linear motors (A), acceleration via free fall (B) and impact
with the tool for a set uncoupling speed of 2 m/s (C,D).

During the cutting experiments, high-speed cameras were used to capture the decou-
pling process. Figure 8 shows one motion shot each at the tested decoupling speeds of
1.0, 1.5 and 2.0 m/s. For 1.0 m/s, it was determined that the mounting of the IM does
not push against the base plate of the arm (see yellow box in Figure 8). Nevertheless, the
resulting rotation angle of the hook is large enough that the fixation of the hook is achieved.
However, at uncoupling speeds below 0.8 m/s, the resulting dynamics were too low, so
the IM was partially not uncoupled. Adjusting the acceleration and jerk parameters would
probably move this limit further down, but the resulting energy input could be too low to
reach the adiabatic range; therefore, only decoupling speeds greater than or equal to 1 m/s
were further investigated. With decoupling speeds of 1.5 m/s and 2.0 m/s, the mounting
of the IM comes into contact with the base plate of the arm and leads to the oscillation of
the entire arm, increasing at higher speeds. This effect is also visible in Figure 8, where the
fixator rotates further away from the hook contour with increasing speed. For a further
expansion of the uncoupling speed, a constructive stiffening of the arm geometry, as well
as an increase in the compression spring stiffness, should be taken into consideration.
However, for the investigated parameter range of 1.0 to 2.0 m/s for the decoupling speed,
the functionality of the described construction for picking up and decoupling the IM can
be fully demonstrated.
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Figure 8. High-speed recording of the uncoupling process of the IM, shown for three different
uncoupling speeds, highlighting the remaining distance between the base plate of the arm and the
mounting of the IM at 1.0 m/s in the yellow box.
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3.2. Experimental and Numerical Validation of the HSIC Process

A crucial step in evaluating the results of shear-cutting is determining the shear-cutting
speed. Figure 9 illustrates the linear relationship between the punch speed and the decou-
pling velocity of the IM. The measurement results yield the following punch velocities:
2.5, 2.8 and 3.0 m/s. This also enables the assessment of the cut surface quality as a function
of shear-cutting speed (Figure 10), though only three cutting speeds (0.025, 2.5 and 3 m/s)
are represented. It is evident that rollover diminishes with increasing cutting speed. Con-
versely, the proportion of the clean-cut zone decreases, consequently increasing the fraction
of the fracture zone with higher cutting speed. Another positive aspect is the increase in
the fracture surface angle when using HSIC. All results share a significant transition from v
= 0.025 m/s to v = 2.5 m/s, but a saturation point or even a reversal of results occurs with a
further increase in cutting speed.
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Figure 9. Representation of the linear relationship between the measured decoupling velocity and
the measured punch velocity (mean values shown as triangles and standard deviations as bars).
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Figure 10. Influence of the cutting speed on the cutting surface characteristics.

When characterizing the microstructure through hardness mapping, additional effects
of punch velocity become evident. At a punch speed of 0.025 m/s, there is observable
increased hardening towards the cutting edge (Figure 11a). The hardening depth extends up
to 0.5 mm from the cutting edge. When the punch speed increases to 3.0 m/s, the hardening
depth decreases to 0.3 mm (Figure 11b). Notably, there is a smaller increase in hardness in
the region from the rollover to the beginning of the fracture zone when compared with a
punch speed of 0.025 m/s. Upon examining the microstructure (Figure 11c), it becomes
evident that significant deformation has occurred in this region, indicating the presence of
an adiabatic shear band in this area.
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Figure 11. Measured hardening profiles for variations in the punch speed: (a) 0.025 m/s, (b) 3 m/s
and (c) the enlargement of the microstructure in the area of large deformation at 3 m/s.

The FE simulation results are shown in Figure 12 as three phases of cutting. Figure 12a,b
show the formation of the clean-cut directly in the HSIC with the highest local strains in the
area of the tip of the punch. The width of the rollover is significantly smaller compared with
the real results (see Figure 11b). Figure 12c shows the resulting cut surface after HSIC. The
clean-cut in the simulation is 1.20 mm, and the fracture zone is 0.67 mm. The fracture surface
could not be perfectly modelled from the geometric shape (especially the angle) despite the
extensive GISSMO damage model and adaptive meshing. The inclination of the fracture zone
is significantly larger at the real cut surface (see Figure 11b). Nevertheless, the absolute values
of the clean-cut and the fracture zone are in very good agreement with the real values from
the experiment, where the clean-cut was 1.18 mm, and the fracture zone was 0.68 mm (see
Figure 11b). Adding the values of the clean-cut and the fracture zone results in a simulation
cut area of 1.87 mm and a real cut area of 1.86 mm. These values are just below the initial
sheet thickness of 2.0 mm. This is due to the fact that the height of each rollover is not taken
into account. In addition, the width of the rollover is significantly smaller in the simulation
than in the real cut area. As a result, the simulation model used is very good at predicting the
quality of the resulting cut surfaces.
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3.3. Discussion

HSIC tests were carried out with the presented test bench. Linear motors in combina-
tion with a drop tower were used to generate cutting energy. The implemented coupling
mechanism enabled the IM to be coupled and uncoupled for different process speeds. The
deceleration of the moving masses to a standstill was reliably achieved by the described
spring-damper mechanism. The motor control enables the precise presetting of the nominal
speed of the motors. Consequently, the energy input for performing the cutting process and
the resulting cutting speeds can be adjusted with fine granularity. The construction, which
is easily accessible for sensor technology, enabled the precise measurement of occurring
tool velocities and, therefore, the comprehensive investigation of HSIC.

Three different decoupling velocities (1.0, 1.5 and 2.0 m/s) were investigated for a
mild, deep-drawing steel. The determined IM and tool velocities were lower than the
conceptually calculated velocities, which was mainly due to the effect of frictional forces
and energy losses during impact. In the verification of the cutting results, a high punch
speed (up to 3.0 m/s) was proven. This is reflected in the influence on the quality of the
cut surface and the microstructure. Finally, HSIC was numerically modelled, and the cut
surfaces of the steel used were compared between real and numerical results. A very good
agreement was found.

4. Conclusions

In the presented work, a novel approach to the HSIC process was implemented. The
highly dynamic acceleration capacity of linear motors was used to accelerate an impact
mass. According to the drop tower principle, the accelerated mass impacts a shear-cutting
tool. The tool is accelerated by the elastic impact, and the cutting process is executed. After
an initial conceptual calculation of the resulting process speeds, the constructive realisation
was presented, and the successive movement sections were specified. Subsequently, the
test bench was validated by examining the coupling and uncoupling processes for different
process speeds.

Verification of the cutting results showed the remarkable effectiveness of high punch
speeds, particularly when applied to mild steel, reaching speeds of up to 3.0 m/s. These
high punch speeds had a profound effect on both the quality of the cut surface and the
microstructure. In addition, the successful numerical modelling of the HSIC process
enabled a comprehensive comparison between actual cut surfaces and their numerical
counterparts. This analysis revealed an exceptionally close match between the two, further
validating the accuracy and applicability of the proposed approach.

In the continuation of the presented investigations, the speed of the falling mass will
be further increased, with a main focus on reducing friction on guide columns. To further
expand the process, we also plan to cut other materials, such as high-strength steels.
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