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The increasing use of ultra-high-strength steels (UHSS) in automotive safety components is driven by stricter
crash safety requirements, vehicle weight reduction, and ecological goals in production and service. The
application of UHSS requires adaptations in the manufacturing process chain, as conventional slow-speed
blanking (SSB) used in mass production is challenging due to tool wear. Another aspect is crashworthiness:
The interaction between material properties and blanking-induced defects—such as surface irregularities,
microvoids, and microcracks—promotes crack initiation at free edges and limits edge formability. Local plastic
deformation without breakage is a precondition for a stable break load of safety components, wherefore edge
stretchability serves as an indicator for crashworthiness. High-speed blanking (HSB) of three steels with ultimate
tensile strengths in the range of 1500 MPa—martensitic Docol 1500M, press-hardened (PH) 22MnBS5, and carbon
steel C60—is examined. Blanking trials are followed by central-hole tensile tests (CHTT) to assess edge
stretchability. HSB produces edges with high geometric accuracy and homogeneous fracture surfaces, exhibiting
roughness values comparable to wire-eroded surfaces. The shear-affected zone is confined to a narrow band of
less than 2% of the sheet thickness, which is four times smaller than those observed in SSB. CHTT results show
that HSB edges retain the same load-bearing capacity and edge fracture strain as wire-eroded edges, showing that
edge integrity has not been compromised by HSB. In contrast, SSB triggers premature crack initiation reducing
the achievable fracture strain by nearly half.

1. Introduction crashworthiness (Lingbeek et al., 2020). Local formability measures
such as the local fracture strain in uniaxial and plane strain notched
tensile tests showed a stronger correlation with respect to the crash-

worthiness of materials. Frometa et al. (2019) showed a correlation of

Increasing demands on passenger safety and lightweighting of ve-
hicles as an aspect of sustainable design require the use of AHSS and

UHSS in automotive safety components. Mass production of those
components requires a blanking process which leads to no-compromise
crashworthiness. Some high-strength steels are sensitive to edge cracks
evolving from cutting defects such as surface irregularities, microvoids
and microcracks. Edge integrity, which is the degree of such defects, is
influencing formability, fatigue resistance and the crashworthiness of
the steels and components (Lara et al., 2013; Casellas et al., 2017; Par-
areda et al., 2020).

Global metrics such as fracture elongation, tensile strength, and
forming limit curves are not sufficient to classify a material's

the fracture measure for crashworthiness of different steels by quanti-
fying the dissipated energy in a ductile fracture process. According to
Casellas et al. (2017) and Frometa et al. (2017), the hole expansion ratio
(HER) can be correlated with the fracture toughness value w,, calculated
based on the essential work to fracture (EWF) method by Cotterell and
Reddel (1977).

Edge stretchability is governed by both material properties and
shear-cutting process parameters in strong interaction. Central-hole
tensile tests of the dual-phase steel DP780 show a significantly prema-
ture crack initiation and failure of punched specimens, compared to
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milled and water-jet cut ones (Wang et al., 2014). Similar findings are
reported by Feistle et al. (2019) for the dual-phase (DP) steel
HCT980XD, tested at different blanking clearances, resulting in a
reduction of the achievable edge fracture strain of at least 23%. A
decrease of the HER in ISO16630 conical punch tests of blanked edges
compared to wire-eroded and milled edges is reported by Larour et al.
(2021) for AHSS - dual- and complex-phase steels — as well as for
micro-alloyed and mild steels. For a single-phase martensitic steel with
an ultimate tensile strength (UTS) of 1106 MPa, the HER of a blanked
hole is only reaching 73% of the HER achieved with the wire-eroded
edge (Cho et al., 2023).

Fig. 1 shows the compromised edge integrity resulting from blank-
ing, compared to a wire-eroded edge for low-carbon steel with an ulti-
mate tensile strength of 840 MPa, which leads to the observed lowered
edge stretchability. Significantly increased surface irregularities in the
form of edge shape and roughness occur for the blanked edge compared
to the wire-eroded one. An increased hardness in the shear-affected zone
(SAZ) due to strain hardening, ductile damage in the form of microvoids,
and microcracks at the (sub-)surface further compromise the edge
integrity (Plosila et al., 2024; Khalilabad et al., 2023; Mohrbacher,
2013). The dominant mechanism —reduced remaining deformability or
fracture toughness of crack propagation— and the parameters influ-
encing the formation and propagation of edge cracks, as well as their
material dependence, are still under debate.

Another important aspect of shear cutting of (ultra) high-strength
steels is the heavily increased load on the tool, causing early tool fail-
ure. Testing tool steels for blanking DP steels with tensile strengths of
780, 1180 and 1470 MPa, the punch edges experienced chipping and
severe plastic deformation in fewer than 100,000 strokes, which poses a
risk to process stability (Beier et al., 2023). Continuous stroke tests
without tool breakage, but with continuous (severe) tool wear, are
possible up to 40,000 strokes for a DP steel with a UTS of 1470 MPa,
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(Beier et al., 2023), up to 50,000 strokes for 22MnB5 in press hardened
condition with an UTS of 1500 MPa (Vogt et al., 2017) and up to 1,000,
000 strokes for an Ultra-High-Strength Spring Strip with a UTS of 1824
MPa (Winter et al., 2022). Even if sudden punch failure could be avoided
by the selection of the tool material, worn punch and die edges reduce
the edge stretchability (Feistle et al., 2019) requiring an early tool
change. By increasing the blanking clearance, tool loads could be
reduced (Beier et al., 2023), however, this conflicts with a reduced edge
fracture strain at larger clearances (Feistle et al., 2019).

In current mass production, laser cutting is often used as an alter-
native to blanking since less severe defects are introduced at the cut edge
and there is no risk of sudden tool failure (Mohrbacher, 2013). Laser-cut
edges exhibit a heat-affected zone, kerf angle, and surface waviness that
depend on process parameters and reduce edge stretchability under
non-optimal conditions (Thomas, 2013). To mitigate this, laser polish-
ing—a local heat treatment of the cut edge—has been proposed to
enhance the stretchability of AHSS (Li et al., 2024). Nevertheless, all
laser-based processes result in an increasing process time, energy con-
sumption and cost compared to mechanical shearing processes (Choi
et al., 2014; Landgrebe et al., 2017).

High-speed blanking, with a process principle analogous to con-
ventional blanking except for the much-increased punch velocity, shows
a potential to replace the laser-cutting operations for ultra-high strength
steel sheets (Landgrebe et al., 2017). In contrast to conventional
blanking, the edges produced by high-speed blanking exhibit a smooth
fracture surface, with surface roughness levels similar to those seen in
fine-blanking (Landgrebe et al., 2017; Drossel et al., 2012). Geometri-
cally, the blanked edge is S-shaped, with less than 100 pm deviation
from a straight edge (Schmitz et al., 2020). The edge shows only mini-
mal roll-over and virtually no burr (Landgrebe et al., 2017; Winter et al.,
2021). High-speed blanking of a 10 mm thick component made from
S500MC steel (UTS of 550 MPa) revealed that the SAZ is significantly

Shear :
affected &
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Fig. 1. Comparison of a blanked and wire-eroded edges. a) Locations of the figures; fracture surface of b) blanked and c) wire-eroded; etched cross sections of d)
blanked and e) wire-eroded; and microstructure at the edges of f) blanked and g) wire-eroded specimens (Plosila et al., 2024).
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smaller in HSB parts than in those created through fine-blanking
(Neugebauer et al., 2011).

Considering the SAZ of the (ultra-)high-strength steels 20MnB5 (UTS
of 1500 MPa) and C75S (UTS of 1380 MPa) the deformation is localized
to a band of around 20-50 pm (Fig. 2), smaller than the initial blanking
clearance, along an S-shaped cut edge (Schmitz et al., 2020). According
to the definition provided by Dodd and Bai (2012), a shear band rep-
resents a localized region where the material transitions from uniform to
concentrated strain. Building on Rogers' (1979) classification, two
separate types of shear bands are evident in the high-speed blanked
edge: deformation shear bands and transformation shear bands. Defor-
mation shear bands are distinguished by intense localized plastic flow,
resulting in noticeably elongated and distorted grains aligned with the
direction of shear. In contrast, transformation shear bands appear as
bright regions under light microscopy, signifying a structural trans-
formation in the material. Such transformations may involve processes
like grain reorientation, dynamic recrystallization, amorphization, or
phase changes, including martensitic transformation or its heat-treated
variants (Yan et al., 2021).

Schmitz et al. (2020) showed that the microstructure of the trans-
formation shear band in high-speed blanking of 20MnB5 and C75S
consists of nanocrystalline grains (Fig. 3b and c). The authors measured
increases in hardness of 150 HV, or 30%, for 22MnB5 and 510 HV, or
95% for C75S within the transformation shear band, compared with the
surrounding base material (Fig. 3a). The length and width of the
transformation shear band in 22MnB5 steel depend on punch velocity
and blanking clearance. Observations revealed that the transformation
shear band is not forming along the entire sheet thickness, and is sur-
rounded by the deformation shear band (Schrage et al., 2025a). The
band mainly forms in the middle of the sheet, and its length extends to a
maximum of two-thirds of the sheet thickness for punch velocity be-
tween 5 and 12 m/s and relative blanking clearances of 1.7-16.7% of the
sheet thickness (Winter et al., 2021). This results in a hardness gradient
along the sheet thickness direction and perpendicular to it. If those
gradients induce similar damage mechanisms as the hardness gradient
of the martensite and soft ferrite phase in DP steels, resulting in a lower
edge formability, is to be determined.

Structural components (e.g. A- and B-pillars or the roof frame of a car
body) are designed to retain a stable shape, hence limit their deforma-
tion, in the event of a collision to ensure passenger safety. Load-carrying
components in automotive passive safety systems (e.g., seat belt buckles,
buckle brackets, pillar loops or seat adjustment components) shall retain
their integrity in a crash situation. Hence, these components are made
from ultra-high-strength steels (commonly achieved through a heat
treatment process of the stamped component). The crashworthiness of
passive safety components is tested by break load tests, which are sta-
tistically evaluated to be able to rule out failures below 1 part per
million, or a six-sigma level (Lingbeek et al., 2020). Besides material
tensile strength, the performance of components in such a test also de-
pends on the material's toughness, the material's resistance against crack
initiation and propagation (Frometa et al., 2019), and the stretchability
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Fig. 2. Micrographs of the blanked surface of a) 20MnB5 and b) C75S (Schmitz
et al., 2020).
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Fig. 3. Hardness increase of TSB measured by nanoindentation for C75S (blue)
and 20MnB5 (grey); b) and ¢) TEM micrographs of the TSB in 20MnB5 and
C75S (Schmitz et al., 2020).

of blanked edges (Casellas et al., 2017). In order to achieve a
no-compromise level of edge quality in mass production and to over-
come the limitation of blanking-induced defects as a cause for crack
initiation and propagation in ultra-high-strength steels, a process chain
consisting of fine-blanking with several heat treatments before and after
trimming C60-carbon steel is commonly used. Soft- and
spheroidisation-annealing prior to fine-blanking is applied to achieve a
mild strength material with uniform distribution of spherical carbides,
which is required for a tear-off and crack-free surface by fine-blanking
(Zheng et al., 2019). The targeted tensile strength of 1500 MPa is ach-
ieved through hardening and annealing after trimming the components.
To reduce CO2-equivalent emissions and cost, the process chain needs to
be modified to process high-strength materials, with the aim of reducing
the number of heat treatments required. Components made of hot-rolled
Docol 1500M and trimmed by HSB would not require any heat treatment
after steel manufacturing, leading to the desired ecological benefit.
According to the Environmental Product Declaration of the steel sup-
plier SSAB, the global warming potential (GWP) for the manufacture of
1 kg hot rolled steel is 1.9 kg CO; equivalent (SSAB, 2025b), compared
to 2.17 kg CO2 equivalent for 1 kg of cold rolled steel (SSAB, 2025a).
This results in a 14% reduction in the GWP. Omitting the spheroidisation
annealing, needed for fine-blanking, and omitting the hardening heat
treatment of the component adds another reduction in GWP compared
with the current process chain.

Consequently, High-speed blanking is tested for three ultra-high-
strength steels, with prior studies existing only for one of the investi-
gated materials: press-hardened 22MnBS5. For the carbon steel C60, with
its inherent microstructure, heat treatments are required to achieve a
fine-blanking appropriate microstructure with a homogeneous distri-
bution of fine carbides. High-speed blanking on the cold-rolled micro-
structure of C60 is investigated to potentially eliminate these heat
treatments. Blanking trials are followed by central-hole tensile tests to
assess edge stretchability, which serves as an indicator of crashworthi-
ness. To isolate the effect of edge integrity on edge stretchability from
the material influence, high-speed blanked edges are compared with
wire-eroded reference specimens. An exemplary comparison of high-
speed and slow-speed blanking highlights the significant differences in
the edge characteristics and their performance in central-hole tensile
tests. To date, there are no reports addressing how high-speed blanking
affects the edge crack sensitivity of high-strength steels.

2. Materials and testing procedures
2.1. Materials

The three materials of this study have been selected based on the
requirement for a tensile strength of approximately 1500 MPa, in order
to maintain the current component design for C60-Hardened and
Annealed (C60-HA) steel with an ultimate tensile strength of 1650 MPa.
The first two materials are the martensitic steel Docol 1500M from SSAB
and the press-hardening steel 22MnB5 from Salzgitter AG, both of which
fulfil these requirements. Quasistatic tensile tests are conducted to assess
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the material properties (Fig. 4). Docol 1500M, a hot-rolled martensitic
steel, has an ultimate tensile strength of 1610 MPa. Due to the resulting
high forming force in combination with low formability, it is suitable for
components with low geometric complexity. Components with high
geometric complexity can be produced using the press-hardening pro-
cess and 22MnBS5 steel. However, the final cut of the component must be
performed on the press-hardened material. To cut the 22MnBS5 steel in
its martensitic state, the sheets undergo a process similar to press-
hardening. This process involves austenitisation in an oven, followed
by rapid cooling in a water-cooled ‘forming’ tool, to produce flat,
hardened sheets measuring 500 x 500mm. An ultimate tensile strength
of 1475 MPa is achieved for 22MnB5 press-hardened steel (22MnB5-
PH). Compared to C60-HA carbon steel, martensitic steels demonstrate
lower uniform elongation (a measure of global formability), but higher
total elongation at fracture Agy. This indicates that martensitic steels
exhibit better local formability, likely performing better in a CHTT, than
carbon steel hardened and annealed to achieve the same material
strength.

The carbon steel C60 in its delivery condition after cold rolling (C60-
CR) is investigated as a third base material. If the steel is blanked in its
delivery condition, without requiring soft annealing and spheroidisa-
tion, the process chain will be significantly shortened. This would be an
energy-use improvement of the current process, which includes fine-
blanking and requires the material to be in a soft condition with a
strength below 500 MPa. Hardening the blanked component would
result in the same material behavior as C60-HA. High-speed blanking of
C60-HA is not considered since it is more reasonable to harden the
material after blanking than before blanking.

2.2. Blanking experiments

2.2.1. High-speed blanking (HSB)

High-speed blanking experiments are conducted using the AdiaClip
1 kJ hydraulic impact press, which is manufactured by Adiapress, a
subsidiary of MPM Emalec France (Fig. 5a). This machine generates
impact energy through high-speed hydraulics and operates on a prin-
ciple similar to that of a down-stroking hammer. Before each stroke, a
pressure accumulator is charged to 300 bar which is then released via a
magnetic valve and accelerates a double-acting hydraulic cylinder, also
referred to as the “piston” or “acceleration bar”. After a free acceleration
over a length of 40-100 mm, depending on the machine setting, the
acceleration bar hits the movable parts of the tool cassette (namely, the
transmission bar) stacked on top of the punch (Fig. 5). The punch is
resting directly on top of the sheet, on which a blank holder force of 24
kN is applied by gas springs. A decoupling of the tool cassette and ac-
celeration bar is achieved as soon as the transmission bar is fully
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Fig. 5. High-speed blanking process principle a) machine set up of ‘AdiaClip 1
kJ’ b) exemplary acceleration measurements and calculated velocity profile.

retracted into the machine housing (geometrically set to the sheet
thickness). The remaining energy of the acceleration bar is absorbed by
the machine frame. The initial impact energy can be continuously varied
between 300 J and 1000 J by adjusting the acceleration length of the
striker bar, while the bar's geometry and mass remain constant. As a
result, impact energy and punch velocity cannot be controlled inde-
pendently. The resulting process kinematics are measured by a piezo-
electric accelerometer (PCB Series 350B01) on top of the punch and
piezo-force-sensors (Kistler 9601) beneath the tool cassette (inset of
Fig. 5a). Fig. 5b plots an exemplary acceleration measurement and the
calculated velocity. The process time of 0.21 ms refers to the actual
cutting phase. Its start is defined by the onset of tool movement, detected
via the accelerometer signal, and its end is marked by the measured
cutting force dropping to zero. During that time, the acceleration of the
transmission bar is irregular due to impact and wave propagation phe-
nomena associated with this setup. However, when the acceleration is
integrated, the resulting velocity seems to be relatively constant, in the
range of 8 m/s in the first 0.1 ms of the event.

In all experiments, a cylindrical punch with a diameter of 20 mm and
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Fig. 4. Tensile test results according to DIN ISO 6892-1: A224, [, = 80 mm and the microstructure of the investigated materials.
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an impact energy of 600 J is used. The absolute punch-die clearance c
varies between 0.05 and 0.3 mm, resulting in a relative clearance c; of
between 2% and 15%, relative to the sheet thickness s of 2 mm for
22MnB5-PH and 3 mm for Docol 1500M, C60-CR, and C60-HA.

2.2.2. Slow-speed blanking (SSB)

Blanking experiments at a punch velocity of ~ 1 mm/s, i.e., 4 orders
of magnitude less than in the high-speed case, are carried out by
installing the blanking tool from the high-speed impact press (Fig. 5a) to
a Zwick Z250 servo-motor-driven, universal testing machine of 250 kN
force capacity (Fig. 6a). Both assemblies are identical except for the
press drive concept, allowing the influence of the punch velocity
(Fig. 6b) to be studied in isolation. The cutting velocity in slow-speed
blanking is determined by a laser displacement measurement with the
sensor positioned to face the bottom of the sheet.

2.3. Analysis of blanked edge characteristics

The blanked edge surface is analyzed using microscopic images with
40x magnification and a 3D-height profile measurement obtained with
a stripe light interferometer, Keyence VR5000. Based on the 3D-height
profile, line measurements could be extracted to obtain the surface
roughness. The SAZ at the blanked edge is analyzed by light microscopy
of the metallographically prepared cross-section at the vertical center-
line of the sheet (strained edge in CHTT, position marked on the slug
before cutting). Water jet cutting is performed on an ‘Accutom’ cut-off
machine from Struers using a diamond saw blade and a water-based
cooling fluid. Wet abrasive sectioning at a low feed rate ensures a low
cutting force and thus no deformation, as well as a plane cut with
minimal heating, due to the cooling of the saw blade and specimen
during the cutting process. The specimens are moulded in black bakelite
hot mounting resin (180 °C) with carbon filler, polished and etched with
2% Nital.

2.4. Central-hole tensile test

To investigate the edge crack sensitivity of the blanked edges, the
CHTT with a diameter of 20 mm and a sheet width of 40 mm is selected,
Fig. 7. The geometry of the CHTT-specimens concentrates the strain
around the lateral edges of the hole, perpendicular to the direction of
applied force (Fig. 7). This concentration triggers specimen failure
developing from the hole edge, allowing to analyze the influence of edge
quality on the local formability. To separate the influence of local
formability of different materials from the influence of blanked edge
quality, wire-eroded (WE) hole edges are used as a reference. Since a
wire-eroded CHTT specimen was not available for all investigated steels,
machined (milled; MA) edges with a comparable edge stretchability to

b)

Velocity in mm/s

Blanking tool ofIIB in
AdiaClip 1kJ (Figure 4)
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Fig. 7. Central-hole tensile test (CHTT) specification, force-displacement
response and evaluation (Schrage et al., 2025¢). Shown are contours of the
first principal strain (true).

those of eroded edges are also included in the comparison as a reference.

The CHTTs are performed using the Zwick Z250 universal testing
machine, coupled with a GOM Aramis 4M digital image correlation
(DIC) system. The specimens are clamped using hydraulic specimen
holders with a closing pressure of 300 bar. The DIC system consists of
two CCD cameras (resolution: 2358 x 1728 pixels), each equipped with
a 50 mm Titanar lens. The spatial arrangement of the cameras provides a
measurement field of 65 mm by 48 mm, with a facet size of 0.39 mm (15
x 15 pixels). In line with the method described by Wang et al. (2014),
displacement is determined by tracking the distance along the axis of
loading between two points 2 mm apart from the upper and lower
boundaries of the deformed hole, forming the basis of the force-
—displacement relationship. The peak load (Fpax) measured in each test
is used to assess how edge quality affects the structural load-bearing
capacity. To evaluate local formability variations caused by different
edge characteristics as a consequence of the manufacturing method, the
major (1) and minor (e2) strains are calculated in the vicinity of both the
left and right hole edges. Due to limitations related to pattern size,
camera resolution, and the facet size used in the DIC measurements,
reliable and comparable strain measurements for all specimens could
only be obtained with a small offset from the hole edge (Gower et al.,
2005). The induced strain gradients along the circumference of the hole
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0.5 1 1.5
Time in s

2 25

Fig. 6. Slow-speed blanking process a) set up in a universal testing machine b) exemplary velocity profile.
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and perpendicular to the edge of the hole with a maximum achievable
strain directly at the physical edge (Schneider et al., 2015), require a
unique evaluation point of the strains to ensure comparability. The
major strain-at-fracture &1 max from a location situated 0.75 mm away
from the hole's boundary, recorded in the final frame before fracture, is
used as the characteristic strain value to rate the edge stretchability. In
the tests, a measurement frequency of 1 Hz for DIC and a crosshead
speed of 0.01 mm/s is used.

3. Blanked edge characteristics

As reported in Section 1, high-speed blanked edges exhibit distinc-
tive characteristics in terms of their fracture surface and microstructure
in the shear-affected zone. This section analyses the influence of the HSB
process parameters applied to blanking the three steels under investi-
gation. For 22MnB5-PH, parameter variations include the comparison of
high- and slow-speed blanking as well as the variation of the relative
blanking clearance in the range of 2.5% up to 15% of the sheet thickness.
The investigations on Docol 1500M and C60-CR are limited to a relative
blanking clearance variation of 2, 4 and 6% to modify the trans-
formation shear bandwidth. Based on the CHTT specimen, a blanking
punch with a diameter of 20 mm is used, along with dies of varying
diameters, to set different clearances. In the analysis, the resulting coin
is referred to as a 'slug’, while the future CHTT specimen is referred to as
a 'sheet'.

3.1. High-speed blanking (HSB) of 22MnB5

Fig. 8 summarizes the edge characteristics of HSB of 22MnB5-PH
with a sheet thickness of 2 mm and a relative clearance ¢, of 5% with
respect to the sheet thickness. The high-speed blanked edge is charac-
terized by a nearly 100% fracture surface (Fig. 8). Only at the top of the
sheet and at the bottom of the slug, a small burnish zone of less than 5%
of the sheet thickness can be observed. The burnish and fracture zones
are separated by a clearly visible edge in the 3D-height profile (Fig. 8c).
Even if the burnish and fracture zone could clearly be separated opti-
cally, roughness measurements within both areas do not show any sig-
nificant difference. Roughness measurements along the circumference
of the sheet shown later (Fig. 11b) result in a mean roughness R, of 1.4
(£ 0.2) pm and an average roughness depth R, of 8.4 (& 0.9) pm. In
comparison, a wire-eroded edge has a mean roughness R, of 2.2 (+
0.15) pm and a mean average roughness depth R, of 17 (& 3.1) pm. A
deviation of 100 pm (equivalent to the blanking clearance) from an ideal

a) Punch movement
b)
sheet slug
A Z
No Roll Burr £
1.5}—~over <10 um =
£
S D=
= 1 S-shape
<
0.5 Burr Roll-over
<10 pym <20 um
0
05 0 05
Z in mm

Fig. 8. Edge characteristics for 22MnB5-PH of high-speed blanking at 5%
relative clearance c,: a) Coordinate System, b) 2D-Edge profile (X-Z plane) and
¢) Image and 3D-height profile of fracture surface (X-U plane).
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rectangular and straight edge takes the form of an S-shaped profile
through the sheet thickness (Fig. 8b), as reported by Schmitz et al.
(2020) and Winter et al. (2021) for 22MnB5-PH with sheet thicknesses
of 4.8 mm and 3 mm. Since roll-over is almost non-existent, the corners
remain rectangular. The burr is negligible at less than 10 pm in height.
Both of these features are significantly reduced compared to slow-speed
blanking, as will be discussed in Section 3.2. Similar observations have
been reported for 22MnB5-PH by Winter et al. (2021) and Landgrebe
et al. (2017).

In high-speed blanking of 22Mnb5-PH with a relative clearance of
5% and punch velocity of approximately 8 m/s, shown earlier in Fig. 5,
the following shear band characteristics were identified at the blanked
edge (Fig. 9): a transformation shear band emerges approximately one-
third of the way through the sheet thickness, with a width that varies
along the cross-section and reaching up to 20 pm. A deformation shear
band is observed at two-thirds of the sheet thickness, with a maximum
width of approximately 25 pm. The width of the deformation shear band
(DSB), characterized by elongated grains in the shearing direction, and
the TSB, characterized by its white appearance, can be clearly distin-
guished from the undeformed material area based on its optical
appearance in the light microscopic images.

Comparing the appearance of both bands at the blanked edge of the
sheet and slug, a point-symmetric pattern of deformation and trans-
formation shear band is identified. Specifically, on the slug, a trans-
formation shear band is located roughly two-thirds of the way through
the sheet thickness, starting from the top surface and extending toward
the midsection. Conversely, on the sheet, a transformation shear band is
present for nearly one-third of the thickness, originating from the bot-
tom surface. The maximum transformation shear bandwidth at the slug
is almost five times greater than that at the sheet, with a similar width of
deformation shear band on both sides of the cut. Consequently, the re-
gion affected by shear is confined to a narrow zone characterized by DSB
and TSB bands, spanning only around 1.5 % of the total sheet thickness.
It is assumed that, prior to fracture, a deformation band consisting of
DSBs and TSBs next to each other exists. The TSB and DSB are distrib-
uted to the sheet and slug edge depending on the fracture evolution
through this deformation band. Adding the maximum width of the SAZ
to the sheet and slug results in a deformation zone width prior to fracture
of less than 50 pm — half of the applied blanking clearance of 100 pm.
This shows that deformation is localizing in HSB.

Significant changes in edge characteristics are achieved by varying
the relative clearance from 2.5% to 15% of the sheet thickness, while
keeping all other process parameters constant. The results show that the
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Fig. 9. Shear affected zone of sheet and slug for 22MnB5-PH of high-speed
blanking at 5% relative clearance.
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clearance influences the length and width of transformation shear
bands, as well as the edge profile (Fig. 10). With increasing clearance,
the observed S-shape deviates toward a diagonal through the clearance.
For all clearances, no increase in burr size or roll-over is observed. In-
dependent of the clearance, the SAZ is limited to a band with a
maximum width of around 25 pm (<2% of the sheet thickness) along the
edge shape. A TSB with a length of more than half of the sheet thickness
and a maximum width of 10 um occurs for the relative blanking clear-
ance of 2.5%. Doubling the relative clearance to 5% of the sheet thick-
ness, the shear bandwidth and length are almost halved. At 10 and 15%
relative clearance, no transformation shear band can be observed at the
blanked edge. Similar findings are reported by Winter et al. (2021)
testing high-speed blanking of 3 mm thick 22MnB5-PH steel sheets with
a similar hydraulic impact machine and process settings.

Independent of the clearance, the fracture surface of the blanked
sheets is homogeneous and smooth, covering approximately 100% of the
surface area, see Fig. 11a. Compared to a wire-eroded or machined edge,
the high-speed blanked fracture surface exhibits a similar or even lower
mean roughness R, for the investigated clearances Fig. 11b.

3.2. Comparison of high-speed (HSB) and slow-speed blanking (SSB) of
22MnB5-PH

Significant differences in fracture surface characteristics and the SAZ
are observed when comparing 22MnB5 blanking with 5% relative
clearance at 8 m/s using an impact press (Fig. 5) and blanking four or-
ders of magnitude slower, at 1 mm/s, using a servo-driven press (Fig. 6).
While the high-speed blanked edge has a smooth fracture surface, the
slow-speed blanked edge has a ragged fracture surface. In the micro-
scopic image and 3D-height profile, the inhomogeneity of the blanked
surface is clearly visible (Fig. 12). This visually apparent, non-smooth
fracture surface is confirmed by roughness measurements, which show
a significantly increased average roughness depth R, (Fig. 11b).
Considering the blanked edge cross-section in the metallographic images
of the SSB (Fig. 13), it can be seen that surface irregularities and
microcracks are present, which could potentially act as points of crack
initiation and propagation. By contrast, the HSB blanked edges are
smooth and show no microcracks or surface irregularities. Regarding the

c=2.5%

¢=5% ¢=10% c=15%

Punch movement

<

Fig. 10. Influence of the blanking clearance c in high-speed blanking on the
shear affected zone for 22MnB5-PH. Shown is the sheet side.
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Fig. 11. Influence of the clearance on the fracture surface of the sheet for
22MnB5-PH: a) 3D-height profile and b) roughness measurements along the
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Fig. 12. Edge characteristics for 22MnB5-PH of slow-speed blanking at 5%
relative clearance c;: a) Coordinate System, b) 2D-Edge profile, and c) Image
and 3D-height-profile of fracture surface.

edge geometry, the deviation from a straight edge is below 100 pm for
both high- and low-speed blanking (Figs. 8b and 12b) as a consequence
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Fig. 13. Comparison of shear affected zone for a) slow- and b) high-speed
blanking of 22MnB5-PH at 5% relative clearance.

of the clearance of 100 ym (¢, = 5% of sheet thickness s = 2 mm).
Nevertheless, differences can be seen in the shape of the blanked edge.
The SSB shows a straight burnished zone of approximately 10% of the
sheet thickness that transitions into a crack with relatively straight
propagation, while the HSB edge shows a pronounced S-shape. The
shape of the SSB blanked edge exhibits similar straightness (equivalent
to the blanking clearance) in both low- and high-speed blanking. A roll-
over of 70 pm in slow-speed blanking reduces the rectangularity
compared to high-speed blanked edges. Burr formation of 100 pm in
SSB, as opposed to burr heights of less than 10 pm in high-speed
blanking, compromises edge quality.

An analysis of the SAZ in both blanking conditions (Fig. 13) reveals
that localized deformation into a thin shear band of less than 30 pm
(1.5% of the sheet thickness) is characteristic of high-speed blanking. In
slow-speed blanking, the SAZ extends across the entire thickness of the
sheet, maintaining a uniform width of 110 pm (6% of the sheet thick-
ness). When the SAZs of the slug and sheet are added to the shear-
deformation zone, they extend by approximately 200 pm, which is
twice the blanking clearance. In contrast, the deformation zone in HSB
spread over approximately 50 pm, half the size of the blanking
clearance.

In slow-speed blanking, fragmentation of the white-etched layer
(transformation shear band) is observed in the middle of the sheet. This
layer appears at the outer edge of the deformed microstructure, where
the transition from shear-deformed grains to the white-etched layer
occurs. In contrast, high-speed blanking reveals a clear separation be-
tween the white-etched layer, which is identified as a transformation
shear band with a nanocrystalline microstructure, and the surrounding
material. Further analysis of the properties of the white-etched band in
slow-speed blanking, using techniques such as high-resolution Electron
Backscatter Diffraction, Transmission Electron Microscopy and nano-
hardness measurements, is necessary in order to detect any similarities
or differences with the transformation shear band in high-speed
blanking.

3.3. High-speed blanking (HSB) of Docol 1500M

For the martensitic steel Docol 1500M with 3 mm sheet thickness,
high-speed blanking is conducted with relative blanking clearances of
2%, 4% and 6% Fig. 14. The aim of the clearance variation is to achieve a
high degree of straightness in the edge profile (to compare it with fine
blanking edge quality), which decreases with increasing clearance as
demonstrated for the 22MnB5 (Fig. 10). By the variation of the clear-
ance, the length of the transformation shear band (TSB) is affected,
while the edge geometry remains comparably straight Fig. 14. Overall,
the edge properties of the 3 mm-thick martensitic Docol steel are similar
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Fig. 14. Blanked edge (slug) characteristics of Docol 1500M (Schrage
et al., 2025c¢).

to those of the 2 mm-thick martensitic 22MnB5-PH steel. Both materials
exhibit a comparable microstructure and mechanical properties in
quasi-static testing. The SAZ is also limited to a narrow band of
approximately 1% of the sheet thickness, i.e., 20-30 pm, in both steels,
independently of the sheet thickness. For Docol 1500M, the width and
length of the transformation shear band increase with decreasing
clearance, covering up to two-thirds of the sheet thickness. In the pre-
sent investigation, no transformation shear band formed over the entire
sheet thickness. The point-symmetry of the SAZ, containing DSB and
TSB at the slug and sheet, is similar to the observations reported in
Section 3.1 for 22mnB5-PH.

Two distinct areas with a different optical appearance of the fracture
surface can be detected in the microscopic images. A shinier surface is
observed at the areas where a TSB is present in the cross-section of the
blanked edge. The fracture surface area, coinciding with the appearance
of the deformation shear band is less shiny but has a similar surface
roughness with a mean roughness R, below 2 pm.

3.4. High-speed blanking (HSB) of C60-cold rolled (CR)

Despite the inherently non-uniform microstructure after cold rolling,
high-speed blanking of C60-CR produces a smooth and homogeneous
fracture surface Fig. 15. To prevent cracking and tearing at the blanked
edge during fine-blanking, the distribution of globular carbides is made
uniform through soft and spheroidisation annealing prior to cutting
(Zheng et al., 2019). Soft annealing reduces the material strength while
increasing its ductility, which is beneficial for the severe shear defor-
mation in fine-blanking (Gram and Wagoner, 2011). Observing the
microstructure in Fig. 4, C60-CR has undergone a spheroidisation
annealing process prior to cold-rolling, resulting in the resolution of
carbides, which are then non-uniformly distributed by the cold
rolling-induced texture before HSB is applied. The strength of C60-CR is
only two-thirds of that of 22MnB5-PH and Docol 1500M. Similar to the
martensitic steel grades, for HSB of C60-CR, a smooth, homogeneous
fracture surface is observed for 2% and 4% relative clearance, whereas
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Fig. 15. Blanked edge (slug) characteristics of C60-CR (Schrage et al., 2025¢).

outbreaks occur at 6% clearance Fig. 15. In contrast to the martensitic
steel grades, the edge profile does not show an S-shape, as reported for
HSB of high-strength steels, whereby its geometric deviation from a
straight edge remains below 100 pm (less than the clearance). The SAZ
along the blanked edge is characterized by a deformation shear band
measuring nearly 1% of the sheet thickness, regardless of the clearance,
throughout the entire thickness of the sheet. At blanked edges produced
with 2% and 4% relative clearance, a thin transformation shear band
with a width of less than 5 pm is observed next to the deformation shear
band in the middle of the sheet. Rather than a clear separation of the two
bands, a transition from deformation shear band to transformation shear
band in the radial direction is observed.

Concluded from HSB investigations of other mild-strength steels, the
reported edge characteristics of C60-CR are regarded as unique to HSB
and not replicable by SSB, even though SSB is not performed. Blanking
of the mild steels SSO0OMC and 16MnCr5 with punch velocities ranging
from 0.01 mm/s to 14 m/s showed an increase in the fracture and a
decrease in the burnish area with increasing punch velocity. For punch
velocities over 4 up to 14 m/s, the blanked edge is characterized by
nearly 100 % fracture surface with a roughness comparable to the
roughness of the burnish zone. Further, an increased straightness of the
edge, judged by the angle of the fracture surface, is reported for both
mild steels with increasing punch velocity (Drossel et al., 2012).

3.5. Influence of high-speed blanking (HSB) on blanked edge features

Based on the reported edge characteristics, it could be concluded that
HSB edges are characterized by a smooth fracture surface, a SAZ less
than the blanking clearance, and a good geometric accuracy charac-
terized by a high straightness, low roll-over, and almost no burr. At small
clearances, an S-shape of the edge could be observed with a deviation
from a rectangular edge smaller than the blanking clearance. For the two
investigated martensitic steels, 22MnB5-PH and Docol 1500M, a TSB
forms with varying length and width depending on the blanking clear-
ance. Based on previous investigations, a TSB is characterized by
nanocrystalline grains and a hardness increased by 30% compared to the
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ground material for the martensitic steel 22MnB5-PH (Schmitz et al.,
2020). The TSB on the sheet and slug appears point-symmetric, with the
symmetry point in the middle of the sheet, so that the TSB is in the top
half of the sheet and the bottom half of the sheet, merging into a DSB
with elongated grains. Independent of TSB and DSB, its width is limited
to half the clearance. In contrast, the SSB edge, blanked with equal
parameters except for the punch velocity, has a SAZ of 1-1.5 times the
clearance and a ragged fracture surface.

A difference of a factor of approximately 5 x 10% in punch velocity v
between slow and high-speed blanking is obtained. The difference in the
engineering equivalent strain rate, £ (Equation (1)), can be estimated to
first order by assuming a constant shear velocity, 7, over the clearance, c.
This results in an engineering equivalent strain rate of € = 10/s for SSB
and & = 10°/s for HSB, which differs by 4 orders of magnitude.
é:%jx—»éz%%with?:g )

According to Schmitz (2025), the ascertained process time of 0.21 ms
for steel in high-speed blanking results in quasi-adiabatic conditions
during the process, as defined by a Fourier number of less than 0.01.
Quasi-adiabatic means that the heat generated by plastic deformation in
the deformation zone is not conducted to the surrounding material
during the process. After the process, the deformation zone cools rapidly
due to the temperature gradient with the undeformed material areas. On
the other hand, in slow-speed blanking, with a process time of 2 s, heat
conduction is possible. Numerical simulations of HSB of 22MnB5-PH
show that with given process parameters, the temperature increase is
significant enough to trigger thermal softening of the material in the
shear region (Schrage et al., 2025b). This is leading to a deformation
zone with a width smaller than the clearance and a further increase in
the strain rate than calculated by the engineering strain rate (Equation
(1)). This thermoplastic shear instability in blanking (Dodd, 1983) is
often referred to as ‘adiabatic shear localization’ or ‘adiabatic shear
failure’, since this intense localized shearing often leads to failure under
dynamic loading (Dodd and Bai, 2012). The localized shear can be seen
in DSB with a width smaller than the blanking clearance over which the
shear strain is induced. The formation of the TSB could be explained by
dynamic rotational recrystallization (DRX) mechanisms consisting of the
following steps: rearrangement of dislocations into elongated disloca-
tion cells (i.e., dynamic recovery); formation of elongated subgrains;
break-up of subgrains into equiaxed micrograins; and grain rotation
(Meyers et al., 2000). The formation of new grains and the rotation of
grains in DRX reduce the density of dislocations, thereby lowering the
macroscopic material flow stress and enhancing localization (Yan et al.,
2021). Investigations on adiabatic shear localization in titanium alloys
of Rittel et al. (2008) and Guo et al. (2020) indicate that DRX is trig-
gering a softening prior to a significant temperature rise, resulting in
thermal softening. Although the mechanisms of shear localization and
TSB formation in HSB are still under debate, HSB leads to significantly
different edge properties compared to SSB. Due to the severe plastic
deformation and hardness increase at the blanked edge, the formability
of the edge is to be determined (Section 4). If the SAZ in HSB, consisting
of DSB and TSB, is limiting edge formability due to brittle behavior or
remains ductile has not been investigated yet.

4. Central-Hole tensile test (CHTT) results

Inducing an adiabatic shear localization in HSB of UHSS martensitic
steels leads to a different edge morphology compared to SSB (Section 3).
To assess the integrity of the HSB edges, central hole tensile tests
(CHTTs) are performed, serving as an indicator for crashworthiness
(Section 1). The variation of HSB process parameters and the use of two
different martensitic steels are employed to demonstrate the influence of
the process and not just the favorable design of the material for pre-
venting edge cracks. In particular, it is addressed whether a TSB
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compromises the edge ductility by triggering brittle failure due to its
hardness. Investigations of C60-CR provide insights into whether HSB
also yields a favorable edge integrity for a non-martensitic
microstructure.

4.1. Assessing material's local formability

Global formability refers to a sheet metal's ability to undergo uniform
plastic deformation throughout the part without local necking. Local
formability, on the other hand, refers to the material's ability to with-
stand plastic deformation in small, highly stressed areas—e. g. after
necking or bending of tight radii—without fracturing. Local formability
is a crucial factor for the application of high-strength steels in crash-
related components (Hance, 2016). In addition to the material's global
formability, edge formability must be considered for high-strength steels
to predict material behavior under concentrated local deformation
(Casellas et al., 2017). Therefore, CHTT's are performed on wire-eroded
edges to assess the material's local formability without any
cutting-induced effects. The material's performance of the CHTTs is
compared using the maximum force in the central-hole tensile test Fiax
and the maximum displacement achieved Aly.y, evaluated at the last
frame before fracture. Fig. 16 plots the mean force-displacement curve
of the CHTTs (based on 10 repeats of each condition) for the three
materials tested, compared to C60-HA used in current components.
Comparing the load-bearing capacity by the technical stress oy, (Equa-
tion (2)), defined by the maximum force in CHTTS Fy,x divided by the
initial surface area at the lateral hole edges Ao, allows to account for
different sheet thicknesses of the tested materials.

Finax Finax
— - _ (2)
Ao (W — d())SO

O

The determined load-bearing capacity oy, correlates with the tensile
strength Ry, of all the examined steels and can be estimated by multi-
plying the tensile strength by the initial loaded surface area A,. The C60-
HA steel has the highest load-bearing capacity, closely followed by
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Docol 1500M (6% difference of Fpax). A pronounced post-necking
behavior of Docol 1500M before specimen failure shows a higher local
formability of Docol 1500M compared to C60-HA. The displacement at
fracture Alyayx is increased by a factor of 1.6, resulting in more than
double the achievable local major strain-at-fracture at the hole edge
(Fig. 19), while both steels have comparable load-bearing capacities. A
significant difference in the necking behavior of those steels is visible
when comparing the cross-sectional area of the fractured CHTT speci-
mens. According to Fonstein (2015), the homogeneity of the martensitic
microstructure results in high local formability at high material strength
despite a low global formability. Consequently, components made of the
martensitic steel Docol 1500M would absorb more energy in the event of
a crash than components made of C60-HA, since the former material can
undergo greater plastic deformation at a comparable load.

The 22MnB5-PH steel achieves around 90% of the load-bearing ca-
pacity of Docol 1500M and C60-HA and shows enhanced local form-
ability compared to C60-HA, though this is lower than that of Docol
1500M. A lower yield strength of 22MnB5-PH is leading to an earlier
uniform plastic deformation in the CHTT compared to Docol 1500M and
C60-HA. Strain hardening upon loading delays the maximum force in
comparison with the displacement at maximum force for the two ma-
terials Docol 1500M and C60-HA. C60-CR steel requires hardening to
reach the targeted load-bearing capacity, since in its delivered state, it is
only 2/3 of the required one. Notably, the hardening and annealing
treatment of C60 results in higher strength and slightly higher local
formability, as a larger displacement before fracture can be achieved in
the hardened-annealed state (C60-HA) than in the cold-rolled delivery
conditions (C60-CR) of the steel.

4.2. Edge ductility of slow-speed blanked (SSB) and high-speed blanked
(HSB) edges for 22MnB5

Fig. 17 shows the central-hole tensile test results of 22MnB5-PH for
different blanking clearances in high-speed blanking in comparison to a
wire-eroded reference sample and the slow-speed blanking with 5%
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Fig. 16. Influence of material properties (wire-eroded edges) on the CHTT results: a) mean force-displacement curve of 10 repeats for each condition, b)
displacement at fracture A l,ax and c) load-bearing capacity oy, d) Fractured cross-section of CHTT specimen (hole on right side).
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relative blanking clearance. The high-speed blanked edge achieves the
same displacement at fracture as the wire-eroded reference samples,
independent of the blanking clearance and the corresponding differ-
ences in edge characteristics (Section 3.1). In contrast, blanked edges
manufactured by slow-speed blanking break around the force
maximum, resulting in approximately half the maximum displacement
at fracture compared with wire-eroded and high-speed blanked samples.

The load-bearing capacity, evaluated by the force maximum Fp,,x in
the CHTT, is comparable for HSB and SSB samples. But the edge cracks
at the SSB edges initiate right after the force maximum is passed, when
localized deformation around the hole edge is expected. HSB samples
surpass the force maximum and could be formed while necking of the
specimen edge already occurred. Microscopic images of the fractured
CHTT samples after testing of SSB and HSB reveal the significant dif-
ferences in achievable cross-section reduction due to necking. A further
difference is that the SSB samples show a crack initiation and subsequent
propagation from the hole edge, giving a gradual decline of the force-
displacement curve. Failure of the high-speed blanked edges occurs by
a sudden break of the specimen over the entire length. This might
indicate that with high-speed blanked edges the necking strain of the
specimen could be reached without crack initiation from the blanked
edge. In contrast, the slow blanked edges fail immediately after necking
is initiated due to a reduced edge ductility by blanking induced defects.

The main differences between HSB and wire-eroded edges are their
shape and the presence of a SAZ. The roughness of the HSB edge fracture
surface is comparable to that of the wire-eroded surface. Independent of
the clearance in HSB, the maximum difference of the edge shape from a
straight, rectangular edge is limited to 150 pm (below 20 pm for the wire
eroded edge), equivalent to a 2% diameter variation of the hole along
the thickness direction. All materials exhibited a localization of the SAZ
into bands, either deformation or transformation ones, smaller than the
clearance, with a maximum width of 30 pm (1.5% of the sheet thick-
ness). None of the differences of HSB compared to wire eroded edge
characteristics seem to influence the edge stretchability while testing the
HSB samples in the ‘as-cut’ condition with non-uniform edge
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characteristics along the sheet thickness (width and type of SAZ —
deformation and transformation shear band). Specimens with a pro-
nounced TSB (length of 2/3 of the sheet thickness) and with no TSB,
dependent on the blanking clearance, show similar performances in
CHTT. Therefore, it could be concluded that the TSB with a nano-
crystalline microstructure and an increased hardness compared to the
ground material does not compromise the edge stretchability (e.g., due
to brittle crack initiation). Yet it remains unclear whether this is because
the TSB is a too thin layer to have a significant effect, if the TSB exhibits
a similar formability to the base material, or if the layer, despite its
increased hardness, does not exhibit a brittleness sufficient to promote
edge cracking. Due to the inhomogeneity of the ‘as-cut’ edge
morphology, it was not possible to study the formability of the TSB in
isolation. Changing the appearance of the TSB, also the geometry and
the appearance of a DSB (instead of a TSB) is present, superposing the
effect of the change in TSB. Independent of the HSB parameters, a
smooth, homogeneous fracture surface (with slight variation in rough-
ness but all comparable to a wire eroded edge) is observed, which is seen
as the main influence parameter for the reported improved edge
stretchability compared to SSB. In contrast, SSB edges exhibit rugged
fracture surfaces with outbreaks and a SAZ that is four times wider
compared to HSB edges. Light microscopy reveals initial cracks at the
SSB edge due to the outbreaks. These initial cracks, not observed at HSB
edges, could be a starting point for crack propagation during subsequent
loading of these edges, resulting in a significantly reduced edge
ductility. The mechanisms behind edge crack sensitivity at blanked
edges in AHSS/UHSS are still under debate. Influencing factors dis-
cussed include surface roughness, blanking-induced surface cracks,
hardening, and ductile damage in the form of voids or micro-cracks
within the SAZ (Khalilabad et al., 2023). Different high-strength steels
exhibit varying sensitivity to crack initiation and propagation (Frometa
et al., 2019), meaning the main influencing parameters for edge crack
initiation and propagation can vary depending on the material. The
comparison of SSB with HSB shows that the edge ductility is not
compromised by HSB but by SSB, wherefore the good results could not
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just be related to the material design of 22MnB5-PH. Comparing SSB and
HSB edges, a smooth fracture surface with no optically detectable (by
light-microscopic images with 1000 x magnification) surface defects and
areduced SAZ (reduced zone affected by ductile damage) are seen as the
main influencing factors for reducing the edge crack sensitivity. In
addition, Schmitz et al. (2020) stated that in HSB the tensile stresses are
reduced compared to SSB, which affects the stress state-dependent
damage mechanisms (Briinig and Gerke, 2011). Wire eroding and
machining do not cause any defects induced by blanking, such as ductile
damage resulting from plastic deformation, the evolution of
micro-cracks, or induced residual stresses in the SAZ. The local form-
ability of the material in the CHTT could be accessed by those 'reference'
specimens in order to study the reduction by blanking-induced imper-
fections. Further investigation is required to study the dominant
mechanism of enhanced stretchability of HSB compared to SSB, sepa-
rating edge characteristics by a post-process modification of the blanked
edge, as shown in Khalilabad et al. (2023). This is because it is not
possible to change any edge characteristic in isolation by varying the
process parameters and subsequently testing the edge stretchability
using CHTT with the inhomogeneous 'as cut' edges. Nevertheless, the ‘as
cut’ edge is present in an application, requiring testing of its perfor-
mance, including its inhomogeneity.

4.3. Edge ductility of high-speed blanking (HSB) in Docol 1500M and
C60-CR

CHTT tests of the high-speed blanked edges of Docol 1500M and
C60-CR (Fig. 18) produce findings similar to 22MnB5-PH. This dem-
onstrates that the reported findings on the stretchability of the edges of
HSB can be applied to other materials. HSB and subsequent CHTT testing
of the three materials under investigation revealed no difference in load-
bearing capacity or achievable displacement at fracture compared to
wire-eroded or machined hole edges. In the case of HSB for 3 mm thick
Docol 1500M and C60-CR, variations in clearances between 2 and 6% of
the sheet thickness had no effect on the CHTT test performance. These
clearances were chosen since they demonstrate a significant variation in
TSB length (Sections 3.3 and 3.4).

4.4. Comparison of edge fracture strain

Three factors influencing the edge stretchability of high-strength
steels, as rated by the maximum achievable major strain at fracture

€1max in the CHTT, can be analyzed by the conducted experiments
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(Fig. 19). These factors are the material's local formability (Section 4.1),
the edge integrity of HSB edges for different blanking clearances (Sec-
tion 4.2 and 4.3), and the edge integrity of SSB edges (Section 4.2).
Analyzing the effect of the material properties, the highest major strain
at fracture e; max at the hole edge is determined for Docol 1500M. For
C60-HA, the major strain at fracture is only 40% of the determined
major strain at fracture in Docol 1500M with comparable material
strength. The 22MnB5-PH, with 90% of the load-bearing capacity of
Docol 1500M and C60-HA, reaches 80% of the major strain at fracture
compared to Docol 1500M. Although all materials have a similar uni-
form elongation (resp. Global ductility) (Fig. 4), they exhibit different
behavior in terms of local formability, resulting in different perfor-
mances in the CHTT. The higher maximum achievable strain of C60-HA
compared to C60-CR, along with its lower strength, underlines that local
formability is not solely dependent on material strength.

HSB edge integrity does not compromise the material-specific
achievable maximum strain in the CHTTSs, compared to wire-eroded or
machined specimens without blanking-induced imperfections. A varia-
tion of the blanking clearance and the corresponding changes in blanked
edge characteristics show no influence on the attainable strain in the
CHTTs. In contrast, as it is frequently reported for AHSS (cf. Section 1),
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Fig. 18. Central-hole tensile test evaluation for the high-strength steels Docol 1500M and C60-HA of wire-eroded (WE) and high-speed blanked (HSB) edges at
different relative clearances c,: a) mean force-displacement curve of 10 repeats for each condition, b) displacement at fracture Aly,x and ¢) maximum force Fyax

according to (Schrage et al., 2025¢).

12



O. Schrage et al.

SSB limits the major strain at fracture, since no further loading after the
force maximum is possible due to edge crack initiation. The difference in
edge characteristics between HSB and SSB edges leads to a major strain
at fracture in the central-hole tensile test for SSB that is only half of that
achieved for HSB samples under otherwise identical blanking condi-
tions, apart from the punch velocity.

This study uses the same specimen geometry and evaluation point for
the DIC measurement, enabling the influence of material properties, SSB
and HSB, and HSB process parameters on each other to be assessed. To
use the fracture strains determined by CHTTs for component design, the
stress state and strain path of the test must be taken into account, as
different edge-ductility test methods involve different stress states and
strain paths, resulting in different maximum achievable edge strains
(Feistle et al., 2022). For example, edge fracture strains for the same
material and identical punching conditions differed in CHTTs with 10
mm and 20 mm hole diameters at a sheet width of 40 mm (Feistle et al.,
2019). Kesti et al. (2022) presented an approach to incorporate the local
fracture strain at an edge — dependent on the material and processing
steps — by a 3D edge forming limit curve (FLC) based on multiple edge
ductility tests to access different edge strain paths. If further edge
ductility tests confirm that HSB does not compromise edge ductility, an
'edge FLC' to account for lower formability due to blanking-induced edge
defects would not be required for component design or safety margin
determination.

5. Conclusions and outlook

Driven by the motivation to change the process chain and the ma-
terials of current automotive safety components, this study investigates
the HSB of three high-strength steels, the resulting edge characteristics,
and edge stretchability via CHTTs. Significant differences in local
formability for the three tested materials with an ultimate tensile
strength of around 1500 MPa are obtained by CHTTs. The high-strength,
martensitic steel Docol 1500M (UTS of 1610 MPa) achieves 2.3 times the
major strain at fracture compared to the carbon steel C60-HA (UTS of
1650 MPa) and 1.3 times the major strain at fracture of the martensitic
steel 22MnB5-PH (UTS of 1475 MPa). All of the steels investigated could
be trimmed by HSB without compromising the maximum achievable
major strain at fracture in subsequent CHTTs, compared with wire-
eroded (WE) reference specimens. Although differences in edge
morphology are evident, no difference in performance is observed be-
tween WE and HSB edges in the CHTT. In contrast, SSB of 22MnB5-PH
results in significantly compromised formability in CHTTs, as is
commonly observed with shear cutting of advanced high-strength steels
(AHSS). To the authors' knowledge, no other study has reported com-
parable results using any variation of shear cutting.

The ability of high-speed blanking to cut (ultra-)high-strength steels
without compromising edge integrity enables serving local plastic
deformation without failure as a precondition for a stable break load of
the components, making it a strong candidate for the manufacturing of
automotive safety components. Processing hot-rolled martensitic steel
using HSB in its delivery condition would eliminate the need for any
heat treatment after steel production, reducing the global warming po-
tential by over 14% compared to existing manufacturing process chains
that require heat treatments to soften the material prior to fine blanking
and harden it afterwards. Although CHTT results are expected to
correlate with component performance in a break-load test, they cannot
replicate the exact conditions of a crash incident. As a next step, it is
considered to manufacture functional components using HSB and test
them in various crash tests. In this context, the difference in material
strength and local formability from C60-HA to Docol 1500M is also to be
investigated with respect to the ‘distance to failure’ of the component.
When considering changing the material and process chain, the suit-
ability of HSB for mass production must be investigated through
endurance tests of tool lifetime. Due to different material separation
mechanisms arising from the quasi-adiabatic effect, the characteristics
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of blanked edges differ significantly between SSB and HSB. Conse-
quently, the tool wear mechanism may also differ due to different local
conditions (e.g., elevated temperature), a smooth fracture surface in
combination with high geometric straightness (reducing friction and
retraction forces), and low punch indentation until fracture (affecting
flank wear and retraction force). The transferability of results obtained
for single-phase high-strength steels to dual-phase (DP) and complex-
phase (CP) AHSS remains to be investigated.
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