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Abstract

validation of a three-dimensional finite element model.

Background: Strain and stress conditions in sheet metal shearing are of interest for calibration of various fracture
criteria. Most fracture criteria are governed by effective strain and stress triaxiality.

Methods: This work is an attempt to extend previous measurements of strain fields in shearing of steel sheets with
the stress state calculated from the measured displacement fields. Results are presented in terms of von Mises stress
and stress triaxiality fields, and a comparison was made with finite element simulations. Also, an evaluation of the
similarities of the stress conditions on the sheet surface and inside the bulk material was presented.

Results: Strains and von Mises stresses were similar to the surface and the bulk material, but the stress triaxiality was
not comparable. There were large gradients in strain and stress around the curved tool profiles that made the result
resolution dependent and comparisons of maximum strain and stress values difficult.

Conclusions: The stress state on the sheet surface calculated from displacement field measurements is useful for

Keywords: Sheet metal, Experiment, Shearing, Strain, Stress, Crack initiation

Background

Shearing is a common process in the sheet metal indus-
try. The constant development of new sheet materials with
various shearing properties makes it desirable to have a
model of the shearing process that can predict the appro-
priate shearing parameters. That model must consider
the fracture in addition to the large plastic deformations.
Numerous fracture criteria, based on strain and stress
conditions, exist which can be used in finite element (FE)
models of the shearing, for example, maximum effective
strain, maximum shear stress, or combined stress and
strain criteria (Cockcroft and Latham 1968; Johnson and
Cook 1985). Such criteria need to be calibrated against
experimentally measured strain and stress conditions. The
ductile fracture is in general governed by effective strain
and stress triaxiality as observed by McClintock (1968).
Low triaxiality results in shear dimple rupture whereas
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high triaxiality results in void coalescence as modelled by
Rice and Tracey (1969).

Strain and stress conditions can be calculated from full-
field measurements of displacement as shown by Marth
et al. (2016). In that work, incremental displacement fields
were obtained from captured images during the experi-
ments by the digital image correlation (DIC) technique,
thorough reviewed by Hild and Roux (2006). With DIC,
the displacements are measured on sub-pixel level, see for
example Sjodahl (1994). Accuracy in DIC measurements
are covered in detail by Sjodahl (1997).

Strains were measured during planar blanking by
Stegeman et al. (1999) and in experiments with a sym-
metric shearing set-up by Gustafsson et al. (2016b). The
purpose of the present work was to extend these experi-
ments with stress calculations using the method described
by Marth et al. (2016), to determine the strain and stress
conditions at crack initiation. The calculated stresses were
compared with stresses from FE simulations at the stage
of crack initiation.
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Methods

Materials and yield stress model

The medium-strength (MS) construction steel SSAB
Domex 420 MC, and the high-strength (HS) wear plate
steel SSAB Hardox 400, with mechanical properties
according to Table 1, were used in the study. The yield
stress for the sheet materials was described with the
exponential hardening law suggested by Hollomon (1945),
oy = K&y, where &, is the effective plastic strain and
K and n are material specific parameters. These param-
eters were fitted to compression test data provided by
Gustafsson et al. (2016b) and are shown in Table 1 for the
sheared material grades.

Shearing experiment
The shearing experiments were performed with the
method and set-up developed by Gustafsson et al. (2014).
This set-up uses symmetry to balance the force defined
as Fy in Fig. 1. Therefore, no guides with friction losses
are needed, and the forces, Fy and Fy, which are measured
in the set-up, are accurate. The design also features large
stiffness in the x-direction and thus a stable tool clear-
ance c. Tool displacements, U, and /), were measured
with linear transducers as described by Gustafsson et al.
(2016a). Tool clearance and clamping of the sheet samples
were varied in the experiments: clearances 0.05/, 0.154
and 0.254, where / is the sheet thickness used and the
sheet was clamped on one or both sides as shown in Fig. 1.
Images of the approximately magnified area shown in
Fig. 1 were captured during the shearing to register the
in-plane deformation of the sheet. For this purpose, the
xy-surface of the sheet samples was prepared with a ran-
dom speckle pattern for subsequent digital image correla-
tion. Further details on the experiments are described by
Gustafsson et al. (2016b).

Image analysis and strain evaluation

The digital image correlation (DIC) technique, imple-
mented with the commercial software ARAMIS, was
used to calculate the deformation gradients on the
surface. The evaluated area was partitioned into sub-
areas, called facets, and then, these facets were traced

Table 1 Mechanical properties in terms of yield strength Rp02,
tensile strength Rm and elongation A80, evaluated from uniaxial
tensile tests of sheet metal grades used in the study

Material Rp02 Rm A80 h K [MPa] n
strength  [MPa] ~ [MPal  [%] [mm] ]
Medium 450 520 25 5.97-6.03 880 0.127
High 1080 1260 7 6.11-6.15 1550 0.0345

The range of sheet thickness h for the sheared samples is also shown. Finally, K and
n are the hardening law parameters for the two material grades as fitted to
compression test data
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Fig. 1 Schematic representation of the shearing geometry and
boundary conditions. The moving tool and corresponding clamp have
the same velocity v in the y-direction. Reaction forces on the moving
tool as result of the velocity v are f and F,. Definitions of sheet
thickness h, clearance ¢, radius of the tool arc r and tool displacements
Uy and Uy are shown in the magnified area (Gustafsson et al. 2014)

through cross-correlation of the images captured
during the shearing. The facet size was 64 x 64 pixels, and
the facet step size was 8 pixels in each direction. The in-
plane strain field (x- and y-components) was calculated
from the measured deformations, and under assumption
of plastic incompressibility, the missing strain component
(z-direction) was calculated, as shown by Kajberg and
Lindkvist (2004).

Evaluation of stress from measured strain

The strain tensor, obtained as described in previous sub-
section, was used to calculate the stress tensor by a radial
return algorithm based on isotropic von Mises plastic-
ity, as described by Marth et al. (2016), but without using
a stepwise modelling of the hardening relation. Instead
of this stepwise modelling, the plastic work hardening of
the materials was modelled with the Hollomon harden-
ing law using the material parameter presented in Table 1.
From the stress tensor, the effective von Mises stress was
calculated as

_ /3
o= Esijsij ’ (1)
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Fig. 2 Pressure, —oy /3, fields from generic 3D and plane strain simulations. Fringe levels are in megapascal. a 3D, surface. b 3D, interior. ¢ plain strain

where s;; = 0jj — oxd;7/3 is the deviatoric stress tensor.  plane strain approach would otherwise be the intuitive
Taking the mean stress, 0, = o /3, the stress triaxiality =~ choice to analyse the stress state inside the material, but

state can be calculated as that approach would violate the plastic incompressibility
O condition.
7” = —. (2)
o

Finite element simulations
Since the strain values used in this method were Plane strain FE analyses of the shearing were performed
obtained on the material surface, a plane stress approach ~ with a commercial general-purpose finite element soft-
was used to evaluate the surface stress conditions. A  ware. Geometry and boundary conditions for the model
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Fig. 3 Von Mises stress (Eqg. (1)) fields from generic 3D and plane strain simulations. Fringe levels are in megapascal. a 3D, surface. b 3D, interior.
c plain strain
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a
120 T T - :
medium strength e 88?27 ; 3;2;
100 - ¥¥ 0.15h. 1 clamp ||
V=¥ 0.15h, 2 clamps
— B8 0.25h, 1 clamp
E OO0 0.25h, 2 clamps
= T — |
=
S Fy
°
g 60 |
S
n
S 40 a
s R
20 4
L L L L
0 1 2 3 4 5
Tool displacement |Uy| [mm]
250 T - . .
i ¥—¥ 0.15h, 1 clamp
high strength V-V 0.15h, 2 clamps
B8 0.25h, 1 clamp
200 O-0 0.25h, 2 clamps H
z
24
K150 | Fy |
el
=
E}
&
= 100 | |
n
[}
4
= E
50 z B
| | | |
0.0 0.5 1.0 1.5 2.0 2.5

Tool displacement |Uy| [mm]
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are described in detail by Gustafsson et al. (2014). The
model was coarsely meshed except in the area where
large deformations were expected and a denser mesh
was required to resolve gradients in the state variables.
The undeformed element size in the dense area was
0.1 mm. Four-noded and fully integrated plane strain
elements were used for sheet and tools. Adaptive remesh-
ing was applied to avoid large aspect ratios of the
elements. Contacts were modelled with surface to sur-
face formulations, and both static and dynamic friction
coefficients were 0.1.

A model with elastic tools and an isotropic elastic-
plastic sheet material, where Poisson’s ratio was 0.3 and
Young’s modulus was 210 GPa, was used. A constant tool
acceleration of 100 mm s~2 was used in all simulations.
This is a rough approximation of the experimental con-
ditions, but still satisfactory since no rate or temperature
effects were modelled.

For a preliminary study of the stress state on the sheet
surface and in the interior of the material, generic FE mod-
els were used in three dimensions (3D) and in plane strain.
For this purpose, a slightly different geometry, material
parameters and, most notably, no remeshing were applied
in the 3D model. This 3D model was therefore only useful
at relatively small tool displacements.

Comparison between experiments and simulations
Comparisons were made between results from FE sim-
ulations and results based on measurements, in terms
of effective von Mises stress (Eq. (1)) and stress triaxial-
ity (Eq. (2)). Furthermore, effective strain and tool forces
versus tool displacement were presented for compari-
son with corresponding experimental data presented by
Gustafsson et al. (2016b). An agreement between these
simulations and experiments (effective strain and force
vs. displacement) should be seen as a validation of the
FE model. The effective plastic strain fields from the FE
simulations

_ 2
o= [ Wdt, 3)

where Df; is the plastic component of the rate of defor-
mation tensor, which can be compared with the effective
strains measured by Gustafsson et al. (2016b), since the
elastic part of the latter is negligible.

All presented strains and stresses are from the stage
of crack initiation. The fracture was not modelled in the
FE simulations, and a comparison with experiments is
therefore irrelevant after crack initiation.

Results

First, results from generic FE simulations are presented to
show how the stress state varies between the surface and
the bulk material, and that plane strain is a satisfactory
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approximation of the conditions in the bulk material
(“Generic FE simulations of the stress state” section).
Second, the FE model of the experimental shearing
conditions is validated against previously published tool
forces and strain fields (“Validation of the FE model at
experimen- tal conditions” section). Third, a comparison
between the stress state from FE simulations and from
calculations based on the measured displacement fields
is presented, in terms of effective von Mises stress
(“Comparison of von Mises stress” section) and stress
triaxiality (“Comparison of stress triaxiality” section).
The stress calculated from measured displacement
fields will hereafter be referred to as experimental stress.
Finally, a summary of the comparison between simulated
and experimentally based stress and strain conditions
closes this section (“Summary of measured and simulated
results” section).
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Fig. 6 Comparison of force-displacement curves from experiments
and simulations, when shearing the medium-strength material (a)
and the high-strength material (b). The simulated curves are the same
as in fig 5, but for the readability only the 0.15h clearance is shown
here. The experimentally measured force-displacement curves were
taken from Gustafsson et al. (2016b)
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Generic FE simulations of the stress state
Strains on the sheet surface and inside the sheet are almost
the same during shearing, as showed by Gustafsson et al.
2016b. Here, the same 3D and plane strain FE models
were used to investigate the stress state in terms of mean
stress (pressure), von Mises stress and triaxiality. Results
from the generic FE simulations are presented in Figs. 2, 3
and 4. Plane strain was a good approximation of the inte-
rior stress state according to the evaluated parameters
(Figs. 2b—c, 3b—c and 4b-c), but the surface stress, in
terms of pressure and triaxiality, was not comparable to
the stress in the bulk material (Figs. 2a—b and 5a-b).
There was, however, a good agreement between the von
Mises stress on the surface and the interior (Fig. 3a-b).
This was expected since the effective strain was in good
agreement between surface and the interior in a previous
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comparison by Gustafsson et al. (2016b). The von Mises
stress gradients were largest outside of the plastic zone.
This was also expected since the gradient, after the yield
locus is reached, is proportional to the hardening modulus
which is much smaller than the Young’s modulus.

In the area between the arcs of the tools, the pressure
was lower on the surface compared to the interior and
the triaxiality was larger. The triaxiality in the material
between the tools was in general slightly positive on the
surface and slightly negative in the bulk material at this
state of the shearing.

Validation of the FE model at experimental conditions

Tool forces from the FE simulations, up to the tool
displacement |U,| where final fracture occurred in the
experiments, are presented in Fig. 5. All trends in the
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Fig. 7 a—f FE simulated effective plastic strain fields at crack initiation for the medium-strength material using one clamp (left panels) and two
clamps (right panels). Clearances, expressed as fractions of sheet thickness h, are indicated in each panel
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forces from variations of the tool clearance and clamp-
ing configurations, and the general shape of the force
curves, were the same in the simulations shown here as
in the experiments by Gustafsson et al. (2016b). There
was, however, a slight overestimation of both force com-
ponents F, and Fy in the simulations, as shown in Fig. 6.
In general, the overestimation increased along with the
tool displacement, |U,|, for both materials, but for the
medium-strength material, the overestimation in F, was
almost constant. The drop in forces after crack initia-
tion, seen in the experiments, was not captured by the
simulations since crack formation was not accounted for
in the model.

Effective plastic strains from FE simulations for the two
material grades at the stage of crack initiation are shown
in Figs. 7 and 8. There was a good agreement between the
experiments presented by Gustafsson et al. (2016b) and
the simulations shown here. The large gradients close to
the arc of the tool were better resolved in the simulations,
and a comparison of the largest strains was therefore not
straightforward.

Comparison of von Mises stress

Von Mises stresses from FE simulations are presented
in Figs. 9 and 11, and the corresponding experimen-
tal stresses are presented in Figs. 10 and 12. As for the
strains, there was a good agreement between the von
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Mises stresses from FE simulations and experiments. The
experimental results showed less details compared with
the simulations, especially at the sheet edges. Missing
information at the edges also resulted in a shape of the
imaged area without a distinct indentation of the tools
into the sheet (Figs. 10 and 12). For some experiments,
white areas of missing data extends further into the sheet
from the edge. This is most pronounced in Fig. 10e, where
the deformations were largest.

Comparison of stress triaxiality

Stress triaxiality from FE simulations are shown in Figs. 13
and 15 and from experiments in Figs. 14 and 16. The cal-
culated triaxialities contained much noise, especially in
areas with small von Mises stresses due to the definition
as the ratio of mean stress to von Mises stress. There-
fore, the data in Figs. 14 and 16 was low-pass filtered
to improve the readability. In general, the triaxiality was
larger in the area close to the vertical surface of the tools
next to the arc of the tool than in an area close to the arc
itself. The areas of the largest triaxiality, along the hori-
zontal sheet edge that is not in contact with the tool, were
not subject to notable effective strains, and therefore, no
cracks were observed there. Since the simulations (Figs. 13
and 15) show the stress state in the bulk material and the
experiments (Figs. 14 and 16) show the stress state on the
surface, these triaxiality fields were not comparable.
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Fig. 8 a-d FE simulated effective plastic strain fields at crack initiation for the high-strength material using one clamp (left panels) and two clamps
(right panels). Clearances, expressed as fractions of sheet thickness h, are indicated in each panel
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Fig. 9 a—f FE simulated von Mises stress (Eq. (1)) fields at crack initiation for the medium-strength material using one clamp (left panels) and two
clamps (right panels). The fringe levels are in megapascal. Clearances, expressed as fractions of sheet thickness h, are indicated in each panel

Summary of measured and simulated results

In addition to the fringe plots of stress and strain pre-
sented (Figs. 7, 8, 9, 10, 11, 12, 13, 14, 15 and 16), a
numeric summary of these parameters, at crack initia-
tion, is provided in Table 2. The parameters were eval-
uated in three regions of the sheet in the vicinity of
the arc-shaped 2D profile of the lower tool, as indicated
in Fig. 17. At point I, where the curvature of the tool
profile changes, the material is heavily loaded and large
stresses and strains are therefore expected there. Large
strain gradients from the simulated data were found close
to the tool; hence, point II was chosen a short distance
away from the curved tool profile. There were large stress
triaxialities in the simulated data in region III, where
the sheet is in contact with the vertical tool profile just

below point I. Moreover, cracks were sometimes found in
this region.

The summary in Table 2 shows that strains at
point I were larger in the simulations, ™, than in the
experiments, & . The simulations indicated a large strain
gradient between points I and II, but such gradient could
not be revealed from the experiments since points I and II
could not be distinguished due to the experimental res-
olution. There was a reasonable agreement between the
simulated and experimentally based von Mises stresses for
the high-strength material; the agreement was less satis-
factory for the medium-strength material. There was no
clear trend of stress triaxiality for either material strength,
tool clearance or clamping configuration, but there was
still a large spread of measured values.
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Fig. 10 a—f Experimentally based von Mises stress (Eqg. (1)) fields at crack initiation for the medium-strength material using one clamp (left panels)
and two clamps (right panels). The fringe levels are in gigapascal. Clearances, expressed as fractions of sheet thickness h, are indicated in each panel

Discussion
Tool forces were slightly overestimated by the applied FE
model already from small tool displacements, as shown in
Fig. 6. Possible reasons include an incorrect material yield
strength and hardening and also the friction coefficient
between sheet and tools. The materials were characterised
by accurate compression tests, but only data from the
thickness direction were used for the isotropic model
and there was no perfect fit of the exponential hardening
law to the compression test data. The friction coeffi-
cient was studied in the sensitivity analyses by Gustafsson
et al. (2014) and had large effects on the tool forces. An
increased friction coefficient resulted in largely increased
Fy and increased F), along with the tool displacement.
The large strain gradients in the sheet material around
the curved tool profile made the comparison between
measurements and simulations difficult, as the results
were resolution dependent. These gradients, expressed

as relative increase of strain from point II to point I (a
distance of about 0.2 mm), varied from 26 % to almost
90 %, depending on shearing configuration and material
strength. There was also a limitation in the measurement
technique that prevented accurate measurements close to
the edges as discussed by Gustafsson et al. (2016b). Also,
due to the same phenomenon, measured strains after
crack initiation would likely be overestimated since the
image correlation algorithm and strain calculations inter-
pret relative movement of the fractured parts as strain.
The comparison of the stress state between experi-
ments and simulations is problematic since the calcula-
tions based on the measured strain give the stress state
on the surface and the simulations in plane strain give the
stress state in the bulk material. The obtained von Mises
stress was still almost identical between the two methods,
but the triaxiality differed in both distribution and lev-
els. Possibly, the triaxiality from both methods are correct,
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simulations for the bulk material and calculations from
measurements for the surface, although not equal. For a
correct comparison, either the simulations need to be in
three dimensions and the triaxiality taken on the surface
or the calculations from measured strains need to be done
with the same plain strain approximation. A surface com-
parison would maybe be the most intuitive choice since
strains are measured on the surface. On the other hand,
the surface is a small part of the total shearing process,
and therefore, the stress in the bulk material is of more
interest. Consequently, in a strictly experimental aspect,
the calculations from measured displacements should use
the plane strain approximation to provide bulk material
stresses. The present experimental results are still use-
ful for validation of a three-dimensional finite element
simulation.

The maximum strain was found in the sheet material
around the curved tool profile. Within the zone that is
plastically deformed, the maximum triaxiality was found
in the material in contact with the vertical surface of the
tool below the curved tool profile. Therefore, a larger
impact of triaxiality on the crack initiation will result in a
larger burr on the sheared samples.

Although gradients in the studied parameters are bet-
ter resolved in the simulations compared with calculations
from experiments, the result is still largely dependent on
the mesh density. The gradients, and also the maximum
value of the effective strain, will increase with smaller
elements in contact with the tools and decrease with
larger elements. Therefore, if the limitation in the digi-
tal image correlation technique close to the edges of the
sheet is ignored, the mesh density in the finite element
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Fig. 14 a—f Experimentally based stress triaxiality (Eq. (2)) fields at crack initiation for the medium-strength material using one clamp (left panels) and
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two clamps (right panels). Clearances, expressed as fractions of sheet thickness h, are indicated in each panel

simulations can be matched to the resolution in the mea-
surements to obtain comparable results. This matching
was initially done in the simulations, but the experimental
results required filtering that reduced the effective res-
olution and the limitation in the measurements close to
the edges was substantial. The measurements at the edges
were also negatively influenced by the sample preparation
as discussed by Gustafsson et al. (2016b). In the present
state, the experiments are best used if the data close to
the edges are ignored and the remaining data are used for
validation of a finite element model that later can provide
the missing experimental data.

A possible weak point in the present study is the identi-
fication of the point of crack initiation, which is the point
during the shearing where all comparisons are made. The
point of crack initiation was taken when the crack became
visible on the surface in the captured images. Possibly,
micro-cracks existed earlier, and the cracks on the surface

were maybe formed earlier or later than in the bulk mate-
rial. A visible crack in a heavily sheared surface is quite
subjective, and possibly, the tool displacement at crack
initiation, that was also used in the FE simulations, was
misinterpreted by a few tenth of a millimetre. Still, this
would unlikely change the stress triaxiality to the mag-
nitude that the observed spread would vanish or a clear
trend become visible.

Conclusions

The stress and strain conditions at crack initiation in
shearing of two steel sheet grades with various clearance
and clamping were studied by calculations based on mea-
sured displacement fields and by finite element simula-
tions. The finite element model was first validated against
experimentally measured tool forces and strain fields
on the sheet surface. Conclusions from the study were
as follows:
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Fig. 15 a—d FE simulated stress triaxiality (Eq. (2)) fields at crack initiation for the high-strength material using one clamp (left panels) and two clamps
(right panels). Clearances, expressed as fractions of sheet thickness h, are indicated in each panel
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Fig. 16 a—d Experimentally based stress triaxiality (Eq. (2)) fields at crack initiation for the high-strength material using one clamp (left panels) and
two clamps (right panels). Clearances, expressed as fractions of sheet thickness h, are indicated in each panel
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Table 2 Summary of effective strains & (Eqg. (3)), von Mises stresses & [MPa] (Eq. (1)) and stress triaxiality n (Eq. (2)) at crack initiation for

both experiments and simulations

Medium strength High strength

1 clamp 2 clamps 1 clamp 2 clamps

0.05h 0.15h 0.25h 0.05h 0.15h 0.25h 0.15h 0.25h 0.15h 0.25h
g 17 17 30 1.0 1] 12 06 05 06 1.0
gim 24 22 35 20 19 19 15 17 1.1 12
&im 17 15 29 15 15 15 1.0 09 08 09
57" 850 840 870 820 820 840 1480 1480 1480 1480
&om 930 930 990 850 900 910 1520 1530 1530 1480
n® 0.2 0.05 0.2 0.1 0.1 0.1 0.2 0.2 0.05 0.1
piim 03 0.05 03 0.2 04 0.5 0.0 0.1 0.2 03
niim 0.7 0.7 08 04 05 06 03 04 0.2 04

These parameters were evaluated in three regions denoted |, Il and Il and located as shown in Fig. (17). Steel sheets of two strength levels, two clamping configurations and

three clearances, expressed as fractions of sheet thickness h, were used

e Effective strains and von Mises stresses were similar
to the sheet surface and inside the bulk material.
Mean stress, and therefore also triaxiality, was
however not comparable on the surface and inside
the material.

e There were large gradients in strain and stress
around the curved tool profiles that were not
captured by the experimental method. The results are
still useful in combination with finite element
simulations that are first validated with the

Fig. 17 Definition of locations, denoted I-ll, close to the arc-shaped
tool profile where the parameters in Table 2 were evaluated. Point I:
transition from a vertical to an arc-shaped tool profile. Point Il: 0.1 mm
from middle of the arc profile along a direction 45° from the
horizontal. Region Ill: close to the vertical tool profile just below point I.
The image was taken from a simulation of shearing the medium-
strength material with two clamps and 0.15h clearance. As length
reference, the undeformed element size in the sheet mesh is 0.1 mm

experimental data and later used to provide missing
data of stress and strain at the sheet edges.

e Slightly larger effective strains and von Mises stresses
were in general seen when shearing with one clamp
compared with two clamps, but no clear trend was
seen for the stress triaxialities.
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