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Abstract. Due to a rising part complexity, finite element simulations are nowadays
standard in forming technology. For a realistic prediction of part quality in terms of fine
blanking simulations, material modelling as well as meshing strategy reflect two challenges.
The prediction of ductile fracture is needed in order to predict scar formation on the
blanked surface. Additionally, the blanking edge geometry such as chamfer preparation
and blanking clearance need to be mapped realistically, because minor changes of the
micro-geometry can lead to significant scar formation.

As a reference for realistic simulations, a specially developed fine blanking tool covering
the whole process window is shown in this paper. Changeable active elements enabling the
variation of process parameters in order to estimate the process boundaries. Additionally
a force measurement system is implemented, which measures all significant blanking forces
for a comparison with simulations.

Common finite element codes need very small elements in order to create a realistic
mesh for blanking simulations, which results in a high number of elements and therefore
a high computation time. Due to this, a special ALE code with remeshing techniques
was developed by Manopulo [1] and is used within this paper in order to simulate the
mentioned fine blanking tool.

Several ductile fracture models including Oyanes criteria [2], Johnson Cook and a Lode
parameter dependent model of Bai and Wierzbicki [3] have been calibrated by means of
torsion tests and tensile tests with notched specimens for different stress triaxialities. A
comparison of the models for the prediction of scar formation in 3D ALE fine blanking
simulations is given in order to give an overview of the applicability of the chosen models.
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1 INTRODUCTION

Several models describing ductile fracture have been developed either in the strain
or stress space or by using a combination. Early works are from Freudenthal [4] who
defined a critical work, however, Freudenthal does not differentiate between a tensile or
a compressive stress state. Cockroft and Latham [5] were using the maximum principal
stress σ1 in order to distinguish the stress state whereas Oyane used the hydrostatic stress
σh:

σh =
σ1 + σ2 + σ3

3
(1)

in order to model ductile fracture according to equation (2).

C =

∫ ϕf

0

(1 +
σh

Aσ0

)dϕ (2)

The hydrostatic stress is often used in a dimensionless form as stress triaxiality η:

η =
σh

σ0

(3)

Another parameter describing the stress state was announced by Lode [6]:

µ =
σ2 − σ1+σ3

2
σ1−σ3

2

= 2
σ2 − σ3

σ1 − σ3

− 1 (4)

describing the relation of the intermediate principal stress to the minimal and maximal
principal stress. Another expression can be found in Malvern [7] on the basis of the third
invariant I3(S) of the deviatoric stress tensor S:

ζ =
27

2

I3(S)

σ3
0

=
27

2

(σ1 − σh)(σ2 − σh)(σ3 − σh)

σ3
0

(5)

Depending on the formulation of the yield stress, equation (5) differs slightly from (4).
Additionally, literature shows different signs for equation (5). Due to the order of the
principal stresses σ1 ≥ σ2 ≥ σ3 the values of the Lode parameter are in the range of [-1,1].

Nonlinear load paths can be taken into account by integrating a damage variable D:

D =

∫ ϕf

0

1

ϕf

dϕ (6)

where ϕf can be a function. Johnson and Cook proposed a more detailed description
than Oyane of the stress triaxiality - fracture strain curve as given by equation (7)

ϕf =

[
d1 + d2 exp

(
−d3

σm

σeq

)][
1 + d4 ln

(
ε̇peq
ε̇0

)][
1 + d5

T

T0

]
(7)
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and included the effect of strain rate and temperature. Bai and Wierzbicki [8] proposed an
empirical fracture surface including stress triaxiality and lode parameter in the fracture
strain function ϕf = f(η, ζ) of the following form:

ϕf = c1 · e(−c2·η) − (c1 · e(−c2·η) − c3 · e(−c4·η)) · (1− ζm)(
1
m
) (8)

with m as an even integer.

2 EXPERIMENTAL INVESTIGATION OF SCAR FORMATION IN FINE
BLANKING

In order to investigate the parameter, which are responsible for the quality of fine
blanked parts, a specific tool was developed. It is built on a modular basis with changeable
active blanking tool elements. This modularity allows a fast and cost effective investiga-
tion of the influence of process parameters like blanking clearance and die edge preparation
by changing the responsible elements. Additionally, the geometric influence was covered
with different teeth geometries. The tooth bases reflect a rotationally symmetric part ge-
ometry, whereas the varying teeth corner radii results in a different convexity. Optionally,
a V-Ring can be used in order to reduce material flow in the blanking sheet plane.

Figure 1: Modular Experimental Fine Blanking Tool with different geometric entities and internal
blanking force measurement system

Within this paper, the results are referred to the cold rolled material 22MnB5 with
the normalized yield curve shown in Figure 2. The material was heat treated in order
to obtain a globular cementite structure within the ferrite matrix, which is also shown
in Figure 2. This structure is necessary for a high percentage of clean cut, especially for
higher carbon contents as shown by Lange et al. [9].

The influence of the following process parameters on the quality of the blanked surface
was experimentally investigated:
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Figure 2: Material Properties of 22MnB5: Normalized Yield curve (left) and a polished micrograph of
the globular cementite structure within the ferrite matrix (right)

• Blanking Clearance

• Die Chamfer Size

• Initial Blanking Temperature

• Geometry of blanked part

and pictures of the blanked parts are shown in Figure 3. The corresponding nomenclature
of the varied process parameters is given in Table 1. Figure 3 shows that within the
investigated parameter range, the chamfer size has the highest impact on scar formation.
Only the two smallest teeth corner radii r04 and r05 show minor cracks towards the end of
the blanking depth for the ch01 chamfer size configuration. The varying clearance exhibits
a minor but still clear influence such that the size of the scars reduces with decreasing
blanking clearance or even vanish for the cl01 case if the teeth radius is large enough
(r01) .In contrast, the initial sheet temperature does not reveal a recognizable effect on
surface cracks. Cracks occur roughly in the middle of the sheet, which correlates with
approximately one third of the blanking depth.

3 CALIBRATION OF DUCTILE FRACTURE CRITERIA IN
BULK METAL FORMING

The identification of the failure criteria is based on seven different specimen geometries
and loading conditions as shown in Figure 4. Specimens (1-3) have been tested in a torsion

565



T. Wesner and P. Hora

Figure 3: Influence of process parameters blanking clearance (left), die chamfer size (mid) and initial
sheet temperature (right) as well as different part geometry on scar formation

Table 1: Description of blanking experiment references

Teeth Radius clearance chamfer height temperature
XX (rXX) (clXX) (chXX) (tXX)

[% sheet thickness] [% sheet thickness] [% sheet thickness] [Celsius]
01 17.5 0.175 6.25 20
02 15.0 0.375 2.50 200
03 12.5 0.625
04 10.0 0.825
05 07.5 1.375

test rig under pure torsion loading (specimen 1), torsion superposed with a constant
force corresponding to 0.25 · Rp0,2 (specimen 2) and 1.0 · Rp0,2 (specimen 3). It can be
observed, that necking does not appear for specimen one and two, whereas number 3 show
a localization effect due to the additional tension loading. Specimen (4-7) are tested in
a standard tensile test machine recording force and displacement. The failure strain was
evaluated by means of Finite-Element-Method (FEM) simulations. In order to determine
the critical increment, the experimental force displacement curve was compared with the
simulation as illustrated in Figure 5.

Additionally, the specimen geometry at fracture was compared with the virtual pre-
dicted shape because of the non uniqueness of the force displacement. As shown in Figure
5, the FEM model was able to represent the necking behavior of the specimens. The frac-
ture strain was evaluated at the element where the first crack occurred in the experiment.
This material point is identical with the point of the highest maximum principal strain at
fracture for the specimens shown in Table 1. The determined fracture strains are listed
in a normalized form in Table 2. Furthermore, the average stress triaxiality η as well as
the average Lode parameter ζ are given in Table 2. Both average values are arithmetic
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Figure 4: Specimens for parameter identification of ductile fracture criteria
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Figure 5: Force-Displacement curves (left, middle) and comparison of geometry after necking (right) for
specimen (4) and (5)

mean values over the number of simulation increments.
Oyanes criteria was calibrated with the torsion test specimen (1) and the standard

tensile test specimen (4) assuming a constant stress triaxiality of 1/3 for the tensile
test. This led to the normalized material fracture line of Figure 3. Fracture strains for
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Table 2: Summary of experimental calibration data

Geometry Number Specimen η ζ ϕf/ϕf,torsion

1 Torsion 0.00 0.00 1.00
2 Torsion and Tension 0.03 0.11 0.95
3 Torsion and Tension 0.14 0.52 0.60
4 Tensile Test 0.36 0.95 0.66
5 Plate with hole 0.54 0.88 0.58
6 Flat notched 1 0.64 0.68 0.57
7 Flat notched 2 0.72 0.39 0.55

stress triaxiality values η < 0 and η > 0.3 are extrapolated with equation (2). Figure 6
(left) shows the normalized experimental values of Table 2 and the Oyane extrapolation.
The calibration of the fracture surface according to equation (8) was done by using the
average values η and ζ of Table 2 for stress triaxiality and lode parameter. A nonlinear
least squares method was used in order to determine the material parameters. Due to the
lowest mean square error, the parameter m was chosen to be m = 2. The determination
of parameters leads to the surface in figure 6, which is a visualization of equation (8).
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Figure 6: Determined fracture lines (left) and fracture triaxiality/lode parameter dependent fracture
surface (right)

4 COMPARISON OF DIFFERENT FAILURE MODELS

In order to represent the micro geometry of the cutting edges, very fine meshes are
needed in standard commercial Lagrangian FEM codes. However, fine meshes lead to high

568



T. Wesner and P. Hora

computational requirements. Due to this, Manopulo [1] developed a special FEM code by
using the Arbitrary-Lagrangian-Eulerian method and a specific remeshing scheme. The
result variables are mapped to the new meshes on the basis of a second order convective
algorithm. The remeshing scheme takes advantage of the pre-known tool geometry by
defining sections along the line of blanking, see Figure 7. For each section, the micro
geometry can be mapped by defining the tool radius or chamfer size, as well as the
amount of element layers. Due to this, an optimal configuration of the mesh around the
tool corner can be established (Figure 7, middle). This mesh around the tool edges is
then moved with the tool velocity and a surface tracking method corrects the free surfaces,
which are not in contact with the blanking tools. Due to this, a high finite element mesh
quality can be kept during the whole simulation. A detailed description of the method
can be found in [10].

Figure 7: Specific mesh sectioning and generation in special purpose 3d ALE code for fine blanking
simulation

The Oyane (equation (2)) as well as the triaxiality and lode parameter dependent
(equation (8)) failure criteria were implemented in the 3D ALE code. As a cut off value
for the stress triaxiality, η = −0.3 was chosen, below which now damage is accumulated.
Simulations of the configurations ch01 and ch02 reveal that for the smaller chamfer size
ch01, both criteria can predict failure at the correct position of the teeth as well as at
the correct blanking depth. Contour plots of the damage values C (equation (2)) and D
(equation (6)) are shown in Table 3 for both simulated chamfer sizes. All three models
show a nonzero damage value already at the chamfer before the clean cut vertical surface.
The damage values at this position depend on the cut off value for stress triaxiality as
well as on the extrapolation of the fracture strain for negative triaxialities. As shown in
Figure 6, the Johnson Cook models reveals a steep increase of the fracture strain at η = 0
whereas the models of Oyane and Wierzbicki have a lower gradient. Due to this, the
Johnson Cook models takes plastic strain increments with a negative hydrostatic stress
less into account and therefore, predicts a lower damage value under the chamfer.

For the larger chamfer size ch01, all three models show a similar damage parameter
evolution. However, by taking a critical damage value on the basis of the blanking depth
where failure occur for the ch02 configuration, crack formation is overestimated. The Oy-
ane model show scar formation around a blanking depth of 50% sheet thickness although
no scars are obvious as shown in Table 1. By evaluating the material data at the end of
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Table 3: Comparison of the simulation results of the two failure models (Oyane and triaxiality/lode
dependent) used in the simulations for a blanking depth of 37% sheet thickness, which correlates with
the point of scar occurrence for the ch02 configuration

chamfer size ch01 chamfer size ch02

Experiment

Oyane

Johnson-Cook incremental

Lode dependent incremental
Contour Legend 0 1.3

the chamfer where the vertical blanking surface ends, as illustrated in Figure 8, the re-
sponsible parameter for the damage calculation can be investigated. The overestimation
of failure is due to a rising equivalent plastic strain over the blanking depth as shown
in Figure 9 (left). The integration of equation (6) leads therefore to a constantly rising
damage parameter over the blanking depth (Figure 9,right). Due to the same form of
the damage calculation, all investigated models show a similar behavior as the illustrated
Oyane criteria. However, a clear difference in the slope of the damage parameter is ob-
vious in Figure 9. A possible reason why no cracks occur at higher blanking depths for
the larger chamfer size ch01 could be a rise in ductility due to an increasing temperature
in the shearing zone of the blanked part. Due to this, preheated sheets were blanked as
shown in Figure 3, but no significant difference could have been observed. Additionally,
torsion test at higher temperature does not reveal a strong increase of the fracture strain
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at temperatures up to 400 Celsius. Another reason could be a kinematic hardening effect
which steps in when the material particle leaves the position under the chamfer, where
still surface pressure of the tool exists.

Figure 8: Evaluated node at die chamfer

Figure 9: Equivalent plastic strain and Oyane damage value over blanking depth for both chamfer
configurations ch01 and ch02

5 CONCLUSION

Fine blanking experiments revealed, that clearance and particularly the micro geometry
of the tool edges (chamfer size) strongly influence the formation of surface cracks. The
ductile fracture models of Oyane, Johnson-Cook and a lode parameter dependent model
according to Wierzbicki are able to predict failure correctly for a small chamfer size.
However, the models overestimate the failure at higher blanking depths due to a constantly
rising plastic strain. In order to reduce the dependency on plastic strain, a stress limit,
which might be dependent on the hydrostatic stress, could be able to avoid the overshoot
of the model prediction.
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Zürich, 2011.

[2] Moriya Oyane, Teisuke Sato, Kunio Okimoto, and Susumu Shima. Criteria for ductile
fracture and their applications. Journal of Mechanical Working Technology, 4(1):65–
81, April 1980.

[3] Yuanli Bai and Tomasz Wierzbicki. A new model of metal plasticity and fracture with
pressure and Lode dependence. International Journal of Plasticity, 24(6):1071–1096,
June 2008.

[4] Alfred Martin Freudenthal. The Inelastic Behavior of Engineering Materials and
Structures. New York: Wiley; London: Chapman, 1950.

[5] M. G. Cockcroft and D. J. Latham. Ductility and the workability of metals. Journal
Of The Institute Of Metals, 96:33–39, 1968.

[6] W. Lode. Versuche über den Einfluß der mittleren Hauptspannung auf das Fließen
der Metalle Eisen, Kupfer und Nickel. Zeitschrift für Physik, 36(11-12):913–939,
November 1926.

[7] Lawrence E. Malvern. Introduction to the mechanics of a continuous medium.
Prentice-Hall series in engineering of the physical sciences. Prentice-Hall, Englewood
Cliffs, N.J, 1969.

[8] Tomasz Wierzbicki, Yingbin Bao, Young-Woong Lee, and Yuanli Bai. Calibration
and evaluation of seven fracture models. International Journal of Mechanical Sci-
ences, 47(4-5):719–743, 2005.

[9] Edelstahlwerke Buderus, editor. Umformen und Feinschneiden: Handbuch für Ver-
fahren, Werkstoffe, Teilegestaltung. Hallwag, Bern, 1997.

[10] Niko Manopulo, Longchang Tong, and Pavel Hora. An ALE Based FE Formula-
tion for the 3d Numerical Simulation of Fineblanking Processes. AIP Conference
Proceedings, 1252(1):1168–1175, June 2010.

572




