
Institutionen för teknikvetenskap och matematik
Avdelningen för Hållfasthetslära

ISSN 1402-1544
ISBN 978-91-8048-157-1 (tryckt)
ISBN 978-91-8048-158-8 (pdf )

Luleå tekniska universitet 2022

O
lle Sandin - Predicting sheared edge characteristics of high strength steels

Predicting sheared edge 
characteristics of high strength 

steels

Olle Sandin

Hållfasthetslära

LICENTIATUPPSATS

SV
ANENMÄRKET

Trycksak
3041 3042

Tryck: Lenanders Grafiska, 451932

5595106_Omslag.indd   35595106_Omslag.indd   3 2022-10-24   10:072022-10-24   10:07



Predicting sheared edge
characteristics of high strength

steels

Olle Sandin

Division of Solid Mechanics
Department of Engineering Sciences and Mathematics

Lule̊a University of Technology
Lule̊a, Sweden

Licentiate Thesis in Solid Mechanics



ii



Preface

The work presented in this thesis has been carried out at the Division of Solid
Mechanics, Department of Engineering Sciences and Mathematics at Lule̊a Uni-
versity of Technology (LTU), Sweden. Economic support is supplied through the
European Commission, Research Fund for Coal and Steel, under grant agreement
847213 and the results are part of the CuttingEdge4.0 project.
Many have contributed in order to complete this thesis. First, I would like to
express my gratitude to my supervisors Prof. Daniel Casellas, Prof. Pär Jonsén
and Assoc. Prof. Jörgen Kajberg for their insightful and knowledgeable guidance.
I would also like to thank my colleague and co-supervisor Dr. Samuel Hammarberg
for fruitful collaboration and discussions. Furthermore, I appreciate the support
from Dr. Patrick Larour and the CuttingEdge4.0 consortium who have given me a
thorough insight into the subject of shear cutting. I would also like to thank my
colleagues at Lule̊a University of Technology for their help, interesting discussions
and for being enjoyable company at the fika breaks.
Finally, I wish to thank my family, friends, my wife Mia and my daughter Lotta
for their endless support and encouragement.

Lule̊a, November 2022
Olle Sandin

iii



iv



Abstract

An efficient way of reducing CO2 emissions from the transportation sector is to
reduce the vehicle weights, i.e. lightweighting. A common strategy for lightweighting
of vehicles is to replace the steels used to build structural parts of the vehicle,
usually manufactured by metallic sheets, with stronger, advanced high strength
steel (AHSS) grades. Using stronger steel grades enables down-gauging while
the structural integrity of the parts remain unchanged. However, the increase in
strength of AHSS typically comes with a loss of ductility, affecting their forming
properties. A common AHSS manufacturing defect is edge cracking occurring when
a sheared edge (damaged by the shearing operation) is bent or stretched. It is
known in the sheet metal forming industry that the shear cutting process introduces
damage, in terms of micro-cracks and notches, to sheared edges from which edge
cracks can grow. Conventional forming analyses do not include the effects from
sheared edge damage and therefore can not predict edge cracking during forming.
Numerical modelling of the shear cutting process can aid the understanding of
sheared edge damage and how it affects the AHSS edge cracking phenomena.
This thesis presents experimental and numerical methods for calibration of a
commercial damage- and failure model, intended for shear cutting simulations.
Crack initiation and propagation govern the shear cutting process of AHSS sheets.
Therefore, a commercial numerical damage- and failure model was studied regarding
its ability to predict shear edge damage. The investigation shows that the damage-
and failure model has limitations concerning prediction of crack initiation, thus
concluding that modelling of processes including formation of cracks using the said
damage- and failure model risks to generate erroneous results. This phenomena
was also seen in modelling of shear cutting, where the crack-driven fracture process
following burnish formation was delayed. Through sensitivity analysis of un-
calibrated areas on the failure locus could accurate correlation between numerical
and experimental cut edge morphology be obtained. Such results show that
additional calibration experiments are necessary, but also the need for development
of stress-state dependent failure modelling of AHSS that includes the effect from
cracks.
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Chapter 1

Introduction

This introductory chapter of the thesis aims at providing the reader with the
objective and background of the research conducted during the first half of my
Ph.D studies.

1.1 Background and motivation
As the transportation sector is facing increasing legislative and public demands
on reduced CO2 emissions, the automotive industry is continuously striving to
lower the fuel consumptions of its vehicles. An efficient tool in reducing the fuel
consumption is lowering the vehicle weight by introducing lightweight materials. A
commonly used group of lightweight materials is Advanced High Strength Steel
(AHSS). The high strength of AHSS grades compared to conventional steel enables
the down gauging of sheet steel parts while retaining the structural integrity. Steel
manufacturers are constantly competing to increase the strength of their steel grades
in order to offer the automotive industry further weight reduction possibilities,
leading to new AHSS grades being introduced every year. An advantage with
AHSS compared to other lightweight materials such as carbon-reinforced composites
or extruded aluminium is that the bulk material is relatively cheap and that
conventional manufacturing processes can be used. Manufacturing of sheet steel
parts consists of sequential steps, starting with rolling of slabs to sheets with a
certain thickness. The sheet steel is then cut to a certain shape (often called
blanking) and the blank is finally subjected to post-cutting forming operations to
obtain the final design. Shear cutting is a common blanking method due to cost
efficiency and the possibility of automation. However, it is well known that shear
cutting induce damage to the cut edge, affecting its quality in terms of impaired
forming properties. For AHSS grades in particular, damage from shear cutting
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4 Introduction

makes the edge prone to crack if subjected to tensile loads, as damage in terms
of cracks and notches obtained from the cutting process propagate from the edge.
Edge cracking can therefore occur during forming of sheet steel parts where sheared
flanges are being stretched or holes are expanded. Damaged cut edges may also
impair the performance of passive safety parts consisting of AHSS as cracks may
cause unanticipated failure of shock absorbing details or changed load paths. Cut
edge damage in AHSS grades has consequently become a serious manufacturing
problem, why methods of controlling the cut edge quality in the shear cutting
process have become increasingly important for understanding stretch-flangeability
and crack resistivity for AHSS. Numerical modelling of the shear cutting process
can aid the understanding of damage causing edge cracking. This can be an
important tool when designing and manufacturing AHSS sheet part, since the risk
of edge cracking can be detected virtually early in the product development stage.
Virtual edge damage assessment can therefore enhance the use of AHSS grades,
as costly re-designing and manufacturing disturbances may be avoided. However,
such numerical tool requires both high accuracy and low computational effort in
order to fulfil industrial requirements and enable widespread use.

1.2 Scientific background
This section will briefly describe the scientific background of the thesis by introduc-
ing AHSS steel grades, shear cutting and edge cracking. The sections ends with
stating the aim and objective of the work behind the thesis.

1.2.1 Advanced High Strength Steel
The materials investigated in the present thesis work are Advanced High Strength
Steel grades. The AHSS classification consists of a number of sophisticated steel
materials with mechanical properties suitable for a wide range of applications. AHSS
grades have complex multi-phase structures with careful chemical compositions
obtained from precise metallurgical processes. Phase structures included in the
AHSS classification are, according to Keeler et al. (2017), Dual Phase (DP),
Complex Phase (CP), Ferritic-Bainitic (FB), Martensitic (MS), Transformation-
Induced Plasticity (TRIP), Hot-Formed (HF), and Twinning-Induced Plasticity
(TWIP). AHSS grades include cold-rolling, hot-rolling and hot-forming. This thesis
focus on the cold-rolled grades DP1000 and CP1000HD in particular. The yield
strength and ultimate tensile strength of DP1000 was 700 MPa and 1000 MPa,
respectivley. For CP1000HD the yield strength was 780 MPa with an ultimate
tensile strength of 1000 MPa. Dual Phase (DP) steels consist of a ferritic-martensitic
microstructure where the hard martensite forms inclusions in the softer ferrite
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matrix. Increasing the volume fraction of martensitic inclusions generally increases
the material strength. DP steels tend to have high strain hardening rates as the
soft ferrite matrix causes plastic strain concentrations at the harder martensitic
islands. Complex Phase (CP) steels consist of a ferritic/bainitic matrix with small
amounts of martensite, retained austenite and pearlite. CP steels generally show
higher ratio of yield to tensile strength than DP steels and have high crash energy
absorption and bending properties. CP1000HD contains a slightly higher silicon
content and is designed for higher ductility compared to traditional CP steels.

1.2.2 Shear cutting and edge cracking

Shear cutting is described as the process of straight cutting of material between
a counter-moving punch and die without any chip formation, melting or burning.
Shear cutting follows three main stages, as described by Gustafsson (2016), and
schematically shown in Figure 1.1:

• Roll-over: When the punching tool initiates contact with the work piece a
bending moment causes plastic deformation and a roll-over formation of the
material.

• Shearing: After a certain amount of plastic deformation in the roll-over
process, shearing penetration commences, separating the work-piece at the
vicinity of the tool edges.

• Fracture: The shearing stage is followed by material fracture, arising from
the punch edge and the die edge. The fracture follows a band of large plastic
strains caused by the high pressure arising from the shearing stage.

(a) Initial (b) Roll-over (c) Shearing (d) Fracture
Clearance

Die

Blank

Punch

Plastic deformation Penetration

Fracture

Figure 1.1: Schematic image of the shear cutting process, showing (a) the initial
configuration, (b) formation of roll-over, (c) shearing and (d) fracture.
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The shear cutting process creates a cut edge shape, a so called cut edge morphology,
consisting of different surfaces and features. The size and position of these cut edge
surfaces are conceptually shown in Figure 1.2. The composition of the characteristic
surfaces along the cut edge is dependent on cutting parameters, such as tool radius,
clearance, punching speed, blank holder force and contact friction. Formation of
burr is not linked with a certain shear cutting stage, but rather dependent on
cutting parameters. Burrs arise if the fracture crack is growing from a horizontal
distance from the die edge and is therefore a results of a large cutting clearance.
The cut edge morphology is often included in the general term cut edge quality,
which implies that the cut edge morphology influences the edge cracking properties.
Additionally, plastic strains caused by shear cutting will to varying extent spread
from the cut edge and into the blank material and form the shear affected zone
highlighted in Figure 1.2.

Roll-over

Burnish (Shear)

Fracture

Burr

SAZ

Figure 1.2: Cut edge surfaces along the cut edge and the shear affected zone (SAZ).

It is known in the sheet metal forming industry that damage from shear cutting
combined with the limited ductility of AHSS grades causes edge cracking of sheared
edges. However, predicting edge cracking remains challenging as the edge cracking
phenomenon is influenced by a multitude of material- and process parameters.
Parameters affecting edge cracking can be material work hardening, fracture
toughness, cutting clearance and cutting speed to mention few. In the sheet metal
forming industry, investigation of sheared edge formability is commonly done
through hole expansion tests (HET), where a hole is punched and then expanded
with a conical punch. When edge cracks appear, the test is stopped and the
hole expansion ratio (HER) is obtained, giving a measure on the sheared edge
formability. Publications by Thomas (2013), Sigvant et al. (2017) and Larour et al.
(2022) show how damage from shear cutting have detrimental effects on the sheared
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edge formability of AHSS through the hole expansion test, by comparing HER
for milled or laser cut edges with sheared edges. A considerable decline in HER
was observed for the sheared edges due to the damage caused by shear cutting.
Additional parameters found to affect sheared edge formability include cutting
clearance and tool wear.

Researchers have also investigated the sheared edge damage on a microscopic
scale to explain edge cracking. For instance, Wen (2015) showed that edge cracks
may appear on a micro scale, where stress concentrations at grain boundaries
between softer and harder phases act at initiation sites for cracks. On a meso scale,
the shear cutting process is creating imperfections in terms of micro-cracks. This
was shown by Yoon et al. (2016), where microscopic images of the fracture surface
showed several crack formations. These micro-cracks can consequently initiate
formation of edge cracks as the cut edge is subjected to stretching. Additionally,
in the work by Wen (2015) and Thomas (2013), it was shown that large scale
imperfections was the starting point of edge cracks as they propagated from burrs
or the transition zone between fracture and burnish surfaces.

Another contribution to the decreased edge ductility is the plastic deformation
occurring in the shear affected zone during the cutting process. Most of the plastic
deformation in the shear affected zone (SAZ) forms during the roll-over phase and
can be distinguished through rotated grain boundaries along the cut edge.

There is yet no universal cut edge quantity that defines and predicts the edge
cracking phenomena. However a common practice to determine the cut edge
quality is by analysing the cut edge morphology, i.e. defining the magnitude and
proportions of the cut edge surfaces. This was done in a publication by Larour et al.
(2022), where it was shown that intermediate clearances (≈ 12 − 20%) give the
highest HER, while the presence of secondary burnish surfaces at low clearances
(< 5%) and burr formation at large clearances (> 20%) were detrimental to the
sheared edge formability.

1.2.3 Numerical modelling of shear cutting
Numerical modelling of the shear cutting process has been an ongoing research
topic for decades, and several prominent researchers have over the years contributed.
One branch of shear cutting models was developed mainly to aid in optimisation
of process parameters related to tool design, while more and more models are
developed to face the edge cracking problem in AHSS. As this thesis focus in
numerical modelling of shear cutting, a brief background on this particular research
field is necessary. Early publications by Brokken et al. (1998), Hambli and Potiron
(2000) and Klingenberg and Singh (2003) investigated the requirements on numerical
modelling for obtaining accurate predictions of the shear cutting process in mild
steels. By implementation of an arbitrary Lagrangian Eulerian formulation, Brokken
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et al. could avoid numerical instability due to distorted elements along the cut
edge. The three publications show how ductile damage modelling could accurately
predict material failure in shear cutting. A frequently cited article on shear cutting
of AHSS was produced by Wang et al. (2015), describing the development of a
combined cutting and hole expansion model. The ductile damage modelling was
conducted with a user-defined material code, based on the Modified Mohr-Coulomb
model by Bai and Wierzbicki (2008, 2010). The work showed accurate prediction of
the cut edge morphology and could replicate the decline of edge ductility from cut
edge damage. In the work by Gutknecht et al. (2016), development of a enhanced
fully coupled Lemaitre failure model was presented and the model was validated
against experimental shear cutting results. The failure model was proven accurate
for open-cut applications, while a less accurate response was obtained for closed-
cutting. By investigating the triaxialities for both open- and closed-cut the authors
concluded that the stress states for the cases differ significantly. For closed-cut
applications the failure model needs to take negative triaxialities into account,
something seldom done when calibrating failure models for sheet steel as plane
stress is assumed. A semi-numerical approach was developed by Upadhya et al.
(2018) to overcome the computationally costly shear cutting modelling and directly
approach the hole expansion modelling with mapping of experimentally obtained
edge damage. Instead of numerically determining the cut edge damage, Vickers
hardness tests along the cut edge gave the residual strains from shearing, which
was mapped on to the hole mesh. The modelling results showed a good agreement
with experimental HER for three different steel grades and was considered as a
viable approach for industrial edge crack prediction.

1.3 Aim and objective
The aim of this work is to develop a numerical modelling approach for shear
cutting of AHSS that meets the requirements of industrial use. This requires first
and foremost that the numerical model balance accuracy against computational
efficiency. Secondly, it requires that the code for solving the numerical model is
distributed commercially and that no user-defined routines are needed. These
requirements are rarely fulfilled by earlier publications on numerical modelling of
AHSS shear cutting, as they either rely on user-defined material routines or are
carried out on large computer clusters.

Time efficient models for industrial use requires assumptions and limitations
that reduce the complexity of the model, while remaining adequate accuracy of
the results. Crack initiation and propagation is therefore given extra attention as
this type of damage controls the shear cutting process. Generally, modelling of
crack propagation requires extensive numerical efforts that are infeasible for the
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intended aim of this thesis. The objective is therefore to investigate the accuracy
of conventional continuum damage mechanics in terms of crack initiation and
propagation. Moreover, implementation of the damage model in a numerical shear
cutting model will examine if accurate cut edge morphology can be obtained.
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Chapter 2

Methods

This chapter describes the experimental and numerical methods used to generate
the research results found in the appended papers.

2.1 Experimental procedures
In this thesis, the numerical material modelling relies on experimental results
for calibration. This puts strict requirements on the experimental procedures to
generate results that comprehensibly describes the material failure. During the
shear cutting process, the blank undergoes severe plastic deformation. Additionally,
material failure occur over a wide range of stress states, starting from shear and
ending up with a Mode II crack propagation process.

Conventionally, tensile testing of straight specimen is used to determine the
true stress and true strain relationship of steels through measurement of force and
elongation. This method is sufficient for some modelling applications, but lacks
accurate deformation data after specimen necking. Instead, this thesis presents
hydraulic bulge testing according to the ISO 16808 (2014) standard, enabling
measurement of high strain levels, well beyond necking, using optical measurement
of biaxial stretching of sheet metal. This method is therefore well suited for
experimental characterisation of the plastic hardening response used in numerical
shear cutting models. A schematic image of the hydraulic bulge test is shown in
Figure 2.1. Another method used for determining the plastic hardening response
is through inverse modelling procedures using the force - elongation results from
tensile testing.

The materials investigated in this thesis show stress state dependent failure, which
is common for ductile steels. Obtaining a comprehensive description of the material
failure behaviour was done through tensile testing of different specimen geometries.

11
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Sheet
Fixture

Cameras

Oil pressure

Figure 2.1: Schematic image of the hydraulic bulge test.

Each specimen was designed such that deformation and failure were predominately
occurring at a specific stress state. The specimen geometries were presented by
Sjöberg et al. (2017) and range from shear to uniaxial plane strain tension, shown
in Figure 2.2. Digital image correlation (DIC) and strain field evaluation were
used to measure the strain field until failure. The DIC measurements enabled
calculation of the equivalent plastic strain, as well as stress triaxiality, at specimen
failure using the Stepwise modelling method by Marth et al. (2016). This data
was used for calibration of failure loci, as described in Section 2.2. Additional
information in terms of force and elongation during the tensile test was provided
from the tensile testing machine and from a 50 mm extensometer, centred at the
specimen localisation zone.

Additional experimental tests, used for validating the numerical models, include a
bending test (VDA 238-100) and the Doubled Edge Notched Tensile (DENT) tests.
The bending test was conducted according to the VDA 238-100 (2017) standard.
This experiment consists of a square specimen sheet with 60 mm side lengths placed
on Teflon coated rollers and a blunt bending punch. The bending punch bends the
specimen until a 10 kN force drop after peak force, then the sample is examined
for cracks.
Investigation of the modelling accuracy in terms of crack initiation and propagation
was done based on experimental data from DENT tests. The DENT specimen
consists of sheet specimen with notches from which fatigue cracks are propagated.
Both cracked (damaged) and notched (undamaged) specimen were tested, generat-
ing force-elongation results to be compared with numerical results. A schematic
image of the DENT testing setup is shown in Figure 2.3.

Furthermore, punching experiments were performed using different cutting clear-
ances. The punching experiments generated results in terms cut edge morphology
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(a) R3.75 (b) Hole

(c) R15

1

(d) Shear

Figure 2.2: Tensile test specimens for triaxiality testing.

Figure 2.3: Experimental setup of the DENT testing.

and force - punch displacement output, which further on were used for correlation
with numerical modelling results of the corresponding punching process. Shear cut-
ting experiments were conducted at 2 mm/min in order avoid material strain-rate
hardening and adiabatic heating. The experiments were partially performed using
the device shown in Figure 2.4, where the blank, punch, die and blank holder is
highlighted.
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Punch

Blank holder

Blank

Die

Figure 2.4: Experimental shear cutting device at Eurecat, Centre Tecnològic de
Catalunya, Unit of Metallic and Ceramic Materials.

2.2 Constitutive modelling
The constitutive modelling presented in this thesis consisted of numerically defining
the material response for high plastic strain levels, as well as stress-state dependent
damage- and failure. The presented numerical modelling was performed using
the finite element software LS-Dyna and its extensive material modelling library
provided suitable material models. The plastic hardening response from either
bulge testing or inverse modelling was inserted as tabulated data in an isotropic
elasto-plastic piecewise linear plasticity model (named MAT 024) where the elastic
deformation was described by the Young’s modulus and the Poisson’s ratio. Using
an isotropic material model was valid since the materials showed limited anisotropic
behaviour.

For damage- and failure modelling the Generalised Incremental Stress State
Dependent Damage Model (GISSMO) was used. In GISSMO, the material failure
locus is expressed in terms of equivalent plastic failure strain as a function of stress
traixiality, η, and the normalised lode angle parameter, θ̄. A damage parameter D
defines accumulated strain-driven damage in the material, where D = 1 declares
material failure. The damage parameter D also controls the load bearing capacity
of the elements throughout damage accumulation, thus simulating the material
area reduction caused by void growth. The loss of load bearing capacity of the
material is modelled through coupling of the flow stress tensor σ and the damage
parameter D, defining a degraded flow stress tensor σ⋆.
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The failure surface was defined by the analytical expression of the MMC locus,
first described by Bai and Wierzbicki (2008, 2010) and stated in Equation (2.1)
and (2.2). The shape of MMC failure locus depends on five constants, C1 to C5,
which were calibrated through least-square fitting against experimental failure
strain values. The failure strain values were obtained from the specimen shown
in Figure 2.2 and expressed as equivalent plastic failure strain at a given stress
state. Figure 2.5 show in (a) the stress states at failure obtained from stress state
dependent tensile testing and (b) the MMC failure locus based on the calibration
points for CP1000HD.
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(a) Experimental failure points from triaxi-
ality testing of CP1000HD.
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(b) MMC failure locus CP1000HD.

Figure 2.5: Experimental failure points and the corresponding MMC failure locus
of CP1000HD.
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2.3 Numerical modelling
Numerical modelling of the stress state tensile tests and validating experiments
presented in Section 2.1 was performed using the FE-software LS-Dyna. All models
consisted of first order fully-integrated solid hexahedral elements with characteristic
elements size in the localisations zones corresponding to the DIC facet size of
0.1 mm. Material failure was modelled with the GISSMO model presented in
Section 2.2 and manifested through element erosion. No strain-rate dependency
was included in the models as the experimental procedures were assumed quasi-
static. The numerical models were simulated using either the LS-Dyna explicit
solver or the implicit-dynamic solver.

Modelling of shear cutting consisted of an axisymmetric model, where the blank
part was assigned the material- and damage models while the tools were considered
as rigid bodies. The shear affected zone of the blank part was refined to element
sizes of 10 µm in order to solve the local deformation at the tool edges, while still
exceeding the average grain size of the material. Mesh regularisation, implemented
in GISSMO, enabled limited mesh size dependency when using such small elements.
The extreme deformations in the shear affected zone cause severely distorted
elements. To account for this, first order under-integrated elements were used due
to their numerical robustness in large deformation and skewness.



Chapter 3

Summary of appended papers

This chapter briefly summarize the content and outcome of the appended papers.

3.1 Paper A
Paper A investigates the accuracy of a commercial damage- and failure model
with respect to crack initiation and propagation in CP1000HD. The work presents
a calibration procedure of a piecewise linear plasticity model and a GISSMO
model based on stress state dependent tensile testing of the four different specimen
geometries shown in Figure 2.2. Each specimen was designed according to Sjöberg
et al. (2017) such that the specimen deformation and failure predominantly occurred
at a specific stress state. The Stepwise Modelling Method by Marth et al. (2016)
used DIC measurement of the localisation strain fields for calculation of equivalent
plastic failure strain and stress triaxiality at specimen failure. The failure strain
values and the corresponding stress state at failure enabled calibration of a MMC
failure locus, which was input to GISSMO for defining the material failure. The
plasticity model was calibrated by inverse modelling against the force - elongation
results from tensile testing of a notched specimen.
Investigation of the material modelling accuracy was conducted by comparing
experimental and numerical results of laboratory experiments. Recreating the
results from the stress state dependent tensile testing acted as baseline validation of
the numerical modelling accuracy. The other experiments were chosen such that no
uncertain parameters existed, such as friction and dynamics, and consisted of the
VDA 238-100 bending experiment and double edge notched (DENT) testing. Two
set of DENT specimen were tested. One set of DENT specimen had fatigue cracks
propagated from the notch roots, thus being damaged. The other set of DENT
specimen had only notches and therefore remained undamaged. The comparison

17



18 Summary of appended papers

between experimental and numerical results show that the GISSMO model could
reproduce the experiments with undamaged specimen, while the results of cracked
(damaged) DENT specimen over-predicted the crack growth initiation compared
to experiments. Figure 3.1 show the experimental and numerical results of (a)
notched DENT specimen and (b) cracked DENT specimen. These results show the
need of adequate failure models and numerical methods when modelling processes
involving crack initiation and propagation of AHSS.

(a) Notched (b) Cracked

Figure 3.1: Numerical and experimental results from cracked and notched DENT
testing of CP1000HD in Paper A. Onset of fracture at the specimen surface is
marked with (•) and (◦), while crack initiation inside the specimen is marked with
(∗).

3.2 Paper B

In Paper B, the development of an axisymmetric shear cutting model of AHSS
sheets was presented. The calibration of material and damage models was based on
hydraulic bulge testing and stress state dependent tensile testing in order to obtain
piece-wise linear plasticity models and GISSMO models of two AHSS grades. Shear
cutting experiments over a wide range of cutting clearances was performed and
experimental results in terms of cut edge cross sections and force - displacement
output was obtained. Numerical modelling corresponding to the experimental
setups was performed and the experimental and numerical results were compared in
order to control the accuracy of the numerical models. Initial modelling attempts
show inaccurate representation of the burnish surface length, why a sensitivity
analysis of the MMC failure surface was conducted. The investigation showed that
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areas of the failure surface not controlled by experimental calibration points had
significant impact on the burnish surface length. This outcome concluded the need
for additional calibration points corresponding to fracture initiation after burnish
formation. However, such calibration points are challenging to obtain in thin sheet.
Instead, a calibration procedure was developed that adjusted the failure surface
in the un-calibrated region in order to improve the modelling accuracy. Using the
calibrated failure surface in shear cutting modelling, accurate agreement of the
cut edge morphology for both AHSS grades were numerically reproduced over a
wide range of cutting clearances. An example of the improved predictability using
calibrated failure locus is shown in Figure 3.2. Figure 3.2 shows the experimental
and numerical cut edge morphology for CP1000HD using 12.1% cutting clearance.
The numerical results were generated using both nominal and calibrated failure locus.
With this modelling approach, an efficient shear cutting modelling method was
developed, suitable for industrial use or for machine learning purposes. Furthermore,
the results show the need for additional experimental failure values representing
the fracture initiation process. However, as the fracture process is caused by crack
initiation and propagation, it is suggested that numerical modelling of shear cutting
in AHSS implements numerical methods intended for crack propagation and failure
criteria that can represent the the local phenomena of opening of new material
surfaces at the crack tip.

Experiment Nominal Calibrated

Figure 3.2: Experimental and numerical cut edge cross section results for CP1000HD
with 12.1% cutting clearance.
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Chapter 4

Discussion, conclusions and outlook

This thesis focuses on modelling of shear cutting of AHSS sheets, where numerical
representation of material failure plays a significant role. Material failure of steel is
conventionally described with strain driven ductile damage models and a multitude
of such models are described in the literature. In the present work, the GISSMO
model combined with the MMC failure locus is utilised for modelling of ductile
failure of AHSS and the results in the appended papers shows that this imple-
mentation can reproduce failure in undamaged AHSS grades with great accuracy.
However, if cracks are present in the material, the numerical ductile damage and
failure modelling is less accurate. This was clearly showed in Paper A, where failure
of notched DENT specimen were accurately predicted, while modelling of cracked
DENT overpredicted the crack tip deformation at failure. Similarly, Paper B shows
that the fracture process in shear cutting, which is initiated and driven by cracks,
was delayed and accurate prediction of the shear cutting process could only be
obtained through local calibration of the failure surface. Based on the results of
Paper A and Paper B, it is concluded that there are limitations in the implemented
ductile damage- and failure model when simulating crack initiation. The reasons
behind the modelling inaccuracy can be plenty. Geometric representation of a
crack using finite elements often requires particular mesh techniques with extremely
small elements, remeshing and predefined crack positions, while special element
formulations are needed for capturing the crack tip singularity. Such modelling
techniques impair the generality needed for numerical modelling of shear cutting,
where multiple stages of varying failure modes occur before crack initiation. The
drawbacks of using the finite element method could be avoided using methods
intended for crack initiation and propagation, such as the extended Finite Element
Method (XFEM) or peridynamics. Both methods can handle the discontinuity
of cracks and allow for mesh independent crack propagation. Using continuous
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mesh-free numerical methods, such as the Particle Finite Element Method (PFEM)
or Smoothed Particle Galerkin (SPG), can also improve the modelling accuracy
as the material fracture process in these methods is independent on the model
discretisation.
Considering the length scale of ductile damage compared to crack initiation leads to
additional uncertainness. Ductile damage- and failure modelling uses phenomeno-
logical expressions describing void growth and coalescence in continuous geometries,
i.e. continuum damage mechanics. Here, numerical failure can be represented by a
certain strain value. Meanwhile, crack tip opening is more suitably described by
interatomic bond breakage at the crack tip, thus being discontinuous and expressed
at a nano scale. For the purpose of modelling shear cutting, both continuous and
discontinuous modelling methods apply, but for different stages of the shear cutting
process. Where continuum damage mechanics appear adequate for the mixed
compression/shear failure during roll-over and burnish formation, the fracture
process initiated by crack propagation could be described by local discontinuous
methods.
The calibration procedure presented in Paper B, where an area on the failure
locus was adjusted for better modelling accuracy, shows that the phenomenological
failure strain values at shear fracture initiation was too high as described by the
analytical failure locus. With additional experimental calibration points at this
particular failure stress state, the modelling accuracy might improve. However, to
the knowledge of the author, no experimental procedure exists that could gener-
ate such calibration point. The results rather suggest that there is a significant
mismatch between the phenomenological expression of the failure and the physics
appearing in experiments. By considering fracture mechanics approaches and dis-
continuous methods, a step closer to accurate modelling of shear cutting could be
taken. Although several publications exists showing accurate results of modelling
of shear cutting using ductile damage modelling, few show results over multiple
cutting clearances and few treats high strength steels with high fracture toughness.
The implementation of alternative numerical methods, with improved cracking
predictions, provides an interesting outlook from the work presented in this thesis.
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