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Abstract

Sheet metals are often used in automotive and aerospace applications for safety-relevant
components. Weight reduction is one possibility to reduce fuel consumption or increase
the payload capacity and therewith reduce the carbondioxide emission of these trans-
portation vehicles. The weight reduction can be achieved by using new sheet metal
alloys and thereby reducing the sheet metals thickness. Advanced material process-
ing technologies like for example the press hardening process to manufacture ultra high
strength steels (UHSS) are an important contribution to weight reduction. Furthermore,
the usage of many different sheet metal materials and grades, like the new generation
of advanced high strength steels (AHSS) and aluminium alloys will replace further low
strength steel components.

To challenge the balance between safety and weight reduction, while maintaining safety,
reliable and efficient engineering tools are needed. Finite Element (FE) simulations are
commonly used to prove a maintained safety for parts with a decreased sheet thickness
and weight. This leads to a high demand on the simulation precision of sheet metals,
where an accurate prediction of the failure behaviour and the post-necking hardening of
materials is needed. Therefore, an approach on material model calibration for modelling
of sheet metal deformation and failure is developed. The ability for companies to predict
the performance envelop of all these new sheet metal alloys and components is of great
importance for the metal manufacturer as well as for the automotive industry.

In this thesis work a method to characterize the elasto plastic post necking behaviour
of sheet metal materials, the Stepwise Modelling Method (SMM), is presented. The
method uses full field measurements of the deformation field on the surface of tensile
specimen. The hardening relation is modelled as a piecewise linear relation in a step
by step procedure. The linear hardening parameter is adapted to reduce the residual
between experimental and calculated tensile forces. The SMM is used to characterize
the post necking behaviour of a ferritic boron steel and the results are compared with
the commonly used inverse modelling method. It is shown that the stepwise modelling
method characterizes the true stress, true plastic strain relation in an effective and com-
putational efficient way. Furthermore, the SMM is used to characterize the stress state
evolution during tensile testing, which is an important factor for failure and fracture mod-
elling. This method is shown in an aerospace application for the nickel based super alloy
Alloy 718. A study on simulating the whole comments lifespan from blank to fractured
component is presented by producing a laboratory scale UHSS-component and testing it
until fracture. The component performance simulation is based on results obtained by
SMM for paint baked fully hardened boron steel. To enable the post necking characteri-
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zation of anisotropic sheet metals like aluminium alloys an updated SMM version based
on an anisotropic plasticity model is presented and evaluated for the aluminium alloys
AA6016 and AA5754. Finally, the fracture behaviour of an automotive 6000 series alu-
minium alloy in different directions is presented. In this study a GISSMO failure model
is calibrated based on full field measurements under different stress states and evaluated
on a multi triaxiality tensile specimen.

The results shown in this thesis are that the presented Stepwise Modelling Method is
an effective and efficient alternative method to characterize the deformation and failure
of sheet metals. Based on the results of this method plasticity and fracture models can be
calibrated and used for advanced forming and component performance simulations. This
can lead to reduce time and costs during the development processes of new materials and
products.
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Chapter 1

Introduction

This doctoral thesis is a compilation thesis which summarizes the main part of my
third cycle studies and contains two parts; the synopsis and the appended papers. The
synopsis should give the general reader an introduction to the topics which are discussed
in detail in the five appended papers. It also motivates the need of the present work
and describes the scientific background in deformation and failure modelling. The main
focus is on the material model characterization methods which can be used for modelling
different sheet materials.

1.1 Objective

The present thesis is concerned with material characterisation for modelling of sheet
metal deformation and failure. The higher the complexity of the mechanical performance
simulations are the higher are the demands on the material model. The objective of this
thesis is to study material model characterisation methods for modelling deformation and
failure of sheet metals. To develop a material model calibration approach based on full
field measurements with useful accuracy and reasonable computational expense and to
compare the developed approach with state of the art methods. The following research
question may be formulated: ”How can full field measurements be used to cost-effective
and reliable calibrate plasticity models and how can this data be used to predict sheet
metals behaviour in respect to deformation and failure?”

1.2 Materials under lightweight aspects

The industry faces regularly long-term goals regarding the reduction of greenhouse gas
emission towards the goal of net-zero emissions. A lot of effort is therefore put into finding
innovative design solutions and material selections, which can reduce the life-cycle eco-
logical footprint through energy efficient production and reduced weight of for example
vehicles. Advanced sheet metal alloys are often very interesting candidates in product
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4 Introduction

design under lightweight aspects. The diversity of sheet metals in modern vehicles is
constantly increasing from mainly low alloyed carbon steels towards high- and medium
strength steels, aluminium alloys and other non metallics. Hence, the introduced sheet
metals in innovative design has to fulfil the demands regarding for example formability as
well as final product performance in terms of structural integrity. Modelling and simula-
tion are powerful and efficient tools to study manufacturing processes such as forming and
to predict final properties of produced parts. Especially, in the automotive and aerospace
sector, industries are using commercial modelling software to simulate processes like e.g.
sheet metal forming, and to predict performance such as crash-worthiness and structural
stiffness. However, the quality of modelling outcome is highly dependent on accurate
mechanical descriptions. In for example sheet metal forming and crash situations, large
deformations often occur and there might be a risk of unwanted failure. Reliable methods
for material model calibration are needed to guarantee trustworthy results and enable
digital twins.

1.2.1 Automotive steels

The favourable relationship between strength and costs makes steel a common material
in many sectors. The automotive industry uses a wide range of different steel grades
depending on the formability and performance demand of the specific component. Au-
tomotive steels are classified in several ways, commonly by metallurgical designation
providing some process information or by reference to its mechanical properties. The
classification of automotive steel grades according to their mechanical properties is pre-
sented in Figure 1.1. The conventional grades like the interstitial-free (IF) and mild
steels are commonly used for deep drawn panels due to the good formability. For safety
relevant high performance components Advanced High Strength Steels (AHSS) such as
dual phase (DP)transformation-induced plasticity (TRIP), martensitic (MS) and complex
phase (CP) steels are used. Recently, a variety of new sheet metal alloys are entering
the automotive market, lately the third generation of Advanced High Strength Steels
(AHSS). In this thesis work a Manganese-Boron alloyed hot-forming steel is used as eval-
uation example in Paper A and B and for simulating the press hardening process and
to evaluate the presented material model calibration method for a Ultra High Strength
Steel (UHSS) in Paper D.

1.2.2 Aluminium alloys

Alluminium alloys are mainly used in light weight applications as aerospace or during
the latest decades even more in automotive applications. The classification of aluminium
alloys is established by the International Alloys Designation System (IADS) into 4-digit
series. The first digit is ranging from 1 to 8 indicating the major alloying element as
summarized in Table 1.1.

In this thesis work several aluminium alloys are involved. In Paper E and Paper F
5XXX and 6XXX series aluminium alloys for automotive applications are used. The
5XXX series has magnesium as the main alloying element making it a moderate to
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Figure 1.1: The Global Formability Diagram comparing strength and elongation of cur-
rent and emerging steel grades. Courtesy of WorldAutoSteel.

Table 1.1: International Alloys Designation System (IADS) for wrought alloys.

4-digit series Main alloying elements

1XXX Minimum of 99% aluminium
2XXX Copper
3XXX Manganese
4XXX Silicon
5XXX Magnesium
6XXX Magnesium and Silicon
7XXX Zinc
8XXX Others

high strength alloy with good welding and and corrosion resistance characteristics. The
6XXX series has silicon and magnesium as alloying elements making them compared to
the 5XXX alloys heat treatable. The aluminium alloys of the 6XXX series have good
forambility, weldability and corrosion resistance and are therefore often used in many
applications. The aluminium alloys used in this thesis work are rolled sheet metals with
thickness in the range of 1.2 to 1.4mm.

1.2.3 Nickel-based Superalloy

Superalloys are compositionally complex metallic alloys, mainly developed for the avia-
tion industry. They can be defined as alloys that can preserve their high strength mechan-
ical properties at high temperatures and showing chemical stabilities to serve in corrosive
environments (Zhang and Zhao, 2012). In this thesis work the nickel based superalloy
Inconel 718 is characterised in Paper C. This nickel-based super alloy was developed in
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the 1950’s and is known for its high strength and corrosion resistance even at elevated
temperatures. The high creep resistance and good weldability made the nickel-based su-
peralloy Inconel 718 one of the most common materials used in aeroengines. Especially
in structural components with high demand on mechanical properties in harsh environ-
mental condition, like i.e. the containment structure. The use of Inconel 718 led to an
increased engine efficiency, contributing to the reduction of fuel consumption and carbon
dioxide emissions. The material used in the experimental testing in Paper C was sup-
plied in the form of 1.6-mm-thick sheets in aged condition to characterise the material
behaviour for components in as flown conditions.

1.3 Scientific background

The deformation of sheet metal material can be separated into two mechanism, the elas-
tic deformation and the plastic deformation. Generally, at low stresses the deformation
of metals is elastic and returns reversible to the original shape after unloading. Loading
the material above its yield limit plastic deformation occurs. Plastic deformation is the
irreversible deformation that remains after unloading. Further loading will lead for com-
mon ductile metals to localized deformation. For plastic sheet metal tensile deformation
the terms of diffuse necking and localized necking are commonly used. Diffuse necking
describes the phenomenon if a neck is formed in the width direction of tensile specimen.
The further straining will concentrate only to this region. Further loading leads to lo-
calized necking where a neck forms in sheet thickness direction. Once a localized neck
is initialized all further straining is concentrated in the region of the neck and lead to
fracture in this region.

1.3.1 Constitutive modelling

In this thesis a novel approach for characterisation of deformation and failure of sheet
metal is presented. For a better understanding of the used methods a short summary on
the for this thesis relevant parts of constitutive modelling will be presented. The expres-
sion between stresses and strains is called the constitutive relation. The most general for
of the constitutive is the so called Cauchy-elasticity, σij = σij(εkl), who formulated the
constitutive law for isotropic linear elastic materials. To model the behaviour of ductile
solids after yielding elastoplastic constitutive models are commonly used. For elastoplas-
tic constitutive models several basic components need to be taken into account, like strain
decomposition, an elastic law, a yield criterion, a plastic flow rule and a hardening law.
The total strain can be divided into the sum of elastic components and plastic compo-
nents. The elastic components are handled with an elastic constitutive law. The elastic
regime is delimited by the yield stress. Yielding is usually handled by a yield criterion,
like for example the Tresca (Tresca, 1864), von Mises (Mises, 1913) and Drucker-Prager
(Drucker and Prager, 1952). A hardening law describes the dependence of the of the yield
stress upon the history of plastic straining to which the material has been subjected. If
a materials yield stress does not depend on the degree of plastic deformation it is called
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perfectly plastic, so the yield surface remains fixed. Isotropic hardening is a uniform ex-
pansion of the yield surface and kinematic hardening is when the yield surface translates
in the stress space, this phenomena is known as the Bauschinger effect.

1.3.2 Computational plasticity

The main focus on this thesis is the computational plasticity modelling. Therefore are
in this section some of the previously mentioned components of elastoplastic constitutive
models more detailed presented.

Material properties can show different behaviours when loading in different directions.
If a material is assumed isotropic, it means that the constitutive relation remains the
same irrespective of the used coordinate system. A common isotropic plasticity model
was suggested by Mises (1913) and is therefore called the von Mises criterion. For this
criterion the hydrostatic stress has no influence on the yielding and the criterion is de-
fined as:

√
3J2 − σy0 = 0. However, material anisotropy means that the constitutive

relation takes different forms depending on the used coordinate system. Anisotropic
plasticity is of importance in many applications. If material undergoes manufacturing
processes with a large straining in one direction, as for example rolling, the macroscopic
behaviour becomes clearly anisotropic. For these materials isotropic material models are
not sufficient to simulate an accurate material behaviour and a use of anisotropic ma-
terial models in Finite Element simulations is necessary. One early attempt to describe
directional dependence of mechanical properties was performed by Lankford et al. (1950),
who proposed experimental ratios to characterize plastic anisotropy. Furthermore, Hill
and Orowan (1948) and Hill (1952) extended the classic isotropic von Mises model to
describe anisotropic materials. Several models specifically intended for aluminium alloy
sheets have been developed since these early propositions, e.g (Barlat and Lian, 1989;
Karafillis and Boyce, 1993; Barlat et al., 2003).

Taking the hardening of the material into account causes the need of a hardening
model for plastic hardening laws. Most of these hardening models are based on analytical
equations fitted to the experimental values. The linear piecewise plasticity modelling,
where the hardening function is given as a set of data points connected with piecewise
linear lines, is, however, more flexible adjustable which make the limitations of the model
very few.

Analytical strain based hardening models express the stress-strain relation as a mathe-
matical equation relating the yield stress, σ, to effective plastic strain, ε̄. These analytical
models are based on parameters. A selection of these plasticity models using two to six
parameters, Ci, is shown in Table 1.2. For further studies on constitutive modelling see
for example Saabye Ottosen and Ristinmaa (2005).

1.3.3 Failure modelling

Modelling of ductile fracture and damage has been investigated on a wide spectrum of
materials during the last decades. Fracture and damage models can be grouped into
three categories; phenomenological, physics based and empirical models. Two modelling
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Table 1.2: Different plastic hardening models.

Name Equation

Piecewise linear σi = σi−1 + Ci(ε̄i − ε̄i−1) i = 1, 2, 3, ..., n
Ludwik (1909) σ(ε̄) = C1 + C2ε̄

C3

Voce (1948) σ(ε̄) = C1 + (C2 − C1) exp(−C3ε̄)
Hockett and Sherby (1975) σ(ε̄) = C2 − (C2 − C1) exp(−C3ε̄

C4)
Swift (1952) σ(ε̄) = C1(C2 + ε̄)C3

Stiebler et al. (1991) σ(ε̄) = C1 + C2ε̄+ C3(1− exp(−C4ε̄))

approaches to capture the ductile fracture are commonly used. One approach where the
damage is accumulated within the continuum and the other where the fracture suddenly
occurs in an undamaged continuum. These are often referred to as coupled and uncou-
pled fracture modelling. Bai and Wierzbicki (2015) and Li and Wierzbicki, 2010 give an
extensive review on fracture models, their classification and grouping. Phenomenological
models are ignoring the underlying effects and describe fracture as an observable event.
The oldest fracture models are found in the group of phenomenological models like for ex-
ample Coulomb (1776) and Mohr (1900). Investigations and formulations on void growth,
as for example by McClintock (1968) and Rice and Tracey (1969) are classical physics
based models. Based on their work further studies, developments and improvements of
the physics based models were presented for example by Gurson (1977), Needleman and
Tvergaard (1984) Lemaitre (1984), Chaboche (1988a) and Chaboche (1988b). Empirical
models are Johnson and Cook (1985) and Bai and Wierzbicki, 2008. Bai and Wierzbicki
(2010) transformed both the Mohr-Coulomb and the maximum shear stress criteria into
an empirical model the modified Mohr–Coulomb criterion (MMC).

In the present work the OPTUS failure model is used in Paper D. The OPTUS model
is described in Östlund et al., 2014 adopted from Häggblad et al. (2009). The basis of the
constitutive model is a modification of the von Mises yield equation causing weakening
by reduction of the current yield strength. The MMC failure model is calibrated in Paper
F and used in the GISSMO damage model, available in LS-DYNA. The GISSMO was
developed for prediction of ductile fracture based on incremental damage accumulation,
including softening and failure (Neukamm et al., 2008). The GISSMO damage model uses
a localisation strain ε̄ip (η) and failure strain relation ε̄fp (η) and both a damage exponent
n and a fading exponent m, that control the way in which the true plastic stress–strain
curve is decreased. When a certain number of integration points reach a damage value
of one, the element is deleted.

1.3.4 Characterisation methods

To successfully model the materials respond to deformation most constitutive models rely
on experimental test data. The calibration of the mechanical properties and the hard-
ening models are commonly obtained by fitting methods on the stress-strain relation



1.3. Scientific background 9

obtained from conventional uniaxial tensile tests (Davis, 2004). However, the fundamen-
tal assumption of a homogeneous uniaxial stress and strain state ceases at necking and
consequently the flow stress behaviour beyond this point remain unknown. Other biaxial
techniques such as bulge tests are commonly applied to extend the flow stress curves to
strains beyond necking (Reis et al., 2016; Koç et al., 2011), but the test has its limitation
when it comes to tracking localization and measuring the fracture strain. Many indirect
methods based on inverse modelling to obtain flow stress behaviour at large deforma-
tions have been proposed over the years. Zhano and Li (1994) introduced an inverse
modelling method by using the experimental force and displacement relation to estimate
the flow stress behaviour by matching the results from finite element simulations and
experiments. This method achieves high accuracy using only a small number of test
parameters. In order to measure the high strains obtained after necking, Kajberg and
Lindkvist (2004) complemented the tensile tests with Digital Speckle Photography (DSP)
and Digital Image Correlation (DIC) to their inverse modelling procedure based on fi-
nite elements simulations. A similar approach was later proposed to obtain the material
response at high strain rates in Kajberg and Wikman (2007). The Full-field Calibration
(FFC)(Ilg et al., 2018; Cavariani et al., 2019) uses the strain field data obtained by DIC
and correlates the simulated deformation field with the experimental field data. This
enables the optimization of other quantities that are difficult to evaluate, such as the
plastic Poisson’s ratio. Recently, Abedini et al. (2020) presented a method, where simple
shear tests are used to predict the stress-strain relation for high strains which is used to
calibrate the Barlat Yield 2000 criterion (Barlat et al., 2003). However, computation in
inverse modelling may be very costly (Avril and Pierron, 2007) and requires always an
evolution model based on parameter, which are fitted to experimental data (Tarantola,
1987). Another way of optimization is the Sequential Response Surface method (SRSM)
(Thiele et al., 2021), which is a robust iterative metamodel based optimization method for
finding optimal sets of parameters. An overview of different inverse modelling methods
is presented in Ponthot and Kleinermann (2006).

If a material undergoes manufacturing processes with large straining in one direction, as
for example rolling, the macroscopic behaviour becomes clearly anisotropic. Anisotropic
material models like Hill and Orowan (1948) and Barlat et al. (2003) typically need mate-
rial properties such as uniaxial yield stresses in the longitudinal, diagonal and transverse
to the rolling direction, as well as the Lankford coefficients (Rφ-values) in corresponding
directions. The Lankford coefficient, Rφ, is defined as the ratio between the plastic strain
in width, εw,p, and thickness direction, εt,p, where φ is the angle from the rolling direction
(Lankford et al., 1950). The Rφ-value is usually obtained from straight tensile tests up to
uniform elongation (ISO10113:2020(E), 2020). However, the relation between the plastic
strain in width and thickness direction is not linear. Huang et al. (2011) presented a di-
rect method to measure the Rφ-value history for high strength steels during deformation
using digital image correlation. Xie et al. (2017) used 3D DIC to measure the strain in
width and thinning strain simultaneously and used this method to direct measure the
Rφ-value history for aluminium alloy sheets.

The characterisation of failure models is often based on a series of different material



10 Introduction

tests. (Bao and Wierzbicki, 2004) performed a series of 11 tests including compression,
shear and tensile tests on 2024-T351 aluminium alloy. Based on these results a calibration
procedure was developed and fracture locus was constructed in the space of the equivalent
fracture strain and stress triaxiality. Wierzbicki et al., 2005 performed a comprehensive
study on fracture, calibrating and comparing seven different fracture models. A set
of five specimen over a range of stress triaxialities was used by Golling et al. (2016a)
to calibrate a stress-based fracture criteria. In Granum et al. (2021) three artificially
aged 6XXX series aluminium alloys were studied and a novel calibration procedure of
the modified Mohr-Coulomb fracture model by use of localization analyses is presented.
Perez Caro et al., 2019 calibrated a GISSMO model based on four different specimen
types using the fracture and instability strains directly obtained from each test using
DIC and calculating the stress triaxiality directly from the local strain field (Sjöberg
et al., 2017b). Zhang et al. (2020) presented a experimental and numerical study of
Al6016-T4, where the ductile failure was described by a ductile fracture criterion using
a hybrid experimental–numerical method.

Temperature or strain rate dependence is important in several applications. Charac-
terisation methods to include a temperature or strain rate dependency are presented by
Teng and Wierzbicki (2006), Sjöberg et al. (2017a), and Sjöberg et al. (2018).

1.4 Scope and limitations

Advanced sheet metal alloys are often very interesting candidates in product design under
lightweight aspects to reduce greenhouse gas emissions. Thus, the aim of this work is to
develop a method to characterise the elasto plastic response of sheet metals, to investi-
gate the behaviour of various materials under deformation and to calibrate and validate
constitutive models for simulation of deformation and failure. The method should cap-
ture the elasto plastic response from yielding beyond necking until fracture. It is shown
for example by Bao and Wierzbicki (2004) that for fracture modelling the stress state
dependency is an important factor. Based on this fact the characterization of the stress
state evolution during deformation and the determination of failure parameter is of great
importance in constitutive failure and fracture modelling. Anisotropic flow and fracture
properties are common in rolled blanks depending on the rolling direction. The limita-
tion by using an isotropic yield criterion in the earlier part of this work is overcome by
presenting an extend SMM version using the Barlat Yield 2000 yield criterion. Therefore,
the anisotropy is only taken into account in the later part of the thesis work.

Naturally, the work has some limitations that need to be addressed. Strain rate be-
haviour of sheet metal is in general an issue when studying forming operations or crash
situations. The methods presented in this work may be used to characterize the material
hardening behaviour at various temperatures and strain rates as for example presented
by Sjöberg et al., 2018. However, temperature and strain rate dependence are not taken
into account in this work.



Chapter 2

Material Model Calibration
Methods

In this work an experimental based method to characterize the sheet metal deformation
and failure properties and its applications to various sheet metal materials is presented.
This chapter summarized the used methods and relates each method in an overall context.

2.1 Material characterisation experiments

Within mechanics, experiments are used to derive phenomenological observations, mea-
surements and material characterisation. One aim of this work is the elasto plastic
characterization for modelling of sheet metal material. Conventionally standard straight
tensile tests are used in this thesis work as reference tests, where the strain is calculated
by using the extension divided by the initial gauge length (Davis, 2004), which is valid
until necking occurs. The true stress vs. true plastic strain curve is calculated from the
experimental force, F , and the elongation, δ, measured over the initial length, L0, of the
straight A50 specimen:

σ̄true =
F

A0

(1 +
δ

L0

);

ε̄p = ln (
δ

L0

+ 1)− σ̄true
E

,

(2.1)

where A0 is the initial cross section area and E is the Young’s modulus.
This method requires a uniform deformation field and is therefore not valid beyond

the occurrence of necking. Therefore, a method based on the local deformation field has
been used and further developed during the course of this work. To measure the local
deformation field and therewith be able to obtain strain values in the localized necking
region Digital Speckle Photography (DSP) is used during the experiments. Specimen
with a random pattern on its surface are used and during deformation images of the

11
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deforming surface are taken. These images are synchronised with the measured force and
elongation values and stored on a computer which uses Digital Image Correlation (DIC).
DIC is used to determine the deformation field of the specimen. During the testing
process, the reaction force and the elongation are measured and synchronized with the
image data. The frame rate depends on the strain rate in the test. Usually, there are
series of 50 to 100 images per tested specimen.

A various set of tensile specimen geometries are used during this work. The different
dimensions and sheet thicknesses are caused by the different materials and testing ma-
chine limitations. Figure 2.1 shows a schematic drawing of the specimen geometries that
are used during this work to test sheet metals under various stress states. A measure
of the stress-state is the stress-triaxiality which is defined as a measure of the stress
invariants p and q:

η =
−p
q

=
σm
σ̄
, (2.2)

where σm is the mean stress and σ̄ is the effective stress. The theoretical stress state
envelop ranges from a triaxiality of ηshear = 0 for the shear specimen to ηR10 = 0.55 for
the notched R10 specimen. In general the presented Stepwise Modelling Method is used
to obtain the post necking hardening until fracture using the notched R30 specimen since
the strain field localizes for each test at the notch of the specimen and fracture initiates
at the centre of the specimen. This leads to a high repeatability of the experimental
results and reliable failure strains. The other specimen geometries are used to extract
the combination of the effective plastic strain at failure values and the stress state history
during deformation.

All tensile testing experiments were performed at room temperature where the tests in
Paper A, B and D are performed at quasi static strain rate on the servo-hydraulic loading
machine (Dartec M1000/RK). The presented results in Paper C are tested at a strain rate
of 1 s−1 using a high-speed tensile testing machine (Instron VHS-160/100-20). The tests
in Paper E and Paper F are performed at quasi static strain rate on the servo-hydraulic
loading machine (Instron 1272). Sjöberg (2017) presented that the methods give valid
results even at elevated temperatures and at high strain rates up to 1000 s−1.

2.2 Stepwise modelling method

The Stepwise Modelling Method (SMM) is a method to characterize the constitutive
stress-strain relation in a post necking regime based on tensile test experiments. The
method has evolved from prior development by the group of Solid Mechanics at Lule̊a
University of Technology, e.g. Eman (2007), Häggblad et al. (2009) and Östlund (2015).
It is a time-efficient and reliable method to obtain the flow stress including post-necking
behaviour without computational intense finite element simulations and is presented in
detail in Paper A. The flow curve is represented by a piece-wise linear continuous function
of the yield stress, σY , vs. the effective plastic strain, ε̄,

σkY = σk−1
Y +Hk(ε̄kp − ε̄k−1

p ), k = 1, 2, 3, . . . nk, (2.3)
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Figure 2.1: Schematic overview of tensile specimens used during this work, to evaluate
the material behaviour under various stress-states.

containing of nk points, where H is the hardening modulus. The SMM estimates for
each time increment the unknown values of Hk and ε̄kp i a step-by-step procedure. A
visualisation for an easier understanding of the Stepwise Modelling Method is presented
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as a flowchart in Figure 2.2.

The SMM uses the field data from the deformation, obtained by measurements using
DSP as previously described in Section 2.1, and the tensile force in the evaluation process.
At first a cross-section perpendicular to the tensile direction is chosen, which is further
used as an integration path, S, to calculate the corresponding tensile force. A suitable
cross-section must experience plastic loading through the entire deformation process and
is therefore placed through the localised area. The modelling process is performed in a
stepwise manner, where each evaluated DIC image represents one time increment. At
each time increment a new hardening modulus for the current effective plastic strain is
added to the resulting piecewise linear hardening relation. The stress components of
all points on the cross section are calculated using the constitutive evaluation from the
measured deformation field based on the piecewise linear hardening relation. The traction
vector on the cross section is calculated and integrated over the cross section to obtain the
tensile force on the specimen. The residual of this calculated force and the experimental
measured force is obtained. To minimize this residual the current hardening modulus is
varied until it reaches a convergence tolerance value. This procedure is repeated for each
time increment until the failure occurs. By this the flow-stress is characterised until the
local failure strain is reached.

Two different ways of stress computation (Item 2 in Figure 2.2) are presented in this
thesis. The SMM, presented in Paper A, uses for the stress computation a radial re-
turn method based on the isotropic von Mises plasticity assumption. By using the von
Mises plasticity assumption the SMM is limited to metals with an isotropic elasto-plastic
behaviour. Therefore, an improvement to enable the Stepwise Modelling Method to met-
als with anisotropic elasto-plastic behaviour is suggested in Paper E. Here, the Barlat
Yield 2000 criterion (Barlat et al., 2003) is used for the constitutive update in the SMM
computation procedure (Item 2 in Figure 2.2).

An advantage of this direct method is that the stress tensor as well as the strain tensor
is known on each surface point during deformation. Therefore, this method can be used
to determine the evolution of the plastic strain, εp and stress triaxiality coefficent, η in
any point of the specimen. Using these parameters obtained from the localized areas close
to fracture, strain based failure models can be calibrated directly from the experimental
evaluations.

The Stepwise Modelling Method is presented and validated in Paper A. The hardening
relation for a ferritic steel is determined using SMM and is compared in Paper B with an
inverse modelling method. In Paper C the hardening relation for a nickel based super alloy
is determined by using SMM and based on these results the stress state evolution during
deformation is presented. In Paper E an extended version of the Stepwise modelling
method using Barlat Yield 2000 criterion (Barlat et al., 2003) is presented. In this
paper the post necking hardening relation for a 5XXX and a 6XXX aluminium alloy is
characterised and the influence of the serrated yielding is investigated. The Stepwise
Modelling Method using Barlat Yield 2000 is in Paper F applied to characterise the post
necking hardening and the failure properties of a 6XXX aluminium alloy.
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Figure 2.2: Flowchart describing the SMM procedure from experimental DIC data to
the final hardening curve. (Item 1.): A suitable integration path, S, perpendicular
to the tensile direction is chosen. (Item 2.): For each time step, the stresses for all
points on the integration path based on the measured deformation field are computed.
Where the yield stress is taken from the flow curve determined at the earlier time step.
(Item 3.): The resulting force over the integration path is calculated and compared with
the experimentally measured force. (Item 4.): The hardening modulus Hk that minimises
the residual between the measured force and calculated force along the integration path,
S, is found. When the residual Fres is within a prescribed tolerance (δ), Hk and ε̄kp are
updated and the procedure continues with the next time increment at step 2. After all
time increments the final hardening curve is determined.
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2.3 Inverse modelling method

Inverse modelling is a common engineering tool often used to characterize the elasto-
plastic behaviour of materials. In this thesis inverse modelling is used for comparison with
the SMM results. Taking experimental data as a target function, such as for example force
and displacement data, the material model parameters are optimised until the simulated
output reaches the target function.

Inverse modelling can be used for material parameter identification based on various
optimization tools. The most common way of optimization is the curve matching where
a given target curve based on experimental data is matched with simulation results as
for example a displacement, force vs. deformation or a stress vs. strain curve. The error
measure of the mismatch calculation could be curve mapping or Mean Square Error
(MSE). The MSE is calculated as follow,

MSE(x) =
1

P

P∑
i=1

(
Fi(x)−Gi

si
)2, (2.4)

where P is the number of interpolation points, F (x) is the simulated curve, G(x) is
the target curve and si is a possible weighting or scaling factor. Matching the force vs.
displacment curve does not necessarily mean that the correct deformation is modelled.

In this work LS-OPT was used for inverse modelling, using LS-DYNA as the solver and
the leapfrog optimizer (LFOP) algorithm as suggested in the LS-OPT manual example
(’Optimizing LS-DYNA input curves’ (Stander et al., 2014)). Inverse modelling is used
in Paper A to validate the results and in Paper B to compare the results obtained by
using stepwise modelling and inverse modelling methods.

2.4 Evaluation experiments

Evalutation is an important step to verify the material model calibration results, other-
wise the FEM simulation results are only colourful pictures without any meaningfulness.
To evaluate the material model calibration methods several experiments are conducted
in this thesis work. First, the validation of the Stepwise Modelling Method is described.
Thereafter an experiment to evaluate the failure model calibration is presented. Last a
special double bended tensile specimen is presented which is used in a lab-scale evalua-
tion experiment to evaluate a modelling process of a whole process chain from blank to
fractured component.

2.4.1 SMM validation

The Stepwise Modelling Method, briefly described in section 2.2 and in detail presented
in Paper A, is validated in several steps. At first the validity of the results obtained by
SMM from yielding until necking needs to be proven. Therefore a simple straight A50
tensile specimen and a notched R30 tensile specimen (top two specimen in Figure 2.1)
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Figure 2.3: Comparing the stress-strain relation from straight tensile tests over 50mm
(black lines) and 35mm (red lines) measurement length and the resulting stress-strain
relation from Stepwise Modelling (blue lines).

are tested. The true stress - true plastic strain is calculated based on the measured force
and elongation measurements of the A50 specimen. Additional to the mechanical 50mm
extensiometer a virtual extensiometer based on the DIC data over e nominal length of
35mm is used. This additional virtual extensiometer is used to confirm the results of the
mechanical extensiometer.

Hardening until necking

To demonstrate the SMM validation an advanced high strength steel sheet with a nominal
sheet thickness of t = 1.4mm is used. Five of each specimen were cut perpendicular to
rolling direction and tensile tested under quasistatic condition where the testing machine
had a cross-head speed of 0.1mm/s. All specimen where sprayed with black and white
colour and up to 150 images of the specimens surface were taken during the testing.
GOM Aramis is used for Digital Image Correlation. The comparison of the stress-strain
relation from straight and notched (R30) tensile tests are shown in Figure 2.3. The
black lines show the true stress - true strain relation obtained by the 50mm mechanical
extensiometer and the red lines the results from the virtual extensiometer with 35mm
measurement length. It can be seen that the resulting stress-strain relation from Stepwise
Modelling, shown as blue lines, matches well with both the results from A50 and A35
measurements. This result proofs the validity of the SMM until necking.
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Post necking hardening

Next, the resulting post necking hardening until fracture, shown in Figure 2.4a, needs to
be validated. This is achieved by using the SMM hardening curve as input in a simple
material model using a piecewise linear hardening curve. A finite element simulation
of a tensile specimen with a R30 notch using this piecewise linear hardening curve is
performed. The explicit FEM simulation uses 4 node shell elements with an average
side length of 0.2mm modelling the 50mm length of the notched tensile specimen. The
FEM model is composed of 45.343 fully integrated quadratic plan-stress Belytschko-
Tsay shell elements allowing for thickness change during deformation. The simulation
does not contain any failure model and is conducted until the experimental tests fail
(approx 2.2mm elongation). The force measurement is done by using a cross section
plane through the center of the model.
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Figure 2.4: (a) Resulting hardening relation for the presented advanced high strength
steel sheet from initial yielding until fracture. (b) Comparing the simulated force versus
elongation relation (blue line) from notched (R30) tensile tests based on the hardening
relation in the left figure with experimental results (black lines), where the elongation is
measured over a nominal length of 50mm.

The resulting force vs. elongation curve of the FEM simulation is compared with mea-
sured results from the experiment and presented in Figure 2.4b. It can be observed that
the simulated force-elongation relation agrees well with the experimental results. This
proves that the stress-strain relation obtained by the SMM gives valid simulation results
and can be used for modelling approaches where the materials post necking behaviour
needs to be taken into account. Since no failure model is added to this simulation the
simulated force-elongation curve continues even after fracture occurred in the experi-
ments.
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Comparison with inverse modelling

Finally, an inverse modelling method is used to compare the obtained stress-strain rela-
tions to validate the final results of the stepwise modelling method.

The inverse modelling is performed by using the software LS-OPT for the optimisation
and LS-DYNA as solver for the finite element method (FEM) calculations. Three different
material models are used, where for each material model three or four parameters need
to be optimized.

The lower and upper bounds for each parameter are presented in Table 2.1. The start
value for each parameter is chosen as the middle value between the bounds. During the
optimization a Mean Squared Error (MSE) for the discrepancy between the experimental
obtained force-elongation and the FEM simulation force-elongation, is minimized. The
optimisation uses a leap-frog optimizer (LFOP) algorithm as suggested in the LS-OPT
manual Stander et al. (2014). The explicit FEM simulation uses the same FEM model
of the notched tensile specimen as described in the previous section.

Table 2.1: Material parameters for inverse modelling. Lower and upper bounds as input
data as well as final results.

Materialmodel Bounds
Parameters

C1 C2 C3 C4

Swift
Lower 1000 [MPa] 1 · 10−3 [-] 0 [-] -
Upper 2000 [MPa] 3 · 10−1 [-] 0.3 [-] -
Final 1715 [MPa] 2 · 10−3 [-] 0.099 [-] -

Voce
Lower 750 [MPa] 500 [MPa] 5 [-] -
Upper 2000 [MPa] 1500 [MPa] 50 [-] -
Final 1505 [MPa] 1060 [MPa] 13.87[-] -

El-Magd
Lower 500 [MPa] 500 [MPa] 100 [MPa] 50 [-]
Upper 1500 [MPa] 2000 [MPa] 500 [MPa] 100 [-]
Final 1030 [MPa] 2000 [MPa] 147.8 [MPa] 81.6 [-]

The resulting hardening relations for the presented advanced high strength steel sheet
obtained by SMM and inverse modelling with three different models are presented in Fig-
ure 2.5a. It can be seen that all curves are following the same path until a certain strain
value. After this strain value localisation occurs and the different models are diverging.
This is mainly caused by the nature of each model which limits the degree of freedom.
Here the flexibility in using a piecewise linear formulation in SMM overcomes this limita-
tions of formulation based hardening models. The obtained parameters from the inverse
modelling are presented in Table 2.1. The simulated force-elongation relations for each
hardening model from simulating the notched specimen is compared with experimental
results in Figure 2.5b.
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Figure 2.5: (a) Resulting hardening relations for the presented advanced high strength
steel sheet obtained by SMM (black line) and inverse modelling with three different
models; Swift (blue line), El-Magd (red line) and Voce (yellow line). (b) Comparing the
simulated force versus elongation relation from notched (R30) tensile tests based on the
SMM hardening relation (black line) and the by inverse modelling obtained hardening
relation, Swift (blue line), El-Magd (red line) and Voce (yellow line), with experimental
results (black crosses), where the elongation is measured over a nominal length of 50mm.

2.4.2 Multitriaxiality specimen

A complex sheet metal specimen is used to evaluate the GISSMO model calibration
results for failure prediction in FEM simulations at different stress-states with only one
test setup. The specimen is designed to localise and fracture during tensile testing in
different regions at different deformation stages. The aim is that the failure of the
different specimen regions will be initiated under different stress-states similar to the
Multi-failure specimens presented by Williams and Simha (2019). The schematic drawing
of the specimen used in Paper F is presented in Figure 2.6.

This specimen fails in four stages during deformation. The range of failure initiation
is expected to go from shear η = 0 to plane strain η = 0.55. First the notched area next
to the largest hole of the specimen fails, that leads to the first drop of force, from 1 to

2 in Figure 2.7. The second region that fails is the region on the opposite side from the
top right hole towards the edge of the specimen, causing the drop of experimental force
at 3 . Then the centre region between the two smaller holes fails causing the third drop
in force. In the most tensile tests this failure occurs in two steps where the second half
of this region fails immediately after the upper half of the centre. The last state at 4
where only a small region between the two holes on the right side is deformed under shear
loading conditions. During the shearing the remaining material starts to rotate which
causes that the failure occurs in a stress state of combined shear and tension loading and
finally fails at 5 . By using this specimen geometry the evaluation of the failure model
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Figure 2.6: Schematic drawing of the Multitriaxiality specimen which is used in an
evaluation experiment. All dimensions are in [mm].
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Figure 2.7: Elongation measurement with virtual extensiometer along the specimens
centre surface using DIC. The different lables from 1 to 5 indicate the different failure
events during deformation.
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Figure 2.8: Schematic drawing of the laboratory scale test component which is used as
an evaluation experiment in the process chain simulations. All dimensions are in [mm].

is conducted on a different experiment than the calibration experiments.

2.4.3 OPTUS III - Bending specimen

Another evaluation experiment presented in Paper D uses the OPTUS III - bending
specimen. In that work, a laboratory scale test component is followed up from blank
to fractured component to evaluate a process chain simulation. The schematic draw-
ing of the laboratory scale test component is shown in Figure 2.8. The components are
produced using the press hardening process and are afterwards tested under tensile de-
formation until fracture, where force, elongation and the strain field on the components
surface are measured. The strain field measurements are performed by using digital
image correlation.

The laboratory scale test component is evaluated using finite element modelling. The
whole press hardening production process is modelled starting with a pre-cut austenitized
blank. Furthermore, the deformation and fracture under tension/bending is studied using
the OPTUS damage model (Häggblad et al., 2009; Östlund et al., 2014). The elasto-
plastic material properties and damage parameters are taken obtained by using the SMM
method and are presented by Golling et al. (2016b) and Östlund et al. (2014). The
as-produced component is measured using a three dimensional scanning system. The
shape deviation and thickness change of the component are compared to the result of a
forming and post-cooling simulation. A finite element investigation on the deformation
and fracture under tensional/bending loading is conducted applying shape and thickness
deviations in the model. Further more the effect of paint curing presented by Kantereit
(2011) is studied on this bending specimen and presented in Paper D.



Chapter 3

Results summary

This chapter gives a brief summary of the findings in paper A-F, connects the results
with each other and aims to relate each finding to the overall context of this thesis.

3.1 Stepwise Modelling Method

In Paper A a direct method to characterize the post necking hardening behaviour for
sheet metals is presented. Using this method the work hardening can be modelled step
by step and it is therefore called Stepwise Modelling Method. The core of this paper is
the methodological base of the Stepwise Modelling Method and its validation. A resulting
stress-strain relation for a boron alloyed steel is shown in Figure 3.1a. The validation
of this result is performed by using a straight tensile specimen to determine the true
stress true strain relation until necking and comparing this with the flow stress relation
obtained by the stepwise modelling method, as shown in Figure 3.1b. The capability
to obtain experimentally stress-strain relations for varying evaluation lengths is shown.
A first comparison with inverse modelling is performed using a cubic hermite spline to
model the plastic hardening behaviour, leading to comparable results. It is concluded
that based on the optical full-field displacement data the hardening behaviour of sheet
metals can be obtained, even for large strains above necking until failure.

3.2 Comparison with inverse modelling

Paper B is an extended validation of the Stepwise Modelling Method with the main focus
on the comparison of Stepwise Modelling Method and inverse modelling. Three mate-
rial hardening models, the Voce, Swift and El-Magd material models, are adjusted for a
ferritic boron steel using inverse modelling. Figure 3.2a shows the piecewise linear hard-
ening relation obtained from SMM and the resulting stress-strain relations from inverse
modelling. Further, the piecewise linear hardening relation obtained by the stepwise mod-
elling method is fitted to the three previously named plasticity material models. These

23
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Figure 3.1: (a) The resulting calculated stress-strain relation for the investigated material
using the original DIC analysis length. The curve consist of 39 tabulated point sets that
are marked by +. (b) The resulting stress strain curve obtained from inverse modelling
and stepwise modelling methods with a 0.2-mm mesh size.
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Figure 3.2: (a) Resulting stress-strain relation from SMM and Inverse modelling. (b)
Comparison of the force-elongation relations from the experiment with FEM simulations
based on SMM material-models.

material models were used in finite element simulations on a tensile test. Figure 3.2b
shows the comparison of the experimental and simulated force elongation relation. It is
concluded that both methods are characterizing the post necking behaviour in a reliable
and accurate way, where the stepwise modelling method is considerably faster and proves
a higher flexibility by easily fitting results to elasto plastic hardening material models.
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Figure 3.3: (a) The experimental triaxiality stress evolutions evaluated by using SMM
at the fracture points. − Shear specimen; − Hole specimen; − Notched specimen. (b)
Fracture strains plotted versus integrated value of the stress triaxiality histories. − Shear
specimen; − Hole specimen; − Notched specimen. The solid line shows the resulting
fracture locus of the calibrated fracture model.

3.3 Evolution of stress triaxiality

In Paper C the Stepwise Modelling Method is used to characterize the nickel based super-
alloy, Inconel 718. The SMM is further developed to be able to characterize the local
stress state evolution during deformation. This evaluation is applied on three different
tensile specimen geometries with different theoretical stress states. Figure 3.3a shows
the resulting stress triaxiality evolution from the three repetitions for the three studied
specimen types. For comparison and validation FEM simulations of the deformation
process of each specimen type are performed. An other method to experimentally obtain
the stress state history is applied on the investigated samples. An integrated average
of the stress state is calculated for all specimen types and were used to calibrate a
fracture model, as shown in Figure 3.3b. The results shown in this figure can be used to
calibrate directly many strain based fracture models. It is concluded that it is possible
to characterize the stress state evolution using the SMM.

3.4 Process chain simulation

In Paper D a laboratory scale test component is followed up from blank to fractured
component. In this paper, the industrial application of modelling and simulation of
forming processes and the direct evaluation of the manufactured components failure
behaviour is performed and evaluated by experiments. The production process starts
with a pre-cut blank, which then is austenitized, formed and quenched simultaneously
in the press hardening tool and ends with post-cooling to ambient temperature. These
components are tested under tensile deformation until fracture, where force, elongation
and the strain field on the components surface are measured.

The laboratory scale test component is evaluated using finite element modelling. The
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Figure 3.4: (a) Thickness deviation from nominal sheet thickness of 1.5mm for the formed
and component obtained from 3D thickness measurement. (b) Load-displacement re-
sponse, where the black lines are the fully hardened components, the red are the fully
hardened components with the bake hardening treatment and the blue line represents
the simulated force-elongation relation based on the resulting thickness and surface from
the forming simulation. The experimental maximum force at fracture is marked for each
curve with ’X’.

whole press hardening production process is modelled starting with a pre-cut austenitized
blank. Furthermore, the deformation and fracture under tension/bending is studied using
the OPTUS damage model. The as-produced component is measured using a three di-
mensional scanning system (shown in Figure 3.4a). Shape deviation and thickness change
of the component are compared to the results of a forming and post-cooling simulation.
A finite element investigation on the deformation and fracture under tensional/bending
loading is conducted applying shape and thickness deviations from the forming simula-
tion in the model. Figure 3.4b shows the comparison of the load-displacement responses
from experiments and simulation. In this paper the reliability of modelling tools from
blank to fractured component is shown. The possibility is shown to predict the failure
of the component, with the specific phase composition after the hot stamping process
obtained from simulations. Furthermore, the influence of the paint baking process on the
mechanical properties is presented.

3.5 SMM for anisotropic sheet metals

The Stepwise Modelling Method based on the von Mises plasticity showed its limitations
when evaluating sheet metals with anisotropic plastic behaviour. Therefore a new Step-
wise Modelling Method for anisotropic sheet metals based on Barlat Yield 2000 plasticity
was presented in Paper E. A multi-stage return mapping method is used for the stress
integration of the Barlat Yield 2000 plasticity. Figure 3.5a compares the yield stress vs.
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Figure 3.5: (a) Yield stress vs. effective plastic strain relation for AA6016 in rolling
direction (three repetitions). Comparing hardening curves in rolling direction, where the
black lines are obtained from A50 specimen force-elongation relation; the green and red
from SMM based on DIC measurements using the presented anisotropic model from A50
and R30 specimen; the cyan and blue lines from A50 and R30 specimen using the SMM
with von Mises plasticity. (b) Comparison of the force versus elongation from simulations
end experiment of AA6016 using straight A50 specimen. The experimental results are
presented in dashed curves and the simulated results are presented in solid curves, while
the colour shows the three different test directions (RD, DD, TD).

effective plastic strain relation for AA6016 in rolling direction obtained from the von
Mises and Barlat Yield 2000 SMM, using the conventional true stress vs. true strain
curve as a reference. As expected, the comparison of the obtained flow curves based
on the two criteria clearly show the importance to use a proper anisotropic plasticity
model and that SMM based on the von Mises radial return method cannot be used for
sheet metals with anisotropic behaviour. To evaluate the validity of the overall material
behaviour, the results in Paper E were used to perform numerical FEM simulations of
straight tensile specimen. The simulations are performed in three different tensile direc-
tions, the 0, 45 and 90 degree direction to compare the force-elongation relation with
experimental measurements. Figure 3.5b shows the comparison of the force versus elon-
gation from simulations end experiment. Based on these results, it can be stated that the
SMM results are giving sufficient data for the material model even for other directions
than the rolling direction.

3.6 Failure prediction of AA6082

In Paper F the methods presented in Paper A, C and E are applied to predict the ductile
fracture for Aluminium Alloy AA6082 in T6 condition in various directions and stress
triaxialities. The Stepwise Modelling Method is used to evaluate the plastic and fracture
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Figure 3.6: (a) Experimentally obtained failure strain ε̄fp(η) presented in effective plastic
strain vs. stress triaxiality regime for AA6082-T6 in rolling direction. The experimental
data is scattered in different styles for each specimen type. The calibrated failure strain
ε̄fp(η) with the MMC model is presented as solid curve. (b) Comparison of the experimen-
tal force vs. elongation relation with the simulated FEM results of the multitriaxiality
evaluation specimen. The simulation result is shown in cyan and the filtered simulation
response is shown as a red line.

behaviour of the aluminium alloy AA6082-T6. The post necking hardening behaviour is
characterized based on full field measurements of notched specimen during deformation.
The failure characterisation is performed based on the obtained stress triaxialities and
effective plastic strain at fracture. This data is used to calibrate a material failure model
using the modified Mohr-Coloumb failure model. Figure 3.6a shows the experimentally
obtained failure strain ε̄fp(η) presented in effective plastic strain vs. stress triaxiality
regime for AA6082-T6 in rolling direction and the calibrated MMC model. The material
data is evaluated by using a multitriaxiality specimen, which fails during deformation
at different stress states. Figure 3.6b shows a comparison of the experimental force
vs. elongation relation with the simulated FEM results of the multitriaxiality evaluation
specimen. It can be concluded, that the in Paper F presented method using experimental
full field measurements and the Barlat Yield 2000 plasticity based Stepwise Modelling
Method can be applied to predict the ductile fracture of a variety of anisotropic sheet
metals and thereby contributes to efficient and reliable material model calibration.



Chapter 4

Conclusion and Discussion

This chapter presents the main conclusion of the present work. Furthermore, the
findings, methods and results are discussed.

The reduction of greenhouse gas emission is one of the long-term goals which faces the
industry regularly. Finding innovative design solutions and material selections can reduce
the lifecycle ecological footprint through energy efficient production and reduced weight of
for example vehicles. Advanced sheet metal alloys are often very interesting candidates
in product design under lightweight aspects. Hence, the introduced sheet metals in
innovative design has to fulfil the demands regarding for example formability as well as
final product performance in terms of structural integrity. Modelling and simulation are
powerful and efficient tools to study manufacturing processes such as forming and to
predict final properties of produced parts. Especially, in the automotive and aerospace
sector, industries are using commercial modelling software to simulate processes like e.g.
sheet metal forming, and to predict performance such as crashworthiness and structural
stiffness. However, the quality of modelling outcome is highly dependent on accurate
mechanical descriptions. In for example sheet metal forming and crash situations, large
deformations often occur and there might be a risk of unwanted failure. The mechanical
properties are commonly obtained by conventional uniaxial tension tests. However, the
fundamental assumption of a homogeneous uniaxial stress and strain state ceases at
necking and consequently the flow stress behaviour beyond this point remain unknown.
Other biaxial techniques such as bulge tests are commonly applied to extend the flow
stress curves to strains beyond necking, but the test has its limitation when it comes to
tracking localization and measuring the fracture strain. Many indirect methods based
on inverse modelling to obtain flow stress behaviour at large deformations have been
proposed over the years.

This thesis concerns a novel approach for material characterisation for modelling of
sheet metal deformation and failure. A direct method based on experimental full field
measurements to characterise the sheet metals post necking hardening and the failure
behaviour, the Stepwise Modelling Method is presented. The presented method uses
surface measurements to obtain the strain field data including the through thickness
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strain. Due to the fact, that the highly distorted localized zone is used as a base for the
stress and strain calculations some uncertainties need to be discussed. The assumption
of the plane stress condition which is valid for sheet metals under tensile deformation is
only partly valid in the localized necked zone and leads therewith to some uncertainty.
However, results show that the deviation due to this uncertainty is negligible small.
Another uncertainty is the high dependency of the stepwise modelling to experimental
field data. Low accuracy in time and space data obtained by DSP and DIC have a
direct influence on the SMM results. This demands a high quality on the experimental
optical field measurements and therewith increase the complexity of the tensile testing
procedure.

The results in Paper B show that the choice of a mathematical function as material
model has a large influence on the accuracy of simulation results. In general, methods
where the material model is fitted to low strains might lead to high deviations if large
deformation occurs during the simulation process. The usage of piecewise linear harden-
ing relations obtained by the stepwise modelling method either directly or later fitted to
a nonlinear material model lead to more accurate material data for simulations.

The Stepwise Modelling Method was used in Paper C to evaluate the stress state evo-
lution during deformation until failure. This method was applied on different Alloy 718
tensile specimen and compared with FEM results. The comparison showed a reason-
able agreement, but two of the specimen tend to a higher triaxiality just before fracture.
Similar behaviours for softer sheet metal specimen have been shown by Östlund et al.
(2014). To overcome the uncertainty an averaged stress state value is proposed and used
in Paper F for fracture model calibration.

A laboratory scale test following up a press-hardened component from blank to frac-
tured component was performed to show the strength of the in this thesis presented
tools. The prediction of the deformation and failure behaviour of a component solely on
manufacturing process conditions is presented in Paper D and validated on experimental
results in manufacturing and performance testing. After the forming, a good agreement
between the simulated and the measured thickness distribution can be stated. The agree-
ment between the experimental and simulated load displacement relations are in general
good and a slight variation in fracture loads is observed. In this paper the manufacturing
properties where limited to produce only fully hardened components. As the next step
the manufacturing properties where changed to have multi-phase micro-structures which
are not included in this thesis work. However, the first results presented by Marth et al.
(2019) are promising.

To overcome the isotropic limitations of the Stepwise Modelling Method a new ap-
proach to characterise anisotropic sheet materials is presented in Paper E. The extended
SMM is based on the Barlat Yield 2000 criterion and two aluminium alloys, AA6016-
T4 and AA5754-H111, were characterised using SMM. Concerning the extended SMM
for anisotropic sheet materials it is concluded that the SMM generates true stress vs
true plastic strain curves following curves obtained by conventional tensile testing up to
necking and further describes the post necking behaviour to final failure credibly. The
influence of the Portevin–Le Chatelier effect, i.e. serrated yielding, on the SMM results
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is investigated and it may be stated that it can be handled by SMM by using a notched
specimen. To determine the post necking behaviour hardening, it is sufficient to evaluate
the stress-strain relation in one direction, e.g. rolling direction, if the Lankford coefficient
are known or determined by conventional tensile tests in 0, 45 and 90◦ to the rolling di-
rection. Hence, the novel extension of SMM can be used to characterise the post necking
hardening of a variety of anisotropic sheet metals and thereby contributes to efficient and
reliable material model calibration.

The novel extension of the Stepwise Modelling Method based on the Barlat Yield
2000 criterion was used to characterise the aluminium alloys post necking hardening and
failure behaviour. Aluminium Alloy AA6082 in T6 condition was under different stress
triaxialities three different directions tested to enable fracture prediction. Based on the
experimental results a MMC failure model calibration was demonstrated and evaluated
using a multitriaxility tensile specimen. It is concluded that the SMM can be used to
generate an effective plastic strain ε̄p and stress triaxiality η relation based on full field
measurements. These relations can be used to calibrate any kind of strain based failure
model. In Paper F the evaluation of the failure prediction showed a good correlation of
the global and local simulated and experimentally observed failure behaviour. However,
the presented Multitriaxility specimen is suitable to be used as an evaluation test, but
could be further modified to for example reach in the last failure event pure shear instead
of the mixed stress-state. Hence, the method using experimental full field measurements
and the Barlat Yield 2000 plasticity based Stepwise Modelling Method can be applied to
predict the ductile fracture of a variety of anisotropic sheet metals and thereby contributes
to efficient and reliable material model calibration. From these results presented in this
thesis it can be concluded that the developed methods for material characterisation can
prove valuable for the establishment of a predictive tool to improve the modelling outcome
for sheet metal deformation and failure.
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Chapter 5

Outlook

Working on this research for several years many new questions, ideas and possible
solutions came up. Many of these ideas were investigated and integrated into this thesis.
Some of the new questions and ideas have led to new projects or are still waiting for their
time to come. In this chapter opportunities for a scientific continuation and industrial
usage of the methods and results presented in this thesis are described.

In this thesis an approach for material model calibration for deformation and failure
of sheet metals is presented. For a potential academic continuation of this approach
some aspects might be further studied. The investigated sheet metals have been rather
thin with a thickness between 1 and 1.6mm which is a common sheet thickness in the
automotive industry. However, in heavy duty vehicle applications the used sheet metals
can have a thickness of up to 10mm. For these thick sheets the Stepwise Modelling
approach in its presented form will not be valid since the plane stress assumption can
definitively not be applied in the post necking regime. If this limitation needs to be
overcome, one idea would be to have approximation models to relate the 2-dimensional
field of deformation into a 3-dimensional stress state, or to use digital volume correlation
(DVC) instead of DIC. However, the DVC technique requires more expensive testing
methods such as computer tomography. A 3D-SMM would offer a great contribution to
the academic in depth continuation in the field of material characterisation and model
calibration enabling improved 3D failure models for solids to simulate deformation and
failure of thick sheets, extruded materials and general bulk materials.

An intuitive next step will be the industrial implementation and validation of the
presented approach for material model calibration for deformation and failure of sheet
metals. Here, the robustness of the implementation needs to be improved and some kind
of standardisation of the testing procedures, especially the DIC evaluation, is needed.
The results obtained in this thesis work are validated on simple tensile test experiments
and a lab-scale specimen, but it would also be interesting to use the results for automotive
component simulations on an industrial scale.
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Thiele, M., H. Müllerschön, M. Hove, and B. Mlekusch (2021). Optimization of an Adap-
tive Restraint System Using LS-OPT and Visual Exploration of the Design Space Using
D-SPEX.

Tresca, H.E. (1864). Sur l’ecoulement des corps solides soumis a de fortes pressions.
Imprimerie de Gauthier-Villars, successeur de Mallet-Bachelier, rue de Seine . . .

Voce, E. (1948). The relationship between stress and strain for homogeneous deforma-
tions. Journal of the Institute of Metals 74, pp. 537–562.



40 References

Wierzbicki, T., Y. Bao, Y.-W. Lee, and Y. Bai (2005). Calibration and evaluation of seven
fracture models. International Journal of Mechanical Sciences 47.4, pp. 719–743.

Williams, B.W. and C.H.M. Simha (2019). On the Design of Novel Multi-failure Speci-
mens for Ductile Failure Testing. IOP Conference Series: Materials Science and Engi-
neering 651, p. 012091.

Xie, X., J. Li, B. Zhang, B. Sia, and L. Yang (2017). “Direct Measurement of R Value
for Aluminum Alloy Sheet Metal Using Digital Image Correlation”. International Dig-
ital Imaging Correlation Society. Ed. by M. Sutton and P.L. Reu. Cham: Springer
International Publishing, pp. 89–94.

Zhang, S., Y. Lu, Z. Shen, C. Zhou, and Y. Lou (2020). Prediction of ductile fracture for
Al6016-T4 with a ductile fracture criterion: Experiment and simulation. International
Journal of Damage Mechanics 29.8, pp. 1199–1221.

Zhang, S. and D. Zhao (2012). Aerospace Materials Handbook. Boca Raton: CRC Press.

Zhano, K. and Z. Li (1994). Numerical analysis of the stress-strain curve and fracture
initiation for ductile material. Engineering Fracture Mechanics 49.2, pp. 235–241.



Department of Engineering Sciences and Mathematics
Division of Solid Mechanics

ISSN 1402-1544
ISBN 978-91-7790-930-9 (print)
ISBN 978-91-7790-931-6 (pdf )

Luleå University of Technology 2021

Print: Lenanders Grafiska, 141346


	141346_inl_thesis_final_2.pdf
	Synopsis
	Chapter 1 – Introduction
	Chapter 2 – Material Model Calibration Methods
	Chapter 3 – Results summary
	Chapter 4 – Conclusion and Discussion
	Chapter 5 – Outlook
	References
	Appended Papers
	Paper A  
	Paper B  
	Paper C  
	Paper D  
	Paper E  
	Paper F  








