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Zusammenfassung 

Um das Verhalten von Strukturen frühzeitig im Entwicklungsprozess mittels numerischer 

Simulationen vorhersagen zu können, ist eine genaue Beschreibung der Materialeigen-

schaften notwendig. Diese Arbeit fokussiert sich auf das orthotrope Versagen von hoch- 

und ultrahochfesten Stahlblechen. Das Materialverhalten wurde u.a. mittels optischer 

Dehnungsmessung untersucht und zeigte eine Abhängigkeit von dem Belastungszustand 

und der Probenorientierung. Zudem wurde für einen ausgewählten hochfesten Stahl der 

Einfluss der Materialdicke auf das Materialverhalten bestimmt. 

Auf Basis der lokalen Dehnungen wurde die plastische Instabilität, definiert als Beginn der 

makroskopischen Schädigung, experimentell bestimmt. Mittels der lokalen Dehnungen 

und eines Plastizitätsmodells wurden die Lastpfade der untersuchten Proben ermittelt, die 

Belastungszustände bei Versagen bestimmt und die Versagenskurven des Materialmo-

dells definiert. 

Anhand der experimentellen Ergebnisse wurden die Materialien orthotrop charakterisiert. 

Um den Einfluss der Orthotropie zu bestimmen, wurde eine Robustheitsanalyse durchge-

führt. Mittels der Materialmodelle konnte das Verhalten der Proben vorhergesagt werden. 

Allerdings zeigte das orthotrope Materialmodell einen nur geringen Einfluss auf das unter-

suchte Bauteil der Robustheitsanalyse. 

Summary 

To predict the behaviour of structures at early stages of the development process by nu-

merical simulations sufficiently, a proper description of material properties, e.g. rolling 

induced orthotropy of sheet metals, is necessary. This work focuses on the orthotropic 

failure of high and ultrahigh strength steel sheet metals. Material behaviour was investi-

gated by applying various measurement methods, e.g. digital image correlation, revealing 

a dependency on the loading and the specimen orientations. Moreover, the influence of 

the material thickness was examined for selected high strength steels. 

The plastic instability, which defines the onset of damage of the continuum, was specified 

experimentally based on the local strain fields. These were also utilised to describe the 

load paths incorporating the applied plasticity model. On basis of these load paths the 

failure points as well as the failure curves of the material model were established. 

Based on the experimental results, all materials were characterised including their 

orthotropic properties. To distinguish the effect of orthotropy, a robustness analysis was 

conducted. Even though the material model was able to represent the different speci-

mens, only minor effects were observed for the virtually investigated component. 
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Symbols 

The parameters within this work can be subdivided into Greek and Latin symbols. Tensorial com-

ponents of 0th order (scalars) are not highlighted. Tensors of 1st order and higher are highlighted 

in bold, 2nd order tensors additional with single, 4th order tensors with double brackets. 

Greek Symbols 

Symbol Unit Description 

    - Strain tensor 

         Stress tensor 

            Untransformed (isotropic) stress tensor of failure model 

               Orthotropic transformed stress tensor of failure model 

             Deviatoric part of stress tensor 

               Hydrostatic part of stress tensor 

           Transformed local stress tensor 

       Coefficient of additional bake-hardening flow potential term  

 ,   - Coefficient of additional bake-hardening flow potential term 

       Cohesion coefficient of Hosford-Coulomb model 

  ,    - Distinct grain orientations within  -fiber 

  - Strain ratio of shear to loading direction ( -value) 

   - Modified  -value 

       Error of numerical simulation and experimental stresses 

  - Equivalent plastic strain 

   - Initial plastic strain of Swift strain hardening law 

                                 - Principle strains 

    - Actual plastic strain 

    - Equivalent plastic strain increment 

   - Failure strain 

  
    

 - Failure strain of proportional load path 

                              - Strain increment in material ij-direction 

               - Strain increment in material transverse direction 

              - Strain increment in specimen transverse direction 

               - In-plane shear strain increment in material coordinate system 

                   - Strain increment in specimen loading direction 

        - Strain increment in specimen thickness direction 

        - Strain increment in specimen width direction  

    ,      - Thickness strain increment of Marciniak-Kuczynski model 

  - Stress triaxiality 

  ° Lode Angle 

   - Lode Angle Parameter 

  - Distortion Coefficient 

  - Poisson-Number 

  kg/m³ Mass density 

        Equivalent stress due to von Mises 

        Third invariant of the deviatoric stress tensor 



iv Symbols 

        Averaged stress in simulation without stress fade out 

        Yield Strength 

                                     Principle Stresses 

                                    Stress components in local coordinate system 

              Equivalent stress of Barlat’91 yield model 

          Averaged stress obtained experiment 

          Equivalent yield strength due to Hosford 

                                ]      Strain hardening function  

        Normal stress of Mohr-Coulomb model 

        Hydrostatic mean stress 

               First principle stress of transformed stress tensor 

                 Third principle stress of transformed stress tensor 

          Averaged stress in simulation 

             Equivalent yield strength of Swift hardening law 

       Shear stress of Mohr-Coulomb model 

  ,   ,   rad Euler Angles 

       Yield potential 

Latin Symbols 

Symbol Unit Description 

           Stiffness Tensor 

    - Unity Tensor 

    - Rotation tensor 

         Deviatoric part of stress tensor 

            Untransformed (isotropic) stress deviator of failure model 

              Orthotropic transformed stress deviator of failure model 

  - Plastic exponent of Hershey-Hosford model 

          - Parameters of Barlat’89 model 

              - Parameters of Barlat’91 model 

   - Burger’s vector 

  - Friction coefficient of Hosford-Coulomb model 

   - Drag coefficient 

                                Components of 4th order stiffness tensor 

   - Friction-like coefficient of Mohr-Coulomb model 

        Shear resistance of Mohr-Coulomb model 

  - Damage variable 

   - Actual damage value 

   - Damage increment 

      - Damage at plastic instability 

     - Damage exponent of GISSMo 

       Youngs Modulus 

            - Weighting coefficients of Hill’48 model 

  - Sheet thickness ratio (MK model) 

   - Initial sheet thickness ratio (MK model) 

     - Fading exponent of GISSMo 

k      Initial yield strength of Swift strain hardening law 

                                      Transformed stress invariants of Barlat’89 model 



Symbols   v 

 

n - Strain hardening exponent of Swift hardening lawn 

       - Orthotropic Swift strain hardening exponent  

                               - Swift strain hardening exponents in ij-material direction 

  - Lankford-Coefficient 

   - Modified Lankford-Coefficient 

   - Lankford-Coefficient in 0° to RD 

    - Lankford-Coefficient in 45° to RD 

    - Lankford-Coefficient in 90° to RD 

    - Averaged Lankford-Coefficient 

   - Biaxial Lankford-Coefficient 

         Upper yield strength of distinct yield point 

         Lower yield strength of distinct yield point 

    - Plane Lankford-Coefficient 

             Yield strength obtained at 0.2 % plastic strain 

                                     Principle deviatoric stresses 

                                    Deviator components in local coordinate system 

  m Sheet thickness 

                                 m Sheet thickness within section A or B (MK model) 

                              ] - Weighting factor of flow curve mixture 

       Yield strength 

                                       Strain hardening function in different directions 



vi Abbrevations 

Abbreviations 

Abbreviation Description 

1st GEN 1st Generation (of Advanced High Strength Steel) 

2nd GEN 2nd Generation (of Advanced High Strength Steel) 

3rd GEN 3rd Generation (of Advanced High Strength Steel) 

A50 Tensile specimens with proportionality factor related to 50 mm gauge length 

AHSS Advanced High Strength Steel 

BARL91 Barlat yield criterion, proposed in 1991 

BAT Biaxial Tension 

BCC Body-Centred Cubic 

BH Bake-hardening steel 

CBB Cell-block boundary 

CP Complex Phase steel 

CR Cold Rolled 

DIC Digital Image Correlation 

DP Dual Phase steel 

EBSD Electron Backscatter Diffraction  

EMC Extended Mohr-Coulomb model 

EU European Union 

Euro NCAP European New Car Assessment Programme 

FB Ferritic-Bainitic steel 

FCC Face-Centred Cubic 

FEM Finite Element Method 

GISSMo Generalized Incremental Stress-State dependent damage Model 

GTN Gurson-Tvergaard-Needleman model 

HAGB High Angle Grain Boundary 

HC Hosford-Coulomb model 

HF Hot Formed steel 

HSLA High Strength Low Alloy steel 

IF Interstitial Free steel 

IF-HS Interstitial Free-High Strength steel 

LAGB Low Angle Grain Boundary 

LCE Low Carbon Equivalent 

LIAD Load Induced Anisotropic Damage 

MAGD Model Add Generalised Damage (LS-DYNA failure model) 

MC Mohr-Coulomb model 

MIAD Material Induced Anisotropic Damage 

MK Marciniak-Kuczynski model 

MS Martensitic Steel 

NR05 Specimen with notch radius of 5 mm 

NR80 Specimen with notch radius of 80 mm 

ND Normal Direction 

ODF Orientation Distribution Function 

OLM Optical Light Microscopy 

PB Paint Bake condition 

PST Plane Strain Tension 

RD Rolling Direction 
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SE Scaning Electron-detector 
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TRIP Transformation Induced Plasticity steel 

TWIP TWinning Induced Plasticity steel 

UAT Uniaxial Tension 

UHSS Ultra High Strength Steel 

USA United States of America 

UTS Ultimate Tensile Strength 
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1 Introduction 

1.1 Background 

Over the past few years more stringent regulations in fuel consumption have been enacted, e.g. 

in the EU and the USA. Simultaneously, there has been an increase in requirements for crash-

worthiness tests like the Euro NCAP. To satisfy the fuel consumption regulations, the energy 

efficiency of automobiles has to increase, which can be achieved by more effective aerodynam-

ics (lowering the cd-value), higher power train efficiency or a lower vehicle mass. This work fo-

cuses mainly on the option of lowering the vehicle mass, which leads to one of the most chal-

lenging tasks in automotive design: Lowering the vehicle mass and simultaneously rising the 

crashworthiness. To satisfy these requirements, it is common to use fibre reinforced plastics, 

aluminium or high strength steels. With respect to low costs, steel is still widely used due to a 

preferable combination of high strength and high ductility. Therefore, this work solely considers 

the characteristics of high strength steels and examines its behaviour in different tests. 

The most widely used semi-manufactured products in automotive production are sheet metals, 

which are produced by rolling. They undergo different hot and cold rolling as well as additional 

annealing steps. The cold rolling process affects an alignment of the microstructure in rolling 

direction, which results in orientation dependent material properties. It can be observed that 

yield and ultimate tensile strength as well as fracture strain change with the specimen alignment 

to the rolling direction. This orientation dependency of properties is generally called anisotropy, 

which is strongly contingent on the production process beside material choice. Moreover, the 

properties of sheet metals comprise an inner symmetry, which can be expressed by three or-

thogonal mirror planes. This restrictive case of anisotropy is called orthotropy. 

The vehicle-prototypes and their components undergo several physical tests during the deve-

lopment process, e.g. endurance tests, crash tests, aerodynamic tests etc. These tests are 

time-consuming and cost-intensive due to manufacturing time and quantity. To reduce the num-

ber of tests, an essential tool in modern vehicle development is the numerical simulation, replac-

ing physical tests by simulations. This leads to more predictions early in the development proc-

ess prior to (prototype-) manufacturing. The numerical simulation can also be used for various 

vehicle optimisations like weight, aerodynamic resistance or endurance. Several numerical 

methods exist which have specific advantages, e.g. in fluid- or structure simulations. For simula-

tion of structures the Finite-Element-Method (FEM) is commonly utilised. 

1.2 Objective 

A wide range of different steel types exists, exhibiting a characteristic elongation and tensile 

strength, which can be expressed as the so-called “steel banana” and is depicted in Figure 1-1. 

Its banana shape results from the stress-strain behaviour of conventional steels as well as the 

so-called 1st generation of Advanced High Strength Steels (1st GEN AHSS) like martensitic or 

dual- and complex phase steels respectively (MS, DP and CP). The original banana shape was 

enlarged as a start by the development of the so-called 2nd GEN AHSS, the TRIP- and TWIP-
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steels, which use alternative deformation mechanisms like strain induced phase transformation 

(TRIP-steel) and mechanical twinning (TWIP-steels). Recent developments have lead to 3rd 

GEN AHSS, which combine strengthening mechanisms of 1st GEN AHSS (e.g. martensitic and 

bainitic transformation, solid solution strengthening, grain refinement and precipitation harden-

ing) and of 2nd GEN AHSS (twinning and phase transformation). 

 

Figure 1-1:   Elongation dependent on tensile strength of different steel types, resulting in the 

so-called “steel-banana” for conventional steels and AHSS-grades excluding 

TWIP-steels [Wor17] 

It is common to utilise orientation independent (isotropic) material models for crash simulation, 

even though the manufacturing process can induce an orientation dependency (orthotropy). The 

prediction ability of numerical simulations depends, among other things, on the accurate de-

scription of material behaviour. Consequently, within this work, the orthotropic properties of dif-

ferent steel types are experimentally examined to identify characteristic properties of orthotropic 

material behaviour. This includes orientation dependent elasto-plastic material properties. Fur-

thermore, the work focuses on orthotropic material failure like damage properties, the effect of 

damage on material behaviour and fracture strains. To classify the effect of orthotropic material 

modelling on the results of numerical simulations, different specimen types and orientations as 

well as virtual components are investigated.  

1.3 Thesis Outline 

In this work, the steel types CR340LA (High Strength Low Alloy - HSLA, Ultimate Tensile 

Strength (UTS) at 520 MPa) and MS1500 (Martensitic Steel - MS, UTS at 1500 MPa) are inves-

tigated. The investigation comprises different flat specimens to obtain material behaviour at 

stress states ranging from shear to biaxial tension. The experimental examination includes Digi-

tal Image Correlation (DIC)-measurements, Optical Light Microscopy (OLM) and Scanning Elec-

tron Microscopy (SEM) of specimens and fracture surfaces. Additionally, EBSD-measurements 

are conducted to investigate the microstructural evolution during straining. 
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Recent failure models define damage of the continuum and material failure by strain surfaces 

within the so-called mixed stress-strain space, in which the stress state is defined by the so-

called stress triaxiality and the Lode Angle. To characterise the onset of plastic instability, which 

is defined as the onset of damage of the continuum, a method is proposed based on DIC meas-

urements and collateralised by SEM measurements. To distinguish the failure strain surface, 

target points within the mixed stress strain space are estimated by combining DIC-

measurements and the plastic properties. A new orthotropic failure criterion is developed, to 

obtain orthotropic failure surfaces based on these points.  

Based on the experimental results, the orthotropic plastic behaviour as well as failure properties 

and stress state dependent failure strains are characterised. The failure properties are esti-

mated by a proposed hybrid method based on experimental and numerical results. In order to 

classify the effect of plastic and fracture orthotropy, virtual component tests are carried out with 

different degrees of orthotropy. 
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2 Literature Review 

In this chapter, current microstructural investigations and the theoretical framework will be 

summarised. The former focuses on the plastic orthotropy, strain heterogeneities and different 

failure mechanisms, which are determined by the microstructure. Furthermore, the review of the 

mechanical framework includes a description of orthotropic yield functions as well as recent 

failure models. 

2.1 Mechanical Framework 

To describe orthotropic behaviour, a material fixed coordinate system has to be utilised. It com-

monly refers to the manufacturing process for sheet metals. The rolling process occurs in the 

rolling direction (RD), whereas the transverse direction (TD) marks the perpendicular orientation 

within the sheet metal plane. Moreover, the normal direction (ND) is aligned in sheet thickness 

direction (Figure 2-1). These three directions are the basic vectors of the sheet metal coordinate 

system and span the three symmetry planes which define orthotropy.  

 

Figure 2-1:   Sheet metal coordinate system aligned along the rolling direction (RD), trans-

verse direction (TD) and sheet normal direction (ND) 

The local material behaviour depends on the local stress state. It changes with material proper-

ties, specimen geometry or load case. The stress state is described by the symmetrical second 

order tensor    , the so-called stress tensor. It is related to every infinitesimal volume element 

and represents normal and shear stresses for all directions. A graphical example is pictured in 

Figure 2-2. A tensor is always connected to a datum system, whose reorientation causes a 

change of the tensor components. The transformation of tensors in diagonal form leads to en-

tries only along the diagonal, the principle values, as well as to the principle vectors, which de-

fine the axis of the transformed datum system. 1st order tensors are marked in bold further, 2nd 

order tensor in brackets additionally and 4th order tensors in double brackets. 
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Figure 2-2:  6D-Stress tensor     at an infinitesimal volume element [Gro07] 

The stress tensor     can be subdivided into a hydrostatic (         ) and a deviatoric (       ) 

part (2-1), in which the hydrostatic mean stress    is based on the first invariant of the stress 

tensor and     marks the unity tensor. 

                        
 

 
       

      
      

 

 
        

    
 (2-1) 

The hydrostatic part only includes equal normal stresses in all three directions, leading to vol-

ume change only. In opposition, the deviatoric part affects pure isochoric shape change. In the 

context of metals, the deviatoric term corresponds to plastic deformation, whereas the hydro-

static part controls damage e.g. void nucleation or growth [Bri52]. To characterise each stress 

state the stress triaxiality   and the Lode Angle   are introduced, which are based on the stress 

tensor. The stress triaxiality relates the stress proportions affecting volume change to those 

leading to shape changes. In contrast to  , the Lode Angle specifies the driving forces of the 

shape change e.g. mainly tension or pressure stresses. The stress triaxiality is calculated as 

ratio of    and the equivalent stress   , which bases on the second invariant of the stress de-

viator    .The operator   describes the double dot product of two tensors, resulting in a scalar 

value by applying the summation convention. 

   
  

  
          (2-2) 

    
 

 
        

 

 
                (2-3) 

                              (2-4) 

     
 

 
         

 

 
        

         
         

    (2-5) 

The range of the triaxiality is the space of real numbers. The norm of   is equal for tension 

(   ) or pressure (   ). Different stress states within the full stress triaxiality range are 

depicted in Figure 2-3. For hydrostatic tension, the stress triaxiality turns to infinity, where pure 
shear leads to    . Uniaxial tension is characterized by     

 
 biaxial tension by     

 
. 

Figure 2-3:  Stress triaxialities of different pressure and tension stress states [Feu13] 
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The Lode Angle   defines the principle stress composition of the current shear stress state 

within the deviatoric plane. Metal plasticity is assumed to occur only under shear stress. As 

shown above the stress tensor can be divided into a hydrostatic and a deviatoric part. The first 

leads to the so-called hydrostatic axis, which corresponds to the vector          within the 

principle stress space. The deviatoric part of the stress tensor defines a perpendicular plane to 

the hydrostatic axis. It is illustrated in Figure 2-4a in which the axes of the principle stress space 

are projected onto the deviatoric plane, resulting in an angle of 120° between the positive axes. 

Therefore,   ranges from 0° to 60° in relation to the positive axes where 0° defines a tension 

and 60° a compression dominated shear stress state. A Lode Angle of 30° defines pure shear 

stress states. This behaviour is pictured in Figure 2-4a based on the   -direction. 

With   , defined by (2-6), the Lode Angle   can be calculated by equation (2-7). Instead of   the 

Lode Angle Parameter    is often utilised, which is defined according to equation (2-8) and 

ranges from -1 (       ) to +1 (      ). 

     
 

 
           

 
  

  

 
                     

 
   (2-6) 

   
 

 
       

  

  
          (2-7) 

      
  

 
   

 

 
       

  

  
        (2-8) 

To describe the current stress state three types of coordinate systems are commonly used: The 

Cartesian, the Cylindrical and the Spherical coordinate system, which are shown in Figure 2-4b. 

Each coordinate system has its own advantages and its choice relies on the specific problem 

formulation. 

 

Figure 2-4:  a) The Lode Angle based on   -direction in the deviatoric plane with von Mises 

yield surface, tension at θ=0°, shear at θ=30° and compression at θ=60° [Bas10], 

b) Description of the stress state by different coordinate systems [Wie10] 

Cylindrical coordinate systems around the hydrostatic axis are commonly utilised to describe 

metal plasticity. Therefore, the hydrostatic pressure acts as height coordinate z. The deviatoric 

a)            b) 
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plane is orthogonal to the hydrostatic axis and can be described by polar coordinates. The radial 

component is represented by    and   respectively, whereas the Lode Angle   indicates the 

angular component.  

The formulation of the stress tensor takes place in the nine-dimensional stress space. Due to its 

symmetry it reduces to a six dimensional stress space with three normal and three shear stress 

components. The conversion into principle stress space (  ,   ,     leads to three normal 

stresses only. 

2.2 Modelling of Metals 

Experimental material behaviour is a composition of different microscale effects. For modelling 

purposes, these effects are split into three parts: elasticity, plasticity and failure. They are cap-

tured by different model approaches. Combining the individual models leads to a mathematical 

description of the material behaviour. 

Plastic strain behaviour is used to characterise orthotropy in sheet metal. The quotient of width 

to thickness plastic strains, presented in equation (2-9), is called the Lankford-Coefficient  . 

   
       

       
          (2-9) 

The Lankford-Coefficient is defined within the region of proportional elongation. It depends on 

the grain orientation of the microstructure [Huh05]. There are several definitions like   , which 

describes the Lankford-Coefficient at an angle of   with respect to the rolling direction. Com-

monly regarded directions are 0°, 45° and 90° to RD. The  -value can be understood as resis-

tance to thinning [Tas09], [Bee10], [Kan13]. Higher Lankford-Coefficients result in higher plastic 

width strains compared to those in thickness direction [Tas09]. By taking the plastic incom-

pressibility into account, the plastic width and thickness strain can be calculated by the plastic 

strain in loading direction and the  -value. An average of the three values   ,     and     is 

defined by     (2-10) [Wei07]. 

     
            

 
         (2-10) 

To describe the in-plane anisotropy, the planar anisotropy value     is introduced, measuring 

the dependence of the  -value on the angle to rolling direction (2-11) [Wei07]. 

     
            

 
         (2-11) 

In biaxial tension the biaxial Lankford-Coefficient    is elucidated similarly to uniaxial tension. 

2.2.1 Elasto-Plastic Material Behaviour 

Modelling of elastic material behaviour represents the dependency of stress on elastic strains. 

Elastic strains are fully reversible by load removal. In the general case of anisotropic elasticity 

the second stage stress tensor     depends on the fourth order elasticity tensor       as well 

as the second stage strain tensor     [Bec13], see equation (2-12). 
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                       (2-12) 

The fourth order tensor       exhibits 81 independent coefficients      , which can be reduced 

due to symmetry conditions. For isotropic elasticity only two independent coefficients remain. It 

is sufficient to consider only small strains in which non-linearities can be neglected for many 

technical problems. The linear relation of stress and strain for 1D-deformations is described by 

Hooke’s law [Wes30] (2-13). 

                (2-13) 

Here   and   describe the equivalent stress and strain. They are coupled by the Young’s 

modulus  . Furthermore, the strain behaviour of elastic deformation is described by the Pois-

son-ratio   which defines the negative ratio of elastic width to tensile strains. The Young’s 

modulus can be determined from the uniaxial tension test up to the elastic limit, e.g.     or 
       , which describe the onset of plasticity.     occurs in materials with distinct yield 

strength accompanied by Lüders-bands. For materials without distinct yield point the onset of 
plasticity is marked by         which is determined at 0.2 % of plastic strain.  

To describe the onset and the evolution of plastic strains mathematically, a yield surface and the 

hardening behaviour have to be defined. In the general nine dimensional stress space the plas-

tic potential   determines the onset of yielding (2-14) in which    describes the equivalent stress 

and   defines the yield strength in uniaxial tension. 

                       (2-14) 

For     only elastic deformation has to be considered.     indicates elasto-plastic mate-

rial behaviour, whereas     is not permitted. In addition, the plastic potential defines the 

plastic strain behaviour by the normal vector in the yield surface for each stress state. For asso-

ciated plasticity, the onset of yielding as well as the plastic strain vector is defined by the same 

plastic potential. In contrast to that, two separate plastic potentials are specified to determine 

the onset of yielding and the plastic strain vector in non-associated plasticity. However, all fur-

ther presented yield criteria assume associated plasticity. 

One of the oldest yield criterion was proposed by Tresca in 1864 [Tre64] who observed plastic 

strains resulting from crystallographic gliding as a result of acting shear stresses. Plasticity 

arises from reaching a critical shear stress, where the acting shear stresses follow from the 

maximum of Mohr’s circles. In the principle stress space the Tresca yield surface is represented 

by a hexagonal prism around the hydrostatic axis (2-15) [Ban10]. 

                                    (2-15) 

The Tresca yield criterion shows a good agreement with brittle materials but cannot represent 

ductile materials like metals adequately. For these materials, the Huber-Mises-Hencky-criterion 

is widely utilised with good results [Ban10]. It was proposed by Huber and von Mises in 1928 

independently and later advanced by Hencky. It is based on the observations of the independ-

ence of hydrostatic pressure and yield behaviour. Each deformation can be subdivided into 

volumetric change and distortion. The former is affected by the hydrostatic pressure, the latter 
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only by deviatoric stresses. Therefore, the deformation energy, namely the elastic potential, can 

be subdivided into volumetric change energy and energy of distortion. Expressing and permut-

ing the elastic potential and the volumetric change energy by principle stresses leads to the 

energy of distortion. The transition from elastic to plastic behaviour is assumed to occur at a 

critical value of the energy of distortion, leading to equation (2-16). 

        
         

         
          (2-16) 

Independently, Hershey (1954) [Her54] and Hosford (1972) [Hos72] proposed a yield criterion. 

Therefore, it is called Hershey-Hosford criterion and is based, in contrast to the Huber-Mises-

Hencky-criterion, on a non-quadratic formulation (2-17).  

        
         

         
                     (2-17) 

The plastic exponent   defines the shape of the yield surface. The criterion represents the Tre-

sca criterion for     or     and the von Mises criterion for     or    . In all other 

cases, the yield surface forms between the Tresca and von Mises yield surface in which     

is suggested for Body-Centred Cubic (BCC)- and     for Face-Centred Cubic (FCC)-

materials [Ban10]. A generalisation in principle deviator stresses was postulated by Karafillis 

and Boyce in 1993 [Kar93]. 

The previously quoted yield criteria only describe the isotropic onset of plasticity. Regarding 

sheet metals or extrusion profiles, plastic orthotropy can play a major role. Different orthotropic 

yield criteria were proposed, which take specific material behaviour, like the lattice type, into 

account. All further presented phenomenological orthotropic yield criteria base on a transforma-

tion and accumulation within the stress space and relate yielding to the yield strength, com-

monly defined in uniaxial tension in 0° to RD. 

To predict orthotropy in sheet metal forming Hill proposed a quadratic yield criterion in 1948 

[Hil48], based on the Huber-Mises-Hencky-approach. Hill introduced the weighting factors  ,  , 

 ,  ,   and   for the six terms of the von Mises yield criterion. Equation (2-18) represents the 

general formulation within the six-dimensional stress space. 

           
 
           

            
 
      

       
  

                 
               (2-18) 

The six weighting factors depend on the six yield strengths  ,  ,  ,  ,   and  . The former 

three are the tensile yield strengths along rolling, transverse and sheet normal direction. The 

latter are the yield strengths under shear in RD/TD-, RD/ND- and TD/ND-direction. Plastic de-

formation leads to a distortion of the “principle axes of anisotropy”. Therefore, all six coefficients 

are only valid for the current state of anisotropy. In the isotropic case, all weighting factors are 

set to unity and hydrostatic pressure does not influence yielding. In contrast to that, hydrostatic 

pressure can affect shear in anisotropic materials. Moreover, investigations of the axis-

symmetric deep drawing process show the formation of so-called “ears”. These ears form during 

the cup-cone test and result from orientation dependent differences in plastic flow, which de-
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pend on the specific texture. The Hill’48 criterion is only suitable for materials forming four “ears” 

[Ban10], e.g. sheets of annealed aluminium, high strength steel [Kan87] or copper [Ant13]. 

In 1989 Fréderic Barlat et al. [Bar89] proposed an orthotropic extension of the isotropic Her-

shey-Hosford-yield criterion. Besides the assumption of orthotropy, Barlat assumes the plane 

stress state. The criterion is formulated by the two invariants    and    based on the stress 

tensor including normal and shear stresses. The tensor coordinate system is aligned to the 

“principle axes of anisotropy”, in which   corresponds to the rolling,   to the transverse and   to 

the sheet normal direction.  

         
          

       
          (2-19) 

    
        

 
         (2-20) 

      
        

 
 
 

      
        (2-21) 

The exponent   and the coefficients  ,  ,   and   describe the shape of the yield surface. The 

suggestion for the plastic exponent   is analogous to the Hershey-Hosford criterion.  

Based on the previously presented proposal, the yield criterion was extended to the 6D-stress 

space by Barlat et al. [Bar91], see equation (2-22). In contrast to the Barlat’89 model [Bar89], 

basing on the two isotropic invariants    and   , plastic orthotropy is captured by a stress de-

viator transformation. The six coefficients             transform the components of the 

stress deviator, see equation (2-23), and define the yield surface shape in combination with the 

plastic exponent  . 

        
         

         
          (2-22) 

 

     

    
                           

 
                      

    
                           

 
                      

    
                           

 
                      

   (2-23) 

A further criterion to capture plastic orthotropy of the plane stress state was postulated by Barlat 

et al. in 2000 (YLD2000) [Bar03], subdividing the plastic potential into two sub-functions with 

separate stress tensor transformations. It incorporates the stress as well as the strain behaviour 

(Lankford-Coefficient) of uniaxial tension in three directions (0°, 45° and 90° to RD) including 

biaxial tension to define the yield surface shape. 

Due to the extensive implementation of the Barlat’89 model in LS-DYNA, e.g. including 

orthotropic hardening or the temperature dependency, it is utilised for shell simulations later on. 

Furthermore, the framework of the Barlat model, proposed in 1991, is applied for solid simula-

tions as well as to describe the orthotropic plasticity of different model extensions. 
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2.2.2 Material Hardening 

The previously presented models describe the onset of plasticity. Further straining leads to the 

occurrence of plastic strains which can affect the yield surface. Three different mechanisms are 

pictured in Figure 2-5. Figure 2-5a presents the so-called isotropic hardening, which describes 

the uniform expansion of the yield surface in the stress space. The movement of the yield sur-

face within stress space is called kinematic hardening and is pictured in Figure 2-5b. The 

movement results in a change of the yield strength during strain-reverse tests. The effect was 

first described by Johann Bauschinger in 1889 [Bau86] and is therefore called Bauschinger-

Effect. A third hardening mechanism, the distortional hardening, is depicted in Figure 2-5c. It 

describes the yield surface deformation with plastic straining. This distortion can be evoked by 

e.g. orientation dependent expansion of the yield surface or the evolution of plastic properties 

with plastic straining.  

 

Figure 2-5:   Different strain hardening mechanisms, dividing into a): Isotropic hardening in-

cludes expanding of the yield surface, b): Kinematic hardening with movement of 

the yield surface in stress space and c): Distortional hardening with a change 

from a circular to an elliptical shaped yield surface with ellipsis axes a and b 

The utilised material models enable the definition of strain hardening by flow curves in addition 

to analytic hardening functions. The latter are exemplarily presented by the exponential strain 

hardening law postulated by Swift [Swi46], which is shown in equation (2-24). The equivalent 

stress         is composed of the strength coefficient  , the hardening exponent   as well as the 

equivalent initial plastic strain    and equivalent plastic strain  .  

                          (2-24) 

The Swift strain hardening law exhibits a good correlation to the investigated steels. Moreover, a 

huge number of further strain hardening laws exists, e.g. Voce [Voc45], Hollomon [Hol45] or El-

Magd [ElM94], which describe the hardening-behaviour of various materials. The definition of 

flow curves can base on a single or a mixture of analytic hardening functions. 

2.2.3 Material Failure 

The suitable phenomenological description of material failure strongly depends on the specific 

material. Different approaches to predict material failure have been proposed. Simple criteria, 

like the principle stress, principle strain or maximum shear stress criterion predict failure by 

reaching one single critical value. These criteria do not accommodate to experimentally ob-

a)          b)     c) 
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served failure behaviour of steels where a dependence on the stress state (stress triaxiality and 

Lode Angle) is observed. Based on the maximum shear stress criterion, the Mohr-Coulomb cri-

terion [Cou76] (MC criterion) was proposed (2-25). It is capable of predicting brittle fracture of 

rocks or granular material, failing under pure elastic or small plastic strains. As unique feature 

the MC criterion forecasts the failure plane orientation due to its Lode Angle dependence. Frac-

ture occurs along the most heavily loaded plane. The stress tensor is subdivided into a shear 

and a normal stress component (  and   ). The two material constants    and    define mate-

rial failure predicted by the MC criterion. Parameter    can be understood as friction coefficient 

scaling the normal stress and    defines the shear resistance. In general      is applied 

where      reduces the MC to the maximum shear stress criterion.  

                   (2-25) 

Besides its utilisation in geo-mechanics, the MC model is applied on isotropic ductile failure 

[Wil80], [Bai07], [Xue07], [Bar06a]. There are diverse extensions like the Modified Mohr-

Coulomb (MMC model [Wie10]) or the Hosford-Coulomb model (HC model, [Mar15a]) as well as 

the application of a stress tensor transformation to meet anisotropy of ductile failure [Gu15]. 

Cockcroft and Latham [Coc68] developed a fracture criterion based on the plastic work done per 

unit volume at the fracture point. It incorporates the acting stress as well as the equivalent strain 

increment of the fracture point and predicts failure by reaching the so-called true ductility. Cock-

croft and Latham [Coc68] define the true ductility as plastic work under pure uniaxial tensile 

load. The proposed model assumes tensile stresses to be necessary for material fracture, which 

never lead to failure under pressure load. The model was applied by Andrade [And17] and is 

able to foretell material failure for flat tensile specimens like standard tensile, notched or shear 

specimens. However, Andrade also showed that the failure criterion in the presented by Cock-

croft and Latham [Coc68] overestimates the equi-biaxial test.  

The previously discussed models do not include material softening due to damage. To contrib-

ute to failure of metals, material damage has to be considered. The microstructural mechanisms 

of damage and the resulting failure are discussed in detail in chapter 2.3.3. Damage can be 

defined on a microstructural basis by the occurrence of voids [Ben10], phase debonding [Tas09] 

or particle cracking [Tas09]. These mechanisms lead to microscale damage even at low macro-

scopic strains. On the basis of the macroscopic material behaviour, the damage of the micro-

structure is further classified into stable and unstable in this work. Stable microscale damage 

does not dominantly affect macroscopic material behaviour. In contrast to that, unstable micro-

structural damage is characterised by its dominant effect on a macro-scale, e.g. the onset of 

plastic instability. 

Besides the microstructural description of isotropic damage, recent anisotropic damage models 

are proposed, which group into Load Induced Anisotropic Damage (LIAD) and Material Induced 

Anisotropic Damage (MIAD) models. Within the LIAD approach damage evolution is related to 

the principle loading direction. The isotropic damage parameters are not influenced by the dis-

tribution of second phase particles or the microstructure. In contrast to that, anisotropic damage 
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models following the MIAD-approach take the direction dependence of damage accumulation 

into account. [Nia12]. 

A recent approach for phenomenological modelling of material failure including damage behav-

iour is the GISSMo (Generalized Incremental Stress State dependent damage Model) [Bas11]. 

For general application, the model is defined within the mixed stress strain space        . It 

subdivides into four separate criteria: damage accumulation, plastic instability, stress fading and 

failure strains. Strains at plastic instability as well as failure strains have to be predefined by a 

surface within the mixed stress strain space. Damage evolution and stress fading, which de-

scribes the effect of damage on the local stress level, are exponential functions which have to 

be calibrated. In LS-DYNA, a generalisation of the GISSMo (called *MAT_Add_Generalized_-

Damage or *MAT_MAGD) is implemented. It enables the separate definition of material damage 

and failure in up to three directions (0°, 45° and 90° to RD) based on GISSMo. For each direc-

tion, the onset of plastic instability, the failure strains, the accumulation of damage including a 

damage variable    (   (0°),    (90°) and    (45°)), and stress fading have to be defined. Fur-

thermore, the damage type leading to element failure has to be defined, e.g., by reaching of 

unity of an equivalent (LIAD) or of a single (MIAD) damage variable. A more detailed model 

description for the standard GISSMo and its orthotropic extension can be found in [Liv16b], 

[DuB16], [Erh17]. DuBois et al. [DuB16] applied the standard GISSMo and the *MAT_MAGD to 

characterise failure behaviour of an aluminium extrusion, also including orthotropic plasticity, 

corresponding to LIAD. Only with the approach of orthotropic failure could the material behav-

iour be represented. Moreover, a fictitious application of *MAT_MAGD including anisotropic 

damage evolution can be found in [Erh17], representing MIAD. 

Besides pure phenomenological models, a various number of approaches exist incorporating 

the microstructure in material damage up to failure. The investigations of McClintock [McC68] 

revealed failure of metals as a microscale process including nucleation, growth and coales-

cence of voids, leading to the macroscopic crack. These processes of damage evolution are 

comprised in the models of McClintock [McC71] as well as Rice and Tracey [Ric69]. The latter 

was extended by Rousselier [Rou87], adding work-hardening and a density evolution due to 

void nucleation and growth to Rice and Tracey’s assumption of critical cavity growth ratio. 

The previously described micro-structural processes are also included in the approach of the 

Gurson-Tvergaard-Needleman model (GTN model). It describes damage of ductile materials 

and its influence on the yielding behaviour. Gurson postulated a plastic potential due to yielding 

during void growth, in which void nucleation and growth are driven by hydrostatic stress within 

the model approach. Tvergaard and Needleman extended the Gurson model by introducing 

phenomenological coefficients and replacing the void volume fraction   by the damage function 

  . Experimental investigations have shown the suitability for tensile but not for shear loadings. 

Due to its versatility as well as the ability of representing orthotropic failure, the *MAT_MAGD-

approach is further utilised to model orthotropic failure in this work. Furthermore, the GISSMo is 

widely applied to model failure in crash simulation. 
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2.3 Microstructural Researches 

Common material tests, like the uniaxial tension test, provide macroscopic material properties, 

which can be understood as the average of microscopic material behaviour. Microstructural 

effects can initiate fracture and have to be investigated, including the composite structure of 

multiphase steels as well as the texture evolution. Moreover, the mechanisms of void nuclea-

tion, growth and coalescence act at microscale at ductile failure. Because of focussing on steels 

for automotive application, the bake-hardening effect is important and will be discussed further.  

Metal plasticity on microscale can only arise due to dislocation movement within the glide 

systems, defined by its glide planes, which results in pronounced anisotropic plastic behaviour 

of each single grain. Sheet metals, commonly used in automotive industry, exhibit a thickness 

considerably higher than the grain size. Therefore, despite the pronounced anisotropy of the 

single grains, isotropic material behaviour on macro-scale can be obtained by randomly 

distributed grain orientations. The orientation distribution can be described by the texture. 

Plastic deformation, e.g. from the cold rolling process during sheet metal manufacturing, leads 

to a reorientation of grains in preferred directions. Figure 2-6a visualises the change from an 

omnidirectional to a rolling texture. The orientation of each grain is defined by the three Euler 

Angles   ,   and    within the so-called Euler-space. The three angles define the coordinate 

axes of an Cartesian coordinate system ranging from 0° to 90° due to orthotropy. The Euler 

Angles can be obtained experimentally by utilising Electron BackScatter Diffraction 

measurement technique (EBSD). By applying EBSD on a representative microstructure, the 

determined statistical distribution of grain orientations, represented by the Orientation 

Distribution Function (ODF), is valid for each equal microstructural area of the material. A more 

detailed description of microstrucutral measurements of grain orientations and the connected 

ODFs can be found in [Suw14]. 

 

 

Figure 2-6:   a) Realignment of crystallographic axis during rolling process [Wei07], b) fiber 

textures within the Euler-space, including the characteristic cold rolling fibers   

and   [Got13] 

The Euler Angles describe the rotation of two coordinate systems, the crystal and the reference 

system, which, in general, coincides with the sheet metal reference system. Starting with 

a)               b) 
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equally oriented crystal and reference system,    defines a rotation around the reference z-

axis.  describes a further rotation around the x-axis of the crystal coordinate system, 

whereas    elucidates the last rotation around the z-axis of the crystal coordinate system. 

Dependent on the deformation process, preferred grain orientations arise, which can be 

represented as lines within the Euler Space, which are called “fibers”. The rolling process leads 

to the so-called   and   fibers which are both defined by        and additionally by 

      for the  - and       for the  -fiber. Both of them as well as additional fibers and 

their orientations within the Euler-space are shown in Figure 2-6b. 

2.3.1 Strain Heterogeneities within the Microstructure 

Investigations of strain fields at micro-scale level have shown a highly heterogeneous strain 

distribution. Common dual phase steel generally consists of ferrite and martensite. Both phases 

differ in yield strength and ductility. Due to the same Young’s moduli of ferrite and martensite, 

there is no stress transfer within the elastic region [Maz07]. Martensite features a higher yield 

strength whereas ferrite exhibits a higher ductility. Therefore, the ferrite controls yielding 

[Maz07], where martensite still remains elastic. As a result, a strain localisation at or near the 

phase interface takes place. The appearence of this non-uniform deformation leads to localised 

deformation bands within large and soft ferrite grains. In Figure 2-7 the strain localisation within 

ferrite grains near the interface to martensite is shown, leading to progressive damage formation 

within this area [Gha10]. Due to the very strong interface between both phases Ghadbeigi et al. 

[Gha10] observed strains up to 130 % in ferrite and 110 % in martensite grains, leading to void 

nucleation due to separation of martensite islands. 

  

Figure 2-7:   Local strain fields on microstructural scale depicting strain localisation at the in-

terface of ferrite (light) and martensite (dark) in dual phase steel during uniaxial 

tension test at 22 % (l.) and 42 % (r.) tensile strain [Gha10] 

Kang et al. [Kan07] reported high strain heterogeneities in ferritic areas constrained by 

martensite in comparison to pure ferrite or martensite. In this case, the ratio of ferrite grain size 

and surrounding martensite width influences the heterogeneity. Heat treatment like annealing 

also affects the strain distribution between both phases. It leads to diffusion of carbon in 

martensite and therefore increases the strains to initiate damage substantially, resulting in a 

greater ductility of the steel [Kan07].  

a)            b) 
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The orientation of slip planes is coupled with the grain orientations and lattice structure. Texture 

analysis of sheet metal reveal orientation differences in directly neighbouring grains. Depending 

on the grain orientations, the grain boundaries can be subdivided into small (<5° SAGB), low 

(<15°, LAGB) and high (>15°, HAGB) angle grain boundaries. SABG and LABG only result in 

small changes of the Burger’s vectors1, leading to a direct slip transfer beyond the grain 

boundary. In contrast to that, HABGs are accompanied by large changes of the Burger’s vector, 

resulting in piled-up dislocations at the grain boundaries. Figure 2-8 visualises the compression 

strains at LAGB (Figure 2-8a) and HAGB (Figure 2-8b), as proposed by Patriarca et al. [Pat13]. 

The EBSD figures (left) show the sample position and grain orientation. The right side shows 

the different oriented slip planes and their impact on the resulting Burger’s vector     . At LAGB 

a homogeneous strain distribution is measured. In contrast to that, the HAGB strain field is 

highly heterogeneous. 

 

Figure 2-8:   Strain transmission in dependence of grain orientation at a) low and b) high an-

gle grain boundaries. The orientation of the investigated grains is pictured at the 

left, whereas the middle depicts the local strain field demonstrating the strain 

transmission of equal grain orientations and elevated strains at the grain bound-

ary for misaligned grains. On the right the different Burger’s vectors are pictured 

[Pat13] 

2.3.2 Texture Evolution 

Plastic deformation of metals occurs in slip planes. Their orientation and therefore the grain 

orientation with respect to the loading direction influences texture evolution. Several studies 

                                                  

1
The Burger’s vector characterises the type of dislocation and describes the dislocation direction [Got13] 

a) 

 

 

 

 

 

b) 
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observed stable and unstable orientations depending on the loading [Ger15], [Nes01b], [Gar05]. 

For example, in uniaxial tension    (      ,      ,       ) is the most stable 

orientation, whereas in shear it is the most unstable one. Furthermore, the generation of one 

family of dislocation cell-block boundaries (CBB) in shear is observed, which is roughly parallel 

to macroscopic shear direction. Unstable grains tend to generate two very polarised familes of 

CBBs parallel to most active slip planes but perpendicular to shearing direction [Nes01b], 

[Pee01b]. The polarisation leads to a subdivision into slightly misoriented lamellas. Unstable 

grains also tend to rotate into a stable position affected by slip plane orientation [Nes01b], 

[Gar05]. The rotation rate depends on the misorientation to a stable position [Gar05]. Therefore, 

straining leads to a disappearance of unstable grain orientations [Nes01b]. Something similar is 

observed for non-proportional load paths, which are a sequence of monotonic loadings leading 

to multiple texture evolutions. With increasing strain, the texture is dominated by the last load 

step. Initial dislocation walls tend to disappear and form new ones [Nes01b], [Gar05]. The 

results of polycrystal simulations performed by Nesterova et al. [Nes01b] are pictured in Figure 

2-9a. It depicts the texture change of different grain orientations due to increasing monotonic 

shear stress, for which the    (      ,      ,       ) orientation is most stable; no 

reorientation is observed. In contrast to that, there is a big texture change for    orientation, 

which is the most unstable one for this type of loading. Figure 2-9b shows the simulation results 

of grain reorientation during a Bauschinger shear sequence. Moreover, Nesterova et al. 

[Nes01b] reported a good agreement between simulation and microstuctural measurements. 

  

Figure 2-9:   Simulation of evolution of different grain orientations under a) shear loadings 

(0 %, -30 %, -60 %), b) Bauschinger shear sequence (0 % shear, -30 %shear, 

0 %shear, +30 % shear) [Nes01a] 

2.3.3 Damage and Failure Mechanisms 

Nucleation, growth and coalescence of voids are the three mechanisms of ductile failure 

[McC68]. The specific fracture mechanism depends on several factors like internal purity, the 

volume fraction, homogeneity or the appearance of other phases, e.g. martensite islands 

[Uth09], heat treatment [Zha14] or stress-strain conditions. Especially the hydrostatic pressure 

influences void nucleation and its growth rate [Ric69], [Moh09], [Ger15], [Ben10]. Gerstein et al. 

[Ger15] report symmetric fracture of sheet metals along their normal direction with their centre 

a)              b) 



18  2 – Literature Review 

layer as symmetric plane. While the central layer is dominated by equi-axed dimples and micro-

void coalescence, the surface layers exhibit faces of cleavage and inclusion in dimples [Ger15]. 

Furthermore, based on numerical simulations Mohr et al. [Moh09] concluded sheet metal frac-

ture to start at its centre layer due to the highest equivalent plastic strains. 

The two main mechanisms of void nucleation are particle fracture and particle matrix debonding 

[Ben10], [Ste08]. Hancock et al. [Han76] assumed decohesion when radial stresses reach a 

critical value at the particle matrix interface. Decohesion occurs in steels at ferrite martensite 

phase boundaries but also at hard inclusions [Tas09], [Kan07], [Ben10], [Han76], [Las07]. Voids 

can also arise by particle fracture due to cracking of, for example MnS inclusions [Dun10], 

[Ben04a],[Sav10] or martensite islands [Maz07]. Figure 2-10 presents different void nucleation 

mechanisms arising at different stress states like uniaxial tension (UAT), plane strain tension 

(PST) and biaxial tension (BAT). Besides particle/matrix decohesion (a) particle cracking (c)/(d) 

and martensite fracture (e), phase decohesion at ferrite/martensite boundary is also visualised 

(f). 

 

Figure 2-10:  a) Damage evolution in DP-steel prior strain localisation: void nucleation and 

growth is observed through the mechanisms of (b)) particle-matrix decohesion, 

(c and d) particle cracking, (e) martensite fracture and (f) phase boundary 

decohesion [Tas09] 

Benzerga et al. [Ben10] investigated different material properties and their influence on void 

nucleation. Table 2-1 depicts, e.g. the impact of matrix yield strength, particle stiffness or stress 

state on the void nucleation mechanism, which is influenced by the martensite volume fraction 

and its size [Maz07]. Furthermore, Maziani et al. [Maz07] reported a reduction of micro-void 

nucleation due to a co-deformation of martensite with the ferrite matrix in dual phase steels. A 

higher martensite volume fraction leads to favoured martensite plasticity and therefore to higher 

true fracture stresses and strains [Maz07]. A similar relationship was reported by Kang et al. 

[Kan07] for DP-steel with regard to ferrite and its surrounding martensite width. Besides the 
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material properties the particle orientation influences the void nucleation mechanism [Las07]. 

Figure 2-11 pictures the void nucleation mechanism (particle cracking or decohesion) depend-

ent on particle orientation with respect to the loading direction. Particles which are aligned up to 

45° to the loading direction lead to particle fracture. Particles which are aligned between 45° 

and 90° show a high probability of decohesion. 

Table 2-1: Influencing factors on particle/matrix debonding and particle cracking [Ben10] 

Parameter 
Trend 

Decohesion Cracking 

Matrix yield strength ↘ ↗ 
Matrix hardening exponent ↘ ↗ 
Particle elongation ↘ ↗ 
Particle stiffness ↗ ↗ 
Load orientation: axial ↘ ↗ 
Load orientation: transversal ↗ ↘ 
Load triaxiality ↗ ↘ 

 

 

Figure 2-11:  Impact of particle orientation to loading direction on void nucleation (interface 

decohesion/particle fracture) [Las07] 

Prior localisation only limited void growth was observed for IF-steel. Kang et al. [Kan13] as well 

as Tasan et al. [Tas09] concluded an increased importance of damage beyond localisation. As 

contrasted to that, Tasan et al. [Tas09] also reported a significant damage accumulation prior to 

localisation in DP-steels. For different martensitic steel grades Savic et al. [Sav10] found differ-

ent void sizes after fracture. They suggested the material ductility as a major factor for void 

sizes.  

After void nucleation a further straining leads to an opening of nucleated voids due to plastic 

deformation of the surrounding matrix [Las07],[Sav10]. According to Hancock et al. [Han76], 

those deformations need high local strains for small-scale hole growth. Those strains result from 

the plastic instability [Han76] and the accompanied strain localisation. Pores can also emerge 

and grow at inclusions [Ger15]. The growth rate and void shape depend on the stress state. 

Tasan et al. [Tas09] reported less sharp tips at voids nucleated in uniaxial tension compared to 

biaxial tension. Where uniaxial tension leads to negative minor strains, they turn positive in biax-
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ial tension [Tas09]. At stress triaxialities lower than  
 
 inclusions can stop further void growth. 

This effect becomes important under predominantly deviatoric loadings [Ben10]. Macroscopic 

fracture arises due to material cracks which result from the coalescence of large voids. These 

are generated by the coalescence of smaller voids or their elongation. Thus, the isolated con-

sideration of single void coalescence is insufficient but explains the principle mechanism behind 

crack initiation.  

Void coalescence indicates the shift from a homogeneous to a highly localised deformation 

state [Ben10], [Ben02]. Figure 2-12 pictures the three different main modes of void coalescence 

[Ben10]. The most common mode is internal necking. Between neighbouring voids a flow local-

isation can arise [Han76], leading to thinning and fracturing of the matrix material, which results 

in void linkage. Coalescence in micro-shear bands is the second most common mode, which is 

also known as “void-sheet” coalescence [Ben10]. The coalescence depends on the relative po-

sitions of voids and micro-shear bands. Within the void-sheets, stable void growth is suddenly 

terminated, leading to decreasing local ductility, despite the voids being still apart [Ben10]. 

 

Figure 2-12:  Modes of void coalescence within coordinate system aligned in longitudinal- (L), 

transverse- (T) and short transverse-/thickness-direction (S), a): Internal necking, 

b)/c): coalescence in micro-shear band, d): coalescence in columns, in all pic-

tures, load in vertical direction, a) to c): axisymmetric load, d) plane strain 

[Ben10] 

The formation of voided columns marks the third mode of void coalescence. In steels containing 

elongated MnS inclusions, it is the most dominant mode. Only a small effect on macroscopic 

ductility but strong effect of voided columns on micro-delamination was observed by Benzerga 

et al. [Ben10]. Dunand et al. [Dun14] also described coinciding microcracks in loading direction 

with the position of Mn and Mo segregation bands.  

a)           c)                d) 

 

 

 

 

 

b) 
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There is also an interaction of larger and smaller voids. Hancock et al. [Han76] described a sig-

nificant increase for hole growth-rate adjacent to large holes. This allows larger holes to grow by 

coalescence of smaller holes. This effect is found to be orientation dependent [Han76]. In com-

parison to that, larger neighbouring voids tend to link by micro-cracks instead of a complete 

coalescence. 

2.3.4 Bake-Hardening Effect 

The materials of the assembled car body undergo a heat treatment during the multi-step paint 

process. Temperatures of 150 to 200°C for 15 to 30min lead to a short range diffusion of inter-

stitial atoms like carbon or nitrogen. The interstitials diffuse to the dislocation cores, pin the dis-

locations and hinder their movement. At a certain stress level, dislocations break free and yield-

ing occurs. This effect leads to an increase in yield but not in ultimate tensile strength and is 

called “bake-hardening effect”. The rising ratio of yield strength to ultimate tensile strength 

raises the risk of brittle fracture and decreases the deformation capacity [Kan11] and can also 

generate so-called Lüders-bands [Bal09]. Within these bands a dislocation break free accom-

panied by local strain bands arises. 

The characteristics of the bake-hardening effect depend on the material properties and the 

manufacturing process. The former include the chemical compositions, the grain size, the volu-

metric composition, the morphology and the configuration of the phases. The degree of work 

hardening, also e.g. the position of parts in the assembly, the temperature and the time window 

during manufacturing process are important manufacturing parameters influencing the bake-

hardening effect [Kan11]. The bake-hardening behaviour can also result from the coating proc-

ess during sheet metal manufacturing, e.g. from hot dip zinc coating. To include the bake-

hardening effect into material testing, specimens can undergo a so-called bake-hardening simu-

lation. According to SEP 1240 [SEP06] the specimens have to be exposed to 170°C for 20 

minutes with an additional heating-up time less than 7 minutes. 

In material testing, the specific material and its pre-straining are the key factors of the bake-

hardening effect besides the heat treatment. In some materials there is a strong influence on 

material behavior, while in other cases, no effect is seen [Lin13]. For a DP600 steel Lindqvist 

[Lin13] reports a smooth yielding behaviour in all material tests. After pre-straining and baking, 

there is also no indication on deterioration of ductility [Lin13]. In contrast Kantereit [Kan11] re-

ported on a significant influence of pre-strain and temperature on the mechanical properties of 

CR180 and DP800 but not of DP1000LCE.  

The bake-hardening effect is dependent on the dislocation density, which is affected by plastic 

straining. To estimate the effect of plastic deformation on the bake-hardening behaviour the 

base-material with different pre-strains is commonly investigated. In this work “BH” identifies 

specimens which underwent the bake-hardening simulation to identify the material condition; an 

affiliated number specifies the pre-strain in percent. The uniaxial pre-strain is commonly applied 

prior bake-hardening simulation and specimen manufacturing. 
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3 Experimental Investigation 

The focus of the experimental investigation is the orthotropic failure of steel. Three sheet thick-

nesses (0.6 mm, 1.1 mm and 1.8 mm, from the same manufacturer) of the cold rolled, micro-

alloyed, ferritic steel CR340LA and one thickness (1.0 mm) of the full martensitic cold rolled 

MS1500 are investigated. A standard quasi-static testing procedure is performed for all four 

materials. For selected specimen types and materials Scanning Electron Microscopy-

measurements (SEM) as well as Electron BackScatter Diffraction (EBSD) and Optical Light Mi-

croscopy (OLM) investigations are conducted to investigate the microstructure.  

3.1 Experimental Results of Quasi-Static Standard Testing  

To characterise stress state dependent orthotropic material behaviour, an extensive testing pro-

cedure, with initial triaxialities between 0.00 and 0.67, is performed. The testing includes stan-

dard tensile as well as notched, shear and biaxial-tension specimens. The geometry of the 

standard tensile specimens concurs with SEP 1240 [SEP06], exhibiting a gauge length of 

50 mm (A50). Notched specimens with 80 mm and 5 mm notch radii (NR80 and NR05) respec-

tively are examined. For shear testing of CR340LA the specimen geometry developed by the 

voestalpine [Til13] is utilised. Due to the material dependency of shear specimens, an adapted 

geometry is used for shear testing of MS1500, see [Dub15]. Material properties within biaxial 

tension are obtained from Bulge-tests. The different specimen geometries are pictured in Figure 

3-1. 

 

Figure 3-1:  Listing of the investigated specimen geometries: a) Shear Double Radius (SDR) 

specimen [Dub15], b) VOEST-double-shear specimen [Til13], c) standard ten-

sion with a parallel length of 75 mm and a gauge length of 50 mm (A50), d) 

80 mm notch radius(NR80), e) 5 mm notch radius (NR05), and f) Bulge-test 

To receive material properties in a crash relevant material condition, all specimens undergo the 

so-called bake-hardening simulation. The heat treatment is performed according to SEP 1240 

[SEP06] at 170°C for 20 minutes with additional 5 minutes heating-up time prior to specimen 

machining. All specimens (except for Bulge-testing) are manufactured by electro spark machin-

a)                    b)                 c)                 d)                  e)               f) 
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ing with a roughness of 6.3 µm of the cutting edges. Due to the insensitivity of the Bulge-test on 

the roughness of its cutting edges, no separate manufacturing steps of the Bulge-specimens are 

conducted. 

Except for biaxial tension, all tests are executed at an Instron 5585 tensile testing machine. Ac-

cording to SEP 1240 [SEP06] the strain rate is set to 0.4 %/s in relation to the specimen gauge 

length. For the 50 mm gauge length of A50 tensile specimens, this results in a velocity of 

0.2 mm/s and is adapted for shear and notched specimens. Biaxial tension is realised by Bulge-

tests (100 mm diameter), which are performed at a “Profipress 160T” press. As medium a metal 

forming gel is used. Besides the pressure of the forming gel, surface strains as well as the sur-

face displacements are measured. All surface strain measurements are processed with a sam-

ple frequency of 10Hz by the Digital-Image-Correlation-System (DIC-System) ARAMIS 4M from 

the GOM GmbH. To compute the local surface strains the ARAMIS V6.3.1 software is utilised, 

applying a facet size of 0.5 mm x 0.5 mm for all specimens.  

To capture orthotropy experimentally the specimens are aligned in steps of 22.5° from 0° to 90° 

with respect to rolling direction except for shear and biaxial tension. For shear specimens the 

local loading direction differs from specimen orientation. In biaxial tension the investigation of 

different specimen orientations is obsolete. Besides material parameters, for example Young’s 

Modulus or Poisson-Number, the force-displacement data and the local strain behaviour is in-

vestigated. The latter is obtained at failure point within the Cartesian specimen coordinate sys-

tem. In it the y-direction is aligned in tensile direction; the x-direction marks the specimen trans-

verse and the z-axis is aligned in specimen thickness direction. Furthermore, the characteristic 

results are coloured dependent on the specimen orientation in cyan (-45° to RD), purple (0° to 

RD), blue (22.5° to RD), green (45° to RD), orange (67.5° to RD) and red (90° to RD). Addi-

tionally, coloured beams mark the scattering of the displacements at material failure of speci-

mens in 0°, 45° and 90° to RD. 

3.1.1 CR340LA PB 0.6 mm 

In this section, the experimental results of the investigated CR340LA with a sheet thickness of 

0.6 mm in bake-hardening condition are displayed. In Table 3-1 the basic material parameters, 

obtained from standard tensile tests from 0° to 90° with respect to RD, are presented. Beside 

isotropic elasticity, only minor variations of the Lankford-Coefficient or UTS are observed. Only 

the yield strength varies from 0° (421 MPa) to 90° (442 MPa) considerably. 

Table 3-1: Mechanical properties obtained from standard tensile tests of CR340LAPB 0.6 mm 

Parameter 0° 22.5° 45° 67.5° 90° 

Youngs Modulus [GPa] 202 210 208 211 208 
Poisson-Number 0.29 0.30 0,29 0.29 0.31 
Yield Strength [MPa] 421 425 435 439 442 
UTStech [MPa] 462 466 467 465 464 
Ratio YS / UTStech 0.91 0.91 0.93 0.94 0.95 
UTStrue [MPa] 529 531 534 533 532 
Lankford-Coefficient   0.91 0.90 0.90 1.04 1.07 
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In Figure 3-2 the force-displacement behaviour of standard tensile specimen is presented in all 

five investigated directions. All tests reveal a distinct yield point followed by Lüders-strains. 

These strain-bands form at local technical strains of 4.5 % in 0° and 5.4 % in 90° to RD respec-

tively measured by DIC. The different Lüders-strain levels lead to differing displacements during 

Lüders-band development. These displacements range from 2.2 mm in 0° to 2.7 mm in 90° 

direction. The distinct yield point, which marks the beginning of the Lüders-Effect, varies within 

3.2 kN in 0° and 3.5 kN in 90° to RD. The force levels during Lüders-band development groups 

into about 3.0 kN (0° and 22.5° direction) and about 3.1 kN (45°, 67.5° and 90° orientation). 

Disregarding the distinct yield point, all directions exhibit a maximum force of 3.3 kN. Dependent 

on the specimen orientation, it is reached at 6.5 mm ±0.2 mm (90° to RD), 7.2 mm ±0.2 mm 

(45° and 6.5° to RD) and 8 mm ±0.1 mm (0° and 22.5° to RD). Besides the displacements at 

UTS, the fracture displacements deviate from the specimen orientation. The highest displace-

ment is detected in 0° direction with 13.0 mm, whereas specimens in 22.5° direction fail at dis-

placements of 12.7 mm. Lower displacements of around 12.0 mm are measured in 45° and 

67.5° to RD. The lowest displacements of 11.5 mm arise in 90° orientation.  

 

Figure 3-2:  Force-Displacement diagram for A50 specimens of CR340LA in 0.6 mm sheet 

thickness in bake-hardening condition 

The force displacement data of NR80 specimens are pictured in Figure 3-3. As seen for stan-

dard tensile specimen, the notched specimens also exhibit a distinct yield point with subsequent 

development of Lüders-strains. All investigated specimens demonstrate an equal maximum 

force of 2.3 kN, as previously seen for standard tensile specimens. Despite the equal force 

maximum, a clear orientation dependency in displacements at maximum force is observed 

within a range of 0.5 mm, with a maximum at 0° (2.5 mm ±0.1 mm) and a minimum at 67.5° 

and 90° to RD (2.0 mm ±0.1 mm). This clear orientation dependency is also monitored at mate-

rial failure. Only specimens in 67.5° to RD show lower displacements. Moreover, all specimens 

fail at nearly 1.9 kN. 
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Figure 3-3:   Force-Displacement diagram for NR80 specimens of CR340LA in 0.6 mm sheet 

thickness in bake-hardening condition 

The force displacement diagrams of the NR05 specimens are displayed in Figure 3-4. All exa-

mined directions show a distinct yield point but only weakly developed. Due to the strain con-

centration in the notch, developing Lüders-bands were not observed if only at the arising distinct 

yield point. As previously witnessed for A50 and NR80 specimens an equal maximum force is 

measured yet at differing displacements. The force-maximum arises at 0.70 mm for all direc-

tions except in 0° in which 0.80 mm are measured. Moreover the displacements up to fracture 

range from 1.4 mm (0°) to 1.25 mm (90° to RD). 

 

Figure 3-4:   Force-Displacement diagram for NR05 specimens of CR340LA in 0.6 mm sheet 

thickness in bake-hardening condition 

In Figure 3-5 the relative force-displacement behaviours beyond force-maximum of A50 in a), 

NR80 in b) and NR05 specimens in c) are depicted. The displacements as well as the force-

level are related to the force maximum. Except for uniaxial tension, both notched specimen-

types lead to similar relative force-displacement curves for all directions. Only uniaxial tension 

specimens in 0° to RD deviate from the behaviour in all other directions beyond UTS. 

0,0 

0,5 

1,0 

1,5 

2,0 

2,5 

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5 

F
o

rc
e 

[k
N

] 

Displacment [mm] 

Force - Displacement - Diagram 
NR80-CR340LA 0.6mm BH0 

0° 

22.5° 

45° 

67.5° 

90° 

0,0 

0,5 

1,0 

1,5 

2,0 

2,5 

3,0 

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 

F
o

rc
e 

[k
N

] 

DIsplacement [mm] 

Force - Displacement - Diagram 
NR05-CR340LA 0.6mm BH0 

0° 

22.5° 

45° 

67.5° 

90° 



26  3 – Experimental Investigation 

a)           A50 specimens b)           NR80 specimens c)           NR05 specimens 

   

Figure 3-5:   Post-UTS-behaviour obtained fromCR340LA 0.6 mm obtained of a) A50, b) 

NR80 and c) NR05 specimens, represented as force- and displacement differ-

ence related to UTS 

No valid shear tests could be performed for the CR340LA in 0.6 mm sheet metal thickness. Dif-

ferent shear specimen geometries were investigated but all buckled during loading. Buckling 

results from pressure stresses within the gauge area during shear loading in combination with a 

low geometrical moment of inertia due to low sheet thickness and high local strains. A specimen 

geometry that did not buckle could not be identified for this sheet thickness.  

Finally, Figure 3-6 pictures the result of the Bulge-test for the 0.6 mm sheet thickness. Failure 

arises at dome displacements of 31 mm and a pressure of 8.0 MPa. In contrast to previously 

investigated flat tensile tests, no pronounced decrease in pressure indicates material failure.  

 

Figure 3-6:   Pressure-Displacement-Diagram obtained from Bulge-test of CR340LA with a 

sheet thickness of 0.6 mm in bake-hardening condition 

Table 3-2 presents the true equivalent strains at failure for all examined specimen types and 

orientations revealing only minor orthotropic effects. For standard tensile and NR80 specimens 

no orientation dependency is observed. Only specimens with 5 mm notch radius show 

orthotropy with a minimum in equivalent strains at failure in 0° with 0.41 and a maximum in 45° 
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with 0.55. Regarding biaxial testing, equivalent strains of 0.77 are received, which is similar to 

results obtained from standard tension specimens.  

Table 3-2:  True equivalent failure strains for the investigated specimen types for CR340LA PB 

0.6 mm 

Specimen 0° 22.5° 45° 67.5° 90° 

A50 0.75 0.77 0.73 0.75 0.74 
NR80 0.67 0.66 0.65 0.66 0.66 
NR05 0.41 0.49 0.55 0.54 0.52 
Bulge 0.77 

3.1.2 CR340LA PB 1.1 mm 

The CR340LA with a sheet thickness of 1.1 mm is further investigated, including the bake-

hardening condition BH0. Its mechanical properties, obtained from standard tensile tests, are 

presented in Table 3-3. The tests show a variation of the Lankford-Coefficient, the yield and the 

ultimate tensile strength. The Lankford-Coefficient varies within a range of 0.85 to 1.21; its 

maximum of 1.21 is observed in 45° direction. Hence, the plastic strains in width direction are 

dominant compared to thickness strains. The Lankford-Coefficients in 0° and 22.5° to RD are 

lower than 1. Consequently, the plastic strains in thickness direction are dominant. In 67.5° and 

90° direction nearly isotropic plastic strain behaviour is monitored. 

Table 3-3:  Mechanical properties obtained from standard tensile tests of CR340LAPB 1.1 mm 

Parameter 0° 22.5° 45° 67.5° 90° 

Youngs Modulus [GPa] 208 211 214 207 210 
Poisson-Number 0.30 0.300 0.30 0.30 0.30 
Yield Strength [MPa] 389 406 412 414 416 
UTStech [MPa] 457 455 448 460 466 
Ratio YS / UTStech 0.85 0.89 0.92 0.90 0.89 
UTStrue [MPa] 526 519 517 527 535 
Lankford-Coefficient   0.87 0.85 1.21 1.08 1.06 

 

Figure 3-7 pictures the force-displacement data of standard tensile tests (A50). They reveal 

orthotropy of yield strength, UTS and displacements up to failure. The steels exhibit a distinct 

yield point followed by the development of Lüders-bands, which arise up to about 1.5 mm. The 

force-level remains constant during Lüders-band developement with the lowest level in 0° 

(about 5.2 kN) and the highest in 90° to RD with about 5.7 kN. The force at Lüders-strains is 

staggerd from 0° to 90°, 5.4 kN occur at 45° specimens.  

A nearly similar maximum in force, resulting in equivalent UTS, is obtained for specimens from 

0° to 45°, which occurs at a displacement of about 8.0 mm ±0.2 mm. Elevated UTS are 

measured in 67.5° and 90° with a more clear increase of the latter, comming along with a 

decrease in specimen elongations at UTS with 7.5 mm ±0.2 mm in 67.5° and 7.2 mm ±0.2 mm 

in 90°. The displacements up to fracture are spread from 13.0 mm to 14.1 mm with the lowest 
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displacements arising for specimens in 0° to RD. Despite the same displacement at UTS the 

45° direction exhibits the highest displacements at fracture with 14.1 mm. In addition, A50 

specimens in 90° to RD show an elongation of 13.7 mm at fracture. 

 

Figure 3-7:   Force-Displacement diagram for A50 specimens of CR340LA in 1.1 mm sheet 

thickness in bake-hardening condition 

Figure 3-8 depicts the force-displacement behaviour of flat tensile specimens with 80 mm notch 

radius. The tests reveal similar behaviour as seen by A50 tensile specimens. Moreover, all 

specimens exhibit an extremely pronounced distinct yield point which represents the maximum 

force in 45° to 90° to RD. For 0° and 22.5° direction the distinct yield point is only slightly lower 

than the maximum force. With disregard to the distinct yield point, the force-maximum is ob-

served with 4.1 kN in 45° and 4.2 kN in 90° to RD. The maxima in 0° and 22.5° to RD arise at 

2.4 mm ±0.1 mm, for the other directions at 2.1 mm ±0.1 mm.  

 

Figure 3-8:   Force-Displacement diagram for NR80 specimens of CR340LA in 1.1 mm sheet 

thickness in bake-hardening condition 
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This shift towards lower displacements can be related to the distinct yield point overshooting the 

force-maximum. It limits the plastic deformation in combination with the specimen geometry to a 

narrower area in loading direction than in 0° or 22.5° to RD.  

The displacements at failure range from 3.8 mm in 90° to 4.3 mm in 45° direction. No depend-

ence of the displacements at failure and those at force maximum is witnessed. Opposing the 

results obtained in 0° and 90° to RD, similar displacements at failure are obtained despite vary-

ing deflections at maximum force. Moreover the 45° direction demonstrates the highest failure 

displacements as well as low ones at force maximum compared to specimens aligned in 0° to 

RD. 

The force displacement behaviour of notched specimen with a radius of 5 mm is displayed in 

Figure 3-9. The tests reveal a distinct yield point but less pronounced as previously seen for 

NR80 specimens. NR05 specimens in 0° to 45° show the same maximum force and additionally 

the same specimen elongation. A slight increase in force maximum is observed in 67.5° and 

90°, which goes along with decreasing displacements. All specimens exhibit nearly similar 

specimen elongations at failure with 1.70 mm. Only 90° specimens show slightly decreasing 

fracture displacements with 1.55 mm. 

 

Figure 3-9:   Force-Displacement diagram for NR05 specimens of CR340LA in 1.1 mm sheet 

thickness in bake-hardening condition 

The post-force-maximum behaviour of standard tensile as well as the investigated notched 

specimens is presented in Figure 3-10. Regarding A50 specimens, a spread of 1.5 mm between 

0° and 90° to RD is detected. In contrast to that, the force-displacement behaviour of NR80 

specimens ranges from 1.6 mm to 2.2 mm, however, now between 0° and 45° direction. For 

specimens with a 5 mm notch radius nearly no orientation dependent deviations are measured. 
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a)           A50 specimens b)           NR80 specimens c)           NR05 specimens 

   

Figure 3-10:  Post-UTS-behaviour obtained fromCR340LA 1.1 mm obtained of a) A50, b) 

NR80 and c) NR05 specimens, represented as force- and displacement differ-

ence related to UTS 

Figure 3-11 presents the force-displacement data of voest-shear specimens aligned in -45° to 

90° with respect to RD. The displacements mirror the elongation between two points in the mid-

dle of the specimen, 25 mm below and above the shear sections. As previously seen, yielding is 

marked for all directions by a distinct yield point, but is observed to be less pronounced than for 

other investigated flat tensile specimens. Up to a displacement of 4.0 mm all directions show 

equal force-displacement behaviour. Beyond that, the force level of specimens in -45° as well 

as +45° to RD begins to decrease. Furthermore, the force-displacement curves of specimens 

aligned in 0° and 90° begin to deviate from each other at displacements of 4.2 mm. As a result, 

similar displacements (5.8 mm) at fracture are observed for specimens in ±45° direction as well 

as for specimens in 90° to RD. Contrasted to that, specimens in 0° direction show displace-

ments of 6.4 mm up to fracture. A more detailed investigation based on the surface strain fields 

of the voest-shear specimens for CR340LA in 1.8 mm sheet thickness is conducted in chapter 

3.5. 

 

Figure 3-11:  Force-displacement curves for shear specimens with voest geometry of 

CR340LA with 1.1 mm and in bake-hardening condition 
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Regarding the force-displacements in 0° direction, a kink can be found between 3.9 mm and 

4.0 mm displacement. This peculiarity only arises for 0° specimens with a sheet thickness of 

1.1 mm. The investigated shear specimens, aligned in 0° to RD, prove the highest displace-

ments up to fracture but also the maximum force. Moreover, the lowest yield strength is ob-

tained for uniaxial tension specimens in 0° to RD: The combination of elevated maximum force 

in 0° in comparison to the relatively low yield strength in 0° leads to plastic deformation of the 

tongue between both shear sections. As a result, a kink within the force-displacement diagram 

can be observed. 

Figure 3-12 depicts the result of the conducted Bulge-test. It pictures the pressure of the Bulge-

gel dependent on the dome displacement. The maximum pressure of 14.3 MPa is reached at 

dome displacements of 30 mm. At a displacement of 34.5 mm material failure is observed at a 

pressure of 13.7 MPa. It leads to a crack which does not start at the dome but is orientated in 

rolling direction. The crack orientation is investigated in detail in chapter 3.1.3.  

 

Figure 3-12:  Pressure-Displacement-Diagram obtained from Bulge-test of CR340LA with a 

sheet thickness of 1.1 mm and in paint-bake condition 

Figure 3-13 displays the local strain paths (major vs. minor strain) within the failure zone of all 

investigated specimen types. For a better overview only the specimens aligned in 0° to RD are 

shown. All specimens exhibit a linear strain path at the beginning of loading. Under subsequent 

loading all specimens tend to deviate from linear strain behaviour. For double shear specimens 

the strain paths of both shear sections are included. SHEAR 0°-1 names the cross section 

which fails first. The remaining cross section calls SHEAR 0°-2. Both cross sections SHEAR 0°-

1 and SHEAR 0°-2 show deviating strain paths with the onset of loading with a more pro-

nounced deviation from a linear strain path at SHEAR 0°-1. In contrast to that, both cross sec-

tions demonstrate similar major strains up to failure.  

Additionally the strain paths of A50, NR80 and NR05 specimens are pictured, proving a clear 

trend towards the plane strain stress state (    ). The maximum principle strains portray 

their dependency on the stress triaxiality: the higher the triaxiality, the lower the failure strains. 

For biaxial tension, two strain paths have to be considered: one at failure point and one at the 

dome. The dome exhibits nearly biaxial tension with no deviation from linear strain behaviour. In 
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contrast to that, the onset of loading also leads to a biaxial strain path showing decreasing mi-

nor strains with subsequent loading.  

 

Figure 3-13:  Local strain behaviour of all investigated specimen types with orientation of 0° to 

RD within the failure zone, SHEAR 0°-1 defines the cross section where failure 

of shear specimens begins. The local strains for Bulge-testing subdivide into be-

haviour at the dome (BIAXIAL-DOME) and failure point (BIAXIAL FAILURE). Ad-

ditionally, the strain paths of A50, NR80 and NR05 specimens are displayed. 

The local strain behaviour within the fracture zone of A50, NR80 and NR05 specimens in 0°, 

45° and 90° to RD is presented in Figure 3-14, displaying the local strains in specimen trans-

verse dependent on the strains in specimen longitudinal direction. For all specimen types the 

45° direction shows the highest longitudinal as well as transverse strains. 

 

Figure 3-14:  Comparison of local strain behaviour in specimen longitudinal and transverse 

direction of A50 (straight), NR80 (dashed) and NR05 (dash dotted) in 0°, 45° 

and 90° to RD 

In comparison to that, the lowest strains in specimen transverse and longitudinal direction are 

measured in 0° direction. Specimens in 90° to RD exhibit a strain path in between both. With 

increasing initial stress triaxiality the strain behaviour equals within the fracture zone. All speci-

mens show a linear strain path at the beginning of loading. Beyond force-maximum a deviation 
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from linear strain path with decreasing transverse strains is observed. It has to be mentioned 

that the force-maximum point does not mark the beginning of deviation. Complementary to the 

decrease of transverse strains, an increase of strains in specimen thickness direction is found. 

The linear strain behaviour can also be expressed for standard tensile specimens by the 

Lankford-Coefficient, which can be understood as resistance to thinning 

[Tas09],[Bee10],[Kan13]. Regarding the different specimen types as well as the different direc-

tions, thinning is indicated as limiting factor for straining. This limit does not only vary with the 

material but also with the specimen direction. 

The true equivalent strains at failure for CR340LA in 1.1 mm sheet thickness are presented in 

Table 3-4. For all shear specimens, comparable failure strains are obtained. Even though the 

investigated shear specimens in 0° to RD exhibit the maximum displacements, its failure strains 

are not elevated. Regarding A50, NR80 and NR05 specimens the 45° direction exhibits the 

highest equivalent failure strains, whereas 0° and 90° behave similarly. Moreover, the observed 

failure strains in biaxial tension (0.85) are alike to those obtained in uniaxial tension in 0° to RD 

(0.87). 

Table 3-4:  True equivalent strains for the investigated specimen types for CR340LA PB 

1.1 mm 

Specimen 0° 22.5° 45° 67.5° 90° 

Shear 1.12 - 1.19 - 1.20 
A50 0.87 1.03 1.05 1.03 0.91 
NR80 0.80 0.90 0.89 0.88 0.81 
NR05 0.69 0.67 0.70 0.67 0.67 
Bulge   0.85   

3.1.3 CR340LA PB 1.8 mm 

The results of CR340LA with a sheet thickness of 1.8 mm are presented in this section. Besides 

isotropic elastic properties, mild orthotropic plastic behaviour is detected. The maxima of the 

yield strength and the UTS are measured at specimens aligned in 90° direction. The lowest 

strengths are observed at 0° to RD. The calculated Lankford-Coefficients reveal the highest 

value of 1.18 in 90° to RD. Nearly similar  -values are obtained in 0° and 45° direction with 

0.93 and 0.96. The ratio of yield and technical ultimate strength indicates the highest hardening 

potential in rolling (0°) whereas the lowest is observed in transverse direction (90°).  

Table 3-5:  Mechanical properties obtained from standard tensile tests of CR340LAPB 1.8 mm 

Parameter 0° 22.5° 45° 67.5° 90° 

Youngs Modulus [GPa] 207 210 206 210 211 

Poisson-Number 0.30 0.30 0.31 0.29 0.31 

Yield Strength [MPa] 368 375 406 415 420 
UTStech [MPa] 453 460 474 471 463 

Ratio YS / UTStech 0.81 0.82 0.86 0.88 0.91 
UTStrue [MPa] 516 525 533 532 529 

Lankford-Coefficient   0.93 0.94 0.96 1.11 1.18 
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Figure 3-15 displays the experimental force-displacement curves of the standard tensile test. All 

specimens exhibit a distinct, but weakly pronounced, yield point. Furthermore, specimen beha-

viour up to maximum force groups into 0° to RD and 90° to RD equivalent behaviour. Whereas 

0° and 22.5° specimens show Lüders-bands up to 0.8 mm all other directions demonstrate the 

development of Lüders-bands up to 1.3 mm. These bands develop for specimens in 45° to 90° 

orientation at forces of 8.7 kN in contrast to 8.0 kN in 0° and 22.5° direction. The force maxima 

behave similarly with 9.5 kN (0° to RD) and 10.0 kN (90° to RD) respectively. Regarding the 

displacements at UTS, they reveal related values of 7.5 mm ±0.2 mm for all specimens be-

tween 0° and 67.5° to RD. In contrast to that, the ultimate tensile strength arises at 7.0 mm 

±0.2 mm for specimens aligned in 90° direction. Material failure occurs at displacements of 

13.7 mm for all directions except for 90° direction: These specimens exhibit a significantly lower 

displacement at fracture with 12.5 mm. 

 

Figure 3-15:  Force-Displacement diagram for A50 specimens of CR340LA in 1.8 mm sheet 

thickness in bake-hardening condition 

The force-displacement results of NR80 specimens are pictured in Figure 3-16. All specimens 

prove a distinct yield point at force levels of 5.8 kN (0° to RD) up to 6.3 kN (90° to RD). The 

onset of yielding is not accompanied by the development of Lüders-bands at the specimen sur-

face. Moreover, all specimens show a similar force maximum of 6.5 kN except in 90° with 

6.7 kN. The force maxima are measured at displacements between 2.2 mm ±0.1 mm (45° to 

90° to RD) and 2.4 mm ±0.1 mm (0° to RD). A nearly similar spread of displacements at failure 

is observed between 4.35 (67.5° to RD) and 4.55 mm (0° to RD). 
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Figure 3-16:  Force-Displacement diagram for NR80 specimens of CR340LA in 1.8 mm sheet 

thickness in bake-hardening condition 

Figure 3-17 displays the force-displacement curves of the investigated NR05 specimens. Like in 

all previous tests, a peak at the force-displacement curves is measured at the transition from 

elastic to elasto-plastic behaviour. The maximum force of all directions is observed at 67.5° as 

well as 90° to RD with 7.6 kN. For other specimens 7.3 kN are scaled. The force maxima arise 

at displacements of 0.8 mm for all directions, except in 0° in which 0.9 mm are measured. Re-

garding the displacements at fracture, they reveal a maximum of 2.1 mm at 0° to RD with a 

transition to 1.9 mm in 90° direction. 

 

Figure 3-17:  Force-Displacement diagram for NR05 specimens of CR340LA in 1.8 mm sheet 

thickness in bake-hardening condition 

The relative force-displacement behaviour beyond force maximum for CR340LA in 1.8 mm 

sheet thickness is pictured in Figure 3-18. All regarded specimen types exhibit nearly no varia-

tion beyond force maximum. Only standard tensile specimens in 90° to RD show slightly earlier 

decrease. 
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a)           A50 specimens b)           NR80 specimens c)           NR05 specimens 

   

Figure 3-18:  Post-UTS-behaviour obtained fromCR340LA 1.8 mm obtained of a) A50, b) 

NR80 and c) NR05 specimens, represented as force- and displacement differ-

ence related to UTS 

In Figure 3-19 the force-displacement curves of shear specimens in -45°, 0°, +45° and 90° ori-

entation are depicted. Plasticity occurs at 6.0 kN where a small peak, caused by the Lüders-

Effect, can be detected. Although the specimens in 0° direction exhibit a lower force-level, all 

directions show a similar hardening behaviour.  

The displacements at force maxima are around 5.3 mm for all specimen directions except 0° 

orientation, where 6.0 mm are measured. The 0° direction also deviates from the other direc-

tions regarding displacements at failure. They show a displacement at failure of 6.5 mm for -45° 

and 90° and 6.7 mm for +45°. At 0° average failure displacements of 7.2 mm are measured.  

 

Figure 3-19:  Force-displacement curves for shear specimens with voest geometry of 

CR340LA with 1.8 mm and in bake-hardening condition 

The dome displacement-pressure data of the conducted Bulge-test of CR340LA in 1.8 mm 

sheet thickness are presented in Figure 3-20. The Bulge-test reveals a maximum pressure of 

24.0 MPa at a dome displacement of 30.0 mm. Failure occurs at a dome height of 33.5 mm and 

pressure of 23.2 MPa. 
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Figure 3-20:  Pressure-Displacement-Diagram obtained from Bulge-test of CR340LA with a 

sheet thickness of 1.8 mm and in paint-bake condition 

Figure 3-21 pictures the surface strain fields in rolling as well as in transverse direction, ob-

tained from the bulge-test just before failure. Despite the biaxial stress state, both directions 

exhibit different strain behaviour indicating orientation dependent damage accumulation. In roll-

ing direction a clear band of high strains develops along the path in which material failure arises. 

In contrast to that, only a very slight band of elevated strains evolves in transverse direction. 

Furthermore, the strain band in rolling direction does not develop at the dome.  

Regarding local strain behaviour of the Bulge-dome as well as at a point within the localisation 

band, it reveals different strain histories. DIC-measurements indicate a biaxial strain state at the 

dome, which is also observed within the localisation zone at the beginning of loading. The onset 

of strain localisation leads to a strain path change from a biaxial- towards a plane strain path.  

  

Figure 3-21:  Surface strain fields in a) rolling direction and b) transverse direction obtained 

from the Bulge-test with marked Bulge-dome 

The true equivalent failure strains, obtained by DIC-measurements, of all investigated speci-

mens are presented in Table 3-6. While in shear no deviations are observed, standard tensile 

specimens exhibit an orientation dependency due to decreasing failure strains from 0° with 1.04 
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to 0.93 in 90°. A similar dependency, but vice versa is monitored: the minimum in failure strain 

occurs in 0° and increases from 0.84 to 0.98 in 90°. Therefore, higher failure strains for NR80 

than for A50 specimens arise in 90°. Only small deviations in equivalent failure strains are 

measured for NR05 specimens, which results in no orthotropic behaviour in plane strain stress 

state.  

Table 3-6:  True equivalent strains for the investigated specimen types for CR340LA PB 

1.8 mm 

Specimen 0° 22.5° 45° 67.5° 90° 

Shear 1.26 - 1.28 - 1.28 
A50 1.04 1.03 1.01 0.97 0.93 
NR80 0.84 0.89 0.91 0.91 0.98 
NR05 0.74 0.77 0.78 0.75 0.74 
Bulge 0.97 

3.1.4 Opposition of the Three Investigated CR340LA Sheets 

The results of the comparison of all three sheet thicknesses of CR340LA are presented in Fig-

ure 3-22 to Figure 3-25. Instead of force-displacement data, the force-level is referred to the 

initial minimal cross section and is further called normalised stress.  

Regarding the normalised stresses of A50 specimens, as presented in Figure 3-22, they reveal 

different stress levels at the development of Lüders-bands, followed by a similar strain harden-

ing behaviour up to UTS for all directions. The normalised stresses at Lüders-bands increase 

with decreasing material thickness. The strain hardening behaviour up to UTS of all sheet thick-

nesses and directions agrees with the trend of the Swift hardening function. Therefore, the three 

material directions 0°, 45° and 90° to RD are approximated by the Swift hardening function. The 

length of the Lüders bands corresponds to the strain obtained by the calibrated Swift hardening 

function received at the stress within the Lüders bands. The relation fits for every direction. The 

normalised stress-displacement behaviour beyond UTS deviates dependent on the direction. 

Whereas in 0° direction nearly no deviation can be found, a pronounced divergence arises in 

90° with highest displacements at 1.1 mm and lowest at 0.6 mm specimens. For the displace-

ments at failure in 45° and 90° to RD no regularity is found.  

 

Figure 3-22:  Normalised force-displacement diagram for standard tensile specimens in a) 0° 

to RD, b) 45° to RD, c) 90° to RD 
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The comparison of NR80 specimens can be found in Figure 3-23. The development of Lüders 

strains is not as pronounced as for A50 specimens but also shows a clear thickness depend-

ency for all specimen directions. Only slight deviations arise in failure displacements of all direc-

tions, which show a thickness dependency. The highest displacements arise for the 1.8 mm, the 

lowest for the 0.6 mm sheet thickness.  

 

Figure 3-23:  Normalised force-displacement diagram for NR80 specimens in a) 0° to RD, b) 

45° to RD , c) 90° to RD 

Also for NR05 specimens a similar plastic behaviour up to maximum normalised stress is ob-

served and presented in Figure 3-24. No distinctive effect of Lüders-band development is found 

for all directions. Regarding the drop of normalised stress level beyond normalised stress 

maximum, a regular behaviour can be noticed. Again, the highest displacements are measured 

for specimen with 1.8 mm sheet thickness and the lowest displacement for the 0.6 mm sheets. 

The result concurs with the observation of increasing thickness strains and stresses of NR05 

specimens and the growing resistance against thinning with increasing sheet thickness.  

 

Figure 3-24:  Normalised force-displacement diagram for NR05 specimens in a) 0° to RD, b) 

45° to RD , c) 90° to RD 

The results of shear specimens in 0° and 90° orientation of 1.1 mm and 1.8 mm thick sheets 

indicate different material behaviours (Figure 3-25). Besides thickness independent plastic be-

haviour, an increase in sheet thickness results in higher displacements up to failure. The cha-

racteristic behaviour, with highest displacements in 0° to RD, is found for both material thick-
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nesses. Furthermore, the difference of displacements at failure for 0° and 90° specimens is 

thickness independent at 0.5 mm. The presented behaviour in 0° and 90° also mirrors the 

specimens in ±45° to RD. Regarding all three Bulge-tests, all normalised pressure-

displacement curves are nearly identical. They exhibit the same slope and decrease during ma-

terial damage and failure. Only slight deviations are found of the dome displacements at failure. 

 

Figure 3-25:  a ) Normalised force-displacement diagram for voest shear specimens in 1.1mm 

and 1.8mm in 0° and 90° to RD, b) Normalised pressure-displacement diagram 

for Bulge-specimens 

3.1.5 MS1500 PB 1.0 mm 

The investigated MS1500 steel is delivered in 1.0 mm sheet thickness and in uncoated condi-

tion. The investigation of standard tensile specimens reveals a slightly lower Young’s Modulus 

with 200 GPa in comparison to the previously investigated CR340LA. The MS1500 exhibits 

orthotropic yield strengths, decreasing from 0° (1527 MPa) to 90° direction (1451 MPa). In con-

trast to that, UTS fluctuates around 1520 MPa within standard deviation. Due to decreasing 

yield strengths (from 0° to 90°) in combination with similar UTS for all directions, the hardening 

capability increases from 0° to 90° to RD. Isotropy in plastic strain behaviour is also observed 

by orientation independent Lankford-Coefficient of near unity. 

Table 3-7:  Mechanical properties obtained from standard tensile tests of MS1500 1.0 mm 

Parameter 0° 22.5° 45° 67.5° 90° 

Youngs Modulus [GPa] 196 197 198 199 202 
Poisson-Number 0.28 0.29 0.28 0.29 0.28 
Yield Strength [MPa] 1527 1515 1454 1429 1451 
UTStech [MPa] 1533 1529 1506 1497 1531 
UTStrue [MPa] 1547 1577 1549 1538 1575 
Ratio YS / UTStech 1.00 0.99 0.97 0.95 0.95 
Lankford-Coefficient   0.96 0.97 0.97 0.95 0.94 

 

In Figure 3-26 the force-displacements of standard tensile specimen of MS1500 are presented. 

They show a distinct yield strength in 0° to RD, which softens towards 90° direction. Only in 

22.5° to RD a further distinct yield point is measured. The standard determination of the yield 
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strength at 0.2 % plastic strain misses the distinct yield point because of its sharp decrease. 

Hence, the calculation of the strength ratio (YS / UTS) is under- and therefore the hardening 

capability is overestimated. The definition of UTS as force-maximum leads to a hardening capa-

bility of 1.0 for the 0° and 22.5° orientation due to the equality of YS and UTS by definition. The 

UTS in 45° up to 90° to RD is reached at 19.2 kN. Fracture occurs within a displacement of 

2.40 mm to 2.75 mm, where the lower end arises in 0°, the upper in 45° and 22.5° orientation. 

In between lie specimens in 67.5° and 90° to RD with similar force-displacement behaviour. 

 

Figure 3-26:  Force-Displacement - Diagram of standard tensile specimens of MS1500 BH0 

Regarding notched specimens with a radius of 80 mm, they reveal similar yield behaviour as 

seen by A50 specimens (Figure 3-27). Similar to standard tensile specimen, all directions show 

a similar force maximum neglecting the distinct yield behaviour in 0° and 22.5°.In comparison to 

standard tension test, the notched specimens demonstrate only minor deviation in failure beha-

viour with failure displacements between 1.10 mm and 1.15 mm. The notched geometry of the 

NR80 specimens suppresses the development of uniform elongation in comparison to A50 

specimens despite the fact that both specimen types represent similar initial stress states. It is 

concluded that the orientation dependent variations of the force-displacements mainly result 

from differing behaviour within uniform elongation.  

 

Figure 3-27:  Force-Displacement - Diagram of NR80 specimens of MS1500 BH0 
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Figure 3-28 displays the force-displacement behaviour of specimens with 5 mm notch radius. A 

distinct yield point is observed again, but similar to NR05 specimens of CR340LA, it is less pro-

nounced than for other investigated specimen types. All specimens show an equal force maxi-

mum of 12.6 kN and exhibit similar displacements to fracture with 0.45 mm except in 90° to RD, 

in which only 0.35 mm are witnessed. 

 

Figure 3-28:  Force-Displacement - Diagram of NR05 specimens of MS1500 BH0 

Figure 3-29 presents the MS1500 material behaviour under shear loading. The three investi-

gated specimen directions show nearly similar behaviour regarding the yield point at 8.0 kN 

followed by only a slight increase in force level up to fracture. In comparison to previously inves-

tigated specimen types, the failure occurs abruptly at 2.4 mm without pronounced damage be-

haviour.  

 

Figure 3-29:  Force-Displacement - Diagram of SDR0302 shear-specimens of MS1500 BH0 

The Bulge-test result, conducted with a 200 mm diameter, of MS1500 is displayed in Figure 

3-30. The Bulge-dome proves a maximum displacement of 46.5 mm at a pressure of 18.2 MPa. 

As seen for shear specimens, no pronounced damage behaviour is observed; the material fails 
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at maximum pressure. The investigation of the surface strain fields reveals no development of a 

single localisation band as seen for CR340LA in 1.8 mm sheet thickness. Additionally, the 

maximum equivalent strains of 0.42 are obtained at the dome. 

 

Figure 3-30:  Pressure-displacement-diagram of the Bulge-test of MS1500 BH0 

In Table 3-8 the obtained failure strains at material failure are depicted. The experimentally de-

termined behaviour deviates from CR340LA. In 0° failure strains of A50 specimens are lower 

than of NR80. With an increasing angle to RD the failure strains of A50 specimens coincide 

(22.5° direction) and exceed (45° direction) the failure strains received from NR80 specimens. 

What is more, specimens with notch radii of 5 mm in 90° to RD exhibit significantly lower failure 

strains than other directions. This corresponds to the low displacements up to failure.  

Table 3-8:  True equivalent strains for the investigated specimen types for MS1500 PB 1.0 mm 

Specimen 0° 22.5° 45° 67.5° 90° 

Shear 0.82 - 0.80 - 0.79 
A50 0.45 0.50 0.55 0.49 0.49 
NR80 0.48 0.49 0.50 0.46 0.47 
NR05 0.29 0.27 0.26 0.27 0.17 
Bulge 0.42 

 

An explanation for the deviations of failure strains is the manufacturing process of the presented 

MS1500, which has undergone a stretch levelling process. The stretching occurs in 0° to RD 

with strains of 0.2 % to 0.5 % and can affect the A50 specimen with its 50 mm gauge and 

75 mm parallel length. Especially plastic strain heterogeneities can have a strong effect on ma-

terial behaviour resulting in mean variations of the displacements at failure of up to 25 %. Due to 

the loss of a uniform elongation zone of notched specimens, these material heterogeneities may 

not play a major role for loadings in 0° direction. The NR05 specimens in 90° direction exhibit 

stresses in RD, which may also be affected by heterogeneities. 
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3.2 Formation of Lüders-bands 

All specimens investigated in chapter 3.1 exhibit a distinct yield point except the Bulge-test. Re-

garding standard tensile specimens, the distinct yield point is followed by the formation of 

Lüders-bands which start at the radii and run across the gauge length. Within the Lüders-bands 

no increase in force level is measured. With regard to NR80 specimens, the development of 

Lüders-bands is restricted to a narrow area at the notch ground. The development of these 

bands has only minor influence on the force-displacement curves except for 0.6 mm thick 

specimens. The surface strain fields at the distinct yield point are pictured in Figure 3-31a-c for 

NR80 specimens aligned in 0° direction for all three investigated sheet thicknesses. 

    

CR340LA PB 0.6 mm CR340LA PB 1.1 mm CR340LA PB 1.8 mm CR340LA PB 0.6 mm 
NR80 specimen in 0° to RD NR80 specimen in 0° to RD NR80 specimen in 0° to RD NR05 specimen in 0° to RD 

Figure 3-31:  Strain localisation fields beyond the distinct yield point of NR80 specimens with 

material thicknesses a) 0.6 mm, b) 1.1 mm, c) 1.8 mm and NR05 specimens with 

material thickness of 0.6 mm 

The NR80 strain fields of specimens in 0.6 mm and 1.1 mm material thickness form Lüders-

bands with the onset of plastic straining. These are more pronounced for specimen with a sheet 

thickness of 0.6 mm. In contrast to that, NR80 specimens of 1.8 mm thick sheets show no for-

mation of Lüders-bands. Furthermore, Figure 3-31d displays the formation of Lüders-bands of 

NR05 specimens of CR340LA with 0.6 mm thickness. For NR05 specimens in all other sheet 

thicknesses, no development of Lüders-bands is observed. 

The orientation of Lüders-bands to the loading direction depends on the specimen geometry 

and therefore on the stress state. Lüders-bands, arisen at standard tensile tests, appear at an 

angle of 35° to the tensile direction, even though they occur at 30° in NR80 specimens. Speci-

mens with a notch-radius of 5 mm form bands at 15° to loading direction. 

The development of Lüders-bands is affected by different factors like microstructural properties 

as well as the specific testing parameters. Fujita and Miyazaki [Fuj78] investigated the separate 

effects of the grain size, the sheet thickness, the crosshead velocity and the temperature on the 

Lüders-strains. They observed a dependency of the formation of Lüders-bands on the specimen 

temperature and of the crosshead velocity. Furthermore, by increasing the sheet thickness, the 

upper and lower yield strengths are affected up to saturation, which is observed at high sheet 

a)       b)         c)                        d) Eq. strain Eq. strain Eq. strain Eq. strain 
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thicknesses. The investigation further revealed an exponential dependency on the grain size, 

whose decrease leads to an increase of the upper and lower yield strength. 

Based on the results of Fujita and Miyazaki, the microstructural properties of the three previ-

ously investigated CR340LA sheet thicknesses are examined by OLM. Due to similar test condi-

tions for all CR340LA specimens, the effects of crosshead velocity and specimen temperature 

are neglected in the continuing process. The resulting averaged grain sizes as well as the upper 

and lower normalised yield strength are presented in Table 3-9. For all three thicknesses a grain 

size below 10 µm is measured. An average size of 6.1 µm is observed for sheets with 0.6 mm 

thickness, whereas 1.1 mm and 1.8 mm sheets exhibit similar grain sizes with 8.5 µm and 

8.7 µm respectively.  

Table 3-9:  Grain sizes and mechanical properties, obtained from uniaxial tension tests in 0°, 

for all three CR340LA sheet thicknesses 

Parameter t = 0.6 mm t = 1.1 mm t = 1.8 mm 

Averaged grain size d [µm] 6.1 8.5 8.7 
Ratio t/d 98 129 207 
Upper yield strength [MPa] 440 415 390 
Lower yield strength [MPa] 415 380 370 

 

Regarding the upper and the lower yield strength, an increase with lowering sheet thicknesses 

and grain size is observed. Due to the investigation of only three CR340LA sheets, no separate 

investigations of grain size and sheet thickness effect could be conducted. However, the dis-

similarity in grain size of all researched steel sheets impedes a connection of yield strength and 

sheet thickness. To estimate the effect of the grain size variation at the observed length scale, 

the results of [Fuj78], ranging from 30 µm to 250 µm, are extrapolated to 9 µm and 6 µm 

(Figure 10-9, appendix). The extrapolation reveals an increase of 299 MPa for the upper and 

94 MPa for the lower yield strength by lowering the grain size from 9 µm to 6 µm. Even though 

the extrapolation does not predict the observed rise of upper (+50 MPa to +299 MPa) and lower 

yield strength (+45 MPa to +94 MPa), it points to a dominant grain size effect. This dominant 

effect on the yield strength is further assumed to mask additional effects of the sheet thickness 

etc. These results correspond to the observed material behaviour and explain the differences 

between Lüders-strains of all three sheet thicknesses. 

3.3 Microstructural Investigation 

Microstructural investigations are performed with standard tensile specimens of CR340LA with 

1.1 mm sheet thickness and in bake-hardening condition. OLM is applied as well as SEM to 

investigate the fracture surface. Additionally, the EBSD-method is utilised to obtain the texture. 

The chemical composition of the investigated CR340LA in 1.1.mm sheet thickness is pictured in 

Table 3-10. The microstructure consists of a mixture of larger and smaller ferrite grains. The 

average grain size amounts to 8.5 µm whereas larger grains are measured up to 25 µm. OLM-
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measurements of the microstructure depict ferrite grains with cementite precipitations as pre-

sented in chapter 10.2 (appendix). 

Table 3-10:  Chemical composition of CR340LA in 1.1 mm sheet thickness 

Element C Mn P S Al Si 

max. mass % 0.12 1.50 0.03 0.03 0.015 0.50 

 

To investigate texture evolution during straining standard tensile specimens were pre-deformed 

and analysed by EBSD. The investigations were carried out at specimen aligned in 0°, 45° and 

90° to RD with four pre-deformed specimen each. They were strained just beyond Lüders-

strains (①), up to UTS (②), at 20 % global technical strain (③) and up to fracture (④). DIC-

measurements were applied during pre-straining to obtain the surface strain field especially for 

20 % global strain and fracture. The resulting ODFs of all three directions are presented in Fig-

ure 3-32. The typical sheet metal texture consists of a pronounced  - and  -fiber, which both 

arise under       . Therefore, the depicted ODFs are limited to the representation in the 

[           ] – plane. Due to the statistical character of the ODFs, received from a repre-

sentative microstructure, the EBSD-measurements of different pre-deformed specimens are 

also representative for the material behaviour of similar load paths. 

Stage a) 0° direction b) 45° direction c) 90° direction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-32:  ODFs of the investigated CR340LA specimens (1.1 mm thickness) in 0°, 45° and 

90° direction at four different strain stages, obtained from about 2000 grains 
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③ 

④ 
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The investigations reveal a similar behaviour from stage ① to ③ with the formation of two 

spots of high orientation probability within the  -fiber, marked by purple circles at stage ③. 

Parallelly conducted numerical simulations reveal uniaxial tension up to stage ③, which con-

curs with the similar texture evolution of all three stages. The simulations also reveal a stress 

state change beyond stage ③ towards plane strain, which is accompanied by strain localisa-

tion and the formation of localisation strain bands. This deviation from uniaxial tension with in-

corporated strain path change can explain the deviation in texture evolution, leading to a single 

spot concentration of grain orientation in the middle of the  -fiber at stage ④. 

Plastic orthotropy of sheet metals depends on its specific texture which defines possible glide 

directions. The grain orientations influence the required shear stress for dislocation movement, 

which influences the macroscopic stress and strain behaviour. The investigation reveals a sig-

nificant change of the sheet metal texture during straining in all studied directions near fracture. 

Hence, straining is also assumed to change the yield surface shape of the investigated 

CR340LA as seen for IF-steel by An et al. [An13]. The effect of straining and microstructural 

evolution on the yield surface shape is investigated separately in chapter 3.4. 

In addition to EBSD-measurements the composition of the grain boundaries is analysed at the 

same strain stages and depicted in Figure 3-33. The basic material is dominated by high angle 

grain boundaries (90 %). Only a small amount of low angle and sub angle grain boundaries 

(each 5 %) are measured. Furthermore, nearly no change is observed between the composi-

tions of the basic material and stage ①. Yet, straining until point ③ leads to a conversion of 

the grain boundary composition. In addition, the increase in the number of LAGBs and SAGBs 

is accompanied by a relative decrease in high angle grain boundaries. This trend continues up 

to material failure (strain stage ④), but with an intensified generation of SAGBs. Consequently, 

the grain boundary evolution pictures a microstructural reorientation in addition to conducted 

EBSD-measurements. 

a)            ① b)            ③ c)           ④ 

   

 Sub Angle-Grain Boundary |  Low Angle Grain Boundary |  High Angle Grain Boundary 

Figure 3-33:  Proportion of Grain boundary types and their evolution during straining measured 

at standard tensile specimens 

Furthermore, the grain boundaries are specified due to the individual grain orientations, which 

affect the slip transfer to neighbouring grains. Imperfect slip transfer leads to strain heterogenei-

ties on grain size [Pat13] and affects intensified damage nucleation at these spots [Pat13], 

[Bie09]. During straining, for all grain boundary types (sub, low, high angle) an increase of the 
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absolute number but different evolution velocities are observed. Potential nucleation spots of 

voids arise with the increasing absolute number of high angle grain boundaries. Moreover, the 

rising sub angle as well as low angle grain boundaries are observed to arise mainly within the 

grains, impeding the inner grain slip transfer. The growing number of grain boundaries results in 

loading induced anisotropic damage in combination with straining induced texture evolution to-

wards a tensile texture. In addition to that, a similar evolution of grain boundaries is witnessed 

for all specimen-directions. 

Similar to CR340LA (1.1 mm), microstructural investigations incorporating OLM, SEM and 

EBSD are conducted for MS1500. In contrast to CR340LA, the microstructure consists of thin 

martensite needles instead of grains, which impede the EBSD-measurements (Figure 10-4, 

appendix). The ODFs, obtained from 500 grains, are pictured in Figure 10-3 in the appendix. 

Due to the reduced number of grains, the results are not representative and do not allow infer-

ence of the texture evolution during tensile straining. 

3.4 Distortional Hardening 

During straining the microstructure and the related mechanical properties undergo an evolution 

dependency on the straining direction. Affected mechanical properties are the yield strength and 

the plastic strain behavior, with regard to the Lankford-Coefficient  . Beyond UTS the Lankford-

Coefficient is not further valid as a description of the plastic strain behaviour in uniaxial tension, 

but it is utilised here as a description of width to thickness strain ratio. A decrease of the 

Lankford-Coefficient up to fracture is measured due to stress state and conjoined strain state 

changes. 

The microstructural evolution of aluminium was investigated by Savoie et al. [Sav95] and An 

et al. [An13], who also extended the investigation to IF-steel. For both materials decreasing  -

values with increasing straining were observed. To picture the effect of the evolving Lankford-

Coefficients on the yield surface, An et al. [An13] used the quadratic Hill yield criterion ([Hil48]) 

and determined its coefficients based on the Lankford-Coefficients. The evolution of the yield 

surface was investigated at technical tensile strains of 0 % and 25 % for the IF-steel. The result-

ing yield surfaces exhibited similar yield points in uniaxial tension but revealed decreasing biaxi-

al yield points with increasing tensile strains.  

Besides the conducted EBSD-measurements, presented in chapter 3.3, the microstructural evo-

lution can also be described by the Lankford-Coefficient during tensile straining. Therefore, the 

Lankford-Coefficient is calculated, based on DIC-measurements, for every strain stage at the 

failure point during the whole test. The results for 0°, 45° and 90° to RD up to an equivalent 

local strain of 0.5 are presented in Figure 3-34a. Within elastic range, high  -values arise, 

which are called elastic  -values. The affiliated development of Lüders-bands, which occurs at 

stress states deviating from uniaxial tension, leads to a drop of the Lankford-Coefficient below 

the level obtained in uniaxial tension [Sav95]. Beyond the Lüders-strain range increasing  -

values are measured for all directions up to UTS at plastic strains of about 0.15. The decrease 

of  -values is found not to start at UTS, but exhibits an orientation dependency. The increasing 
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 -values up to UTS are contrary to the results obtained by An. et al. [An13] for IF-steel, who 

measured a decreasing Lankford-Coefficient.  

 

Figure 3-34:  a) Lankford-Coefficients obtained in 0°, 45° and 90° dependent on the local 

equivalent strains obtained at the failure point, b) Hill’48 yield surface within the 

   -   -plane, incorporating the experimental Lankford-Coefficients at 

equivalent strains of 0.05, 0.10, 0.15 and 0.20 

In Figure 3-34b the effect of experimentally obtained  -values at equivalent strains of 0.05, 

0.10, 0.15 and 0.20 is demonstrated in combination with the Hill’48-yield criterion. On implying 

associated plasticity, the varying  -values result in a yield surface distortion. They lead to in-

creasing biaxial stresses as well as changes of the strain vector. Besides this, Figure 3-34b 

pictures the effect on the uniaxial stresses, which increase in y-direction (90° to RD). In com-

parison to that, the x-direction (0° to RD) does not indicate changes of the uniaxial yield 

strength. Furthermore, the changing strain vector affects increasing strains in specimen width 

direction and a decrease of thickness strains when incorporating plastic incompressibility. They 

stabilise the strain localisation in combination with higher biaxial stresses [Sto16]. The investiga-

tion of the CR340LA (1.1 mm sheet thickness) reveals a slight distortion of the yield surface with 

a shift of the biaxial yield point of about +6 % at UTS in comparison to the yield surface at 

equivalent strains of 0.05. 

Besides orthotropic strain behaviour, described by orientation dependent  -values, the yield 

surface distortion can also be influenced by orthotropic hardening. To quantify the impact of 

distortional hardening, the distortion-coefficient      is introduced and defined in equation (3-1). 

It describes the partial deviation of two flow curves     and     dependent on the plastic 

strains. In general both flow curves are defined for different directions e.g. uniaxial tension in 0° 

and 90° to RD. The distortion-coefficient ranges from -∞ to ∞, where        marks no effect 

of strain hardening on the yield surface shape. What is more, the distortion-coefficient      is 

not affected by the initial orthotropy of the yield surface and only includes the strain hardening 

behaviour. 
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         (3-1) 

The investigated CR340LA with a sheet thickness of 1.1 mm revealed orthotropic hardening 

behaviour with orientation dependent variations of the yield strength and UTS. However, the 

distortion-coefficient up to UTS remains zero due to similar slopes of flow curves in 0°, 45° and 

90° to RD. Therefore, no distortional effects arise due to strain hardening. This stands in con-

trast to results obtained from incremental  -value calculations. The divergence of yield surface 

expansion indicates non-associated plasticity during straining. For numerical simulation pur-

pose, the effect of the evolving microstructure is neglected. Besides the minor effect on the yield 

surface up to UTS of 6 % in maximum for biaxial stress states, the  -values can only be ex-

perimentally obtained up to UTS. Beyond UTS, the Lankford-Coefficients have to be extrapo-

lated, similar to the strain hardening behaviour. Due to similar effects of the Lankford-Coefficient 

and the strain hardening behaviour on the yield surface shape, the effect of the former is in-

cluded into the extrapolation of the flow curves.  

The investigation is extended to the MS1500 in 1.0 mm sheet thickness in paint-bake condition. 

As previously presented, the material exhibits orientation independent Lankford-Coefficients 

around 0.95. Similar behaviour is revealed for the trend of the incremental  -values at fracture 

point, which results in only minor yield surface distortions far smaller than seen for CR340LA. 

The introduced distortion-coefficient      also remains near zero, indicating no distortion due to 

orthotropic strain hardening.  

3.5 Behaviour of Double-Shear Specimens 

Due to convention, the angle to RD of loadings is defined by the first principle stress. Figure 

3-35 depicts different shear loading orientations, in which red arrows mark the first and blue 

arrows the third principle stress; the second is equal to zero. Green arrows point to shear 

stresses. The utilised flat shear specimens exhibit shear in specimen direction. Therefore, the 

specimen direction does not coincide with the direction of the first principle stress and is rotated 

45° to the specimen loading direction.  

a) Shear in -45° to RD b) Shear in 0° to RD c) Shear in 45° to RD d) Shear in 90° to RD RD 

 
 

  
 

2 
 
 
 
 
 
 
 

 

Figure 3-35:  Pure shear stresses for different shear directions with schematic microstructure. 

The arrows in red, blue and green mark the first as well as the third principle and 

the shear stress.  
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Due to the specimen-composition of two shear zones, the results of one specimen represent the 

average force-displacement behaviour of two shear directions. At specimens aligned in 0° as 

well as 90° to RD shear appears at ±45° direction; specimens at ±45° to RD exhibit the shear 

directions 0° and 90° to RD. 

In all tests failure did not occur simultaneously in both gauge sections. Hence, after the first 

failed gauge area an increase in force level is measured previously to the complete specimen 

failure. To understand the diverging fracture of both gauge sections as well as material behav-

iour within shear in 0° to RD, the equivalent strain fields of shear specimens in 0° and 45° ori-

entation are presented in Figure 3-36. The local strain field of a 0° shear specimen is pictured in 

Figure 3-36a at a global displacement of 1.5 mm. Both gauge sections show equal equivalent 

strains. Subsequent loading leads to diverging local strain fields of both gauge sections as dis-

played in Figure 3-36b for a global displacement of 6.0 mm. Figure 3-36c presents the strain 

field of a 45° specimen at a displacement of 1.5 mm. As seen for 0° specimens at displace-

ments of 6.0 mm, the equivalent strain fields of both gauge sections deviate, but the deviation 

arises at significantly lower global displacements.  

   

Figure 3-36:  Local equivalent strain field of voest-shear specimens in different specimen di-

rections a) 0° to RD with 1.5 mm of displacement, b) 0° to RD at displacement of 

6.0 mm, c) +45° to RD at a displacement of 1.5 mm 

For the utilised double shear specimen in 0° direction the arising shear strains are oriented in 

±45° to RD. Due to the orthotropy assumption for metals, no deviation may occur and both 

gauge sections show an equal reaction to loading. Further straining leads to a reorientation of 

the shear zone which reorients the shear strain direction. The deviation from shear in ±45° to 

RD forces deviations in damage behaviour and leads to different equivalent strains in both 

gauge sections. The effect can be clearly observed in Figure 3-36c for a specimen in +45° di-

rection. Regarding Figure 3-35, the specimen aligned in +45° to RD exhibits shear in 0° and 

90°. As observed for standard tensile and notched specimens, these directions show different 

behaviour regarding yield strength and UTS as well as in local strain behaviour. These differ-

ences also reflect for shear specimens. 

The differing loading directions within the shear zones of specimens aligned in 0° and ±45° 

direction respectively explain their deviating force-displacement behaviour. However, this expla-

nation is insufficient to describe the deviations between specimens aligned in 0° and 90° to RD. 

 a)         b)             c) 
Eq. strain Eq. strain Eq. strain 
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The microstructural investigation reveals non-equiaxed grains for the CR340LA. During the test, 

the microstructure is deformed in specimen loading direction. Therefore, the microstructure of 

both shear sections undergoes a straining in RD for specimens aligned in 0° to RD. In contrast 

to that, the microstructure of shear specimens in 90° orientation is strained in TD. In combina-

tion with non-equiaxed grains this results in an orthotropic microstructural evolution. In addition, 

numerical simulations reveal a load path change from nearly pure shear towards uniaxial ten-

sion due to deformations of the shear zone. The combination of non-equiaxed grains, its micro-

strucutral evolution and arising tensile stress proportions results in different loadings on the mi-

crostructure for 0° and 90°, which is supposed to affect the deviating material behaviour. 

3.6 Strain Localisation and Failure 

Analogous to the development of Lüders-bands of NR80 specimens, the three different 

CR340LA sheets exhibit variations in strain localisation behaviour. The localisation areas of 

standard tensile specimens at 0° to RD are displayed in Figure 3-37. In contrast to notched or 

shear specimens, the localisation zone of tensile specimens is not predefined and forms due to 

geometrical or material imperfections during straining. All tensile specimens exhibit the forma-

tion of two shear bands with an angle of ≈±55° to RD, in which one band becomes dominant.  

 

Eq. strain 

 

Eq. strain 

 

Eq. strain 

   

Figure 3-37:  Strain localisation phenomena of CR340LA in 0° to RD with different sheet thick-

nesses in bake-hardening condition, a) 0.6 mm thickness, b) 1.1 mm thickness, 

c) 1.8 mm sheet thickness 

This effect is found to be more pronounced the more the sheet thickness is reduced. Whereas 

the 0.6 mm thick specimens present high strains over the whole width of the band (Figure 

3-37a), specimens with a thickness of 1.1 mm show a slight localisation of strains in the middle 

of the band (Figure 3-37b). The 1.8 mm thick specimens - as revealed in Figure 3-37c - exhibit a 

slightly dominant band with a clear strain localisation in the middle of the specimen. 

Figure 3-38 exhibits a theoretically predicted and the experimentally observed development of 

localisation planes within different specimen geometries. The localisation planes indicate the 

orientations of the fracture surface. In Figure 3-38a the theoretically predicted localisation 

a)        b)            c) 
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planes for tensile loadings are presented in red and black. The blue line represents a plane per-

pendicular to loading direction. The theoretical basis can be found in [Ber04] and shall not be 

discussed here. Regarding uniaxial tension in direction 3, a localisation angle of 35° is pre-

dicted, which concurs with the experimental data. The localisation angle describes the rotation 

around the sheet metal normal direction (direction 2) of the plane perpendicular to the loading 

direction, resulting in both localisation planes. Figure 3-38b pictures the 3D-strain field of a 

standard tensile specimen of CR340LA (1.1 mm) within the strain localisation area. The DIC-

measurement is performed on the sheet metal surface as well as over specimen thickness with 

a facet-size of 0.085 mm. Within the 1-3-plane a dominant localisation band is observed and 

highlighted in white, which exhibits an angle of 35° to the 1-axis as theoretically predicted. A 

second band, highlighted in purple, is also found. Both bands show elevated strains parallel to 

2-direction over the specimen thickness. Both observed bands are tails of the localisation 

planes and agree with the theoretical predictions [Ber04], [Hil58]. 

 

Figure 3-38:  a) orientation of the failure planes within the 1-2-3-coordinate system, b) 3D 

strain localisation bands at CR340LA specimens with 1.1 mm sheet thickness 

with marked strain localisation bands (not dominant: purple, white: dominant), c) 

surface localisation bands at NR05 specimens of MS1500  

Figure 3-38c illustrates the surface strain field of a specimen with 5 mm notch radius. The 

measurement is carried out on the MS1500-steel due to the minor ductility in comparison to 

CR340LA. Sheet metals with high ductility blur strain effects within the localisation zone of the 

notched specimens. The MS1500 resists constrictions and deforms mostly within localisation 

bands. In comparison to standard tensile specimens the fracture surface occurs also at 35° 

perpendicular direction to loading. However, the fracture plane runs across the sheet thickness 

unlike the observation of standard tensile specimens. On the specimen surface only two parallel 

lines are measured by the DIC-method. In combination with the orientation of the fracture sur-

face, both lines indicate the orientation of the strain localisation in plane strain stress state. It 

a)             b)     c) 
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reveals a re-orientation of the localisation plane in comparison to the standard tensile specimen 

by a rotation of 90° around the tensile direction.  

Figure 3-39 pictures the orientation of the fracture surfaces of the investigated standard tension 

specimens of CR340LA. Figure 3-39a-c displays the fracture surfaces within the RD-TD-plane, 

whereas Figure 3-39d-f shows the surfaces within the RD-ND-plane. The specimens with a 

thickness of 0.6 mm and 1.1 mm present a similar fracture surface orientation of about 57° to 

RD (0.6 mm: Figure 3-39a and d; 1.1 mm: Figure 3-39b and e).  

 

 

Figure 3-39:  Fracture surface orientation of standard tensile specimens with different sheet 

thicknesses; a) 0.6 mm RD-TD-plane, b) 1.1 mm RD-TD-plane, c) 1.8 mm RD-

TD-plane, d) 0.6 mm RD-ND-plane, e) 1.1 mm RD-ND-plane, f) 1.8 mm RD-ND-

plane 

Both surfaces demonstrate no further tilt within the RD-ND-plane. In contrast to that, specimens 

of 1.8 mm thickness exhibit a fracture surface orientation within the RD-ND-plane. The tilt angle 

amounts to 57° to RD; therefore, the fracture surface is rotated around RD with an angle of 90° 

in comparison to the other investigated material thicknesses. 

Further observations of the fracture surface profile are conducted with OLM utilising 3D-

measurements for standard tensile specimens with an initial sheet thickness of 1.1 mm. Figure 

3-40a pictures the characteristic profile of the fracture surface, whereas Figure 3-40b presents 

the different position on the fracture surface. The OLM-measurements indicate strain localisa-

tion also to arise over the sheet thickness. The v-shape of the fracture surface alternates in 

specimen width direction, showing a maximum (profile down) or minimum (profile top) in the 

middle of the profile. Moreover, in the middle of the specimen the strongest thickness reduction 

is observed. 

Numerical simulations with solid elements are carried out to examine the different strain locali-

sation phenomena. The same material model is utilised for all three material thicknesses. The 

resulting distributions of the stress triaxiality and Lode Angle are depicted in Figure 10-5a and 

Figure 10-5b (appendix). The simulations reveal developing bands of increasing triaxiality and 

a)       b)          c) 

 

 

 

d)       e)          f) 
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decreasing Lode Angle respectively. These observed changes lead to a local decrease in plas-

tic instability and failure strains. This decline influences damage accumulation within these 

bands and finally forces the material to fail within these developed bands. The resulting crack 

orientation for different sheet thicknesses of the numerical simulation agrees with the previous 

experimental results and is presented in Figure 10-6 in the appendix. 

 

Figure 3-40:  a) Profile of fracture surface in ND of specimens aligned in 0° to RD, b) 3D-OLM-

measurement of fracture surface with marked measurement points  

Besides OLM, SEM-images of the fracture surface are carried out for standard tension speci-

mens in 0° to RD of CR340LA (1.1 mm) and MS1500, displayed in Figure 3-41.  

Figure 3-41a pictures the fracture surface in the middle of the CR340LA specimen where a 

honeycomb structure indicates ductile failure. Some honeycombs prove particles on their 

ground which are presumed to be oxides. In Figure 3-41b SEM images of the fracture surface 

edge are displayed. In contrast to honeycombs at the specimen centre, near the specimen sur-

face, the fracture surface exhibits shear comb-bands which are observed to arise with alternat-

ing band width (Figure 3-41b). The results reveal that material failure begins at the centre and 

spreads towards specimen surface. The SEM measurements indicate failure of the specimen 

surface under shear loading in contrast to its centre. Due to the development of very narrow 

bands in sheet thickness direction, they do not affect the DIC-measurements. Figure 3-41c 

represents the SEM-picture of the MS1500 specimen at its centre, where a honeycomb struc-

ture can be observed. The structure exhibits a distortion towards TD resulting from the devel-

opment of shear bands during strain localisation. They lead to an opposed displacement of 

specimen halves in specimen width direction, which is equal to the TD for the present speci-

mens. The distortion also affects shear combs near specimen edge. In comparison to CR340LA 

they are also arranged in width direction (TD). As seen for CR340LA, the SEM-results indicate 

material failure to start at specimen centre incorporating ductile failure as well. 
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Figure 3-41:  SEM-images of CR340LA in 1.1 mm and MS1500 in 1.0 mm sheet thickness at 

specimen centre of a): CR340LA and c): MS1500) and at the specimen edge in 

thickness direction of b): CR340LA and d): MS1500) with shear honeycombs 

marked in red 

As previously presented, orientation dependent equivalent strains at fracture are obtained from 

DIC-measurements of standard tensile specimens of CR340LA and MS1500. Regarding the 

fracture surfaces of these specimens in 0°, 45° and 90° direction, SEM-images reveal a similar 

dependency on the honeycomb diameters than seen for equivalent strains for both materials 

(Table 3-11). The honeycomb diameters were determined according [Bru14] to 500 intersec-

tions of lines and honeycombs.  

Additionally, the SEM-results are also depicted in the appendix in Figure 10-10. The results in-

dicate a dependency of the size of honeycombs on the local deformation measured by DIC-

method. The results concur with observations for aluminium, connecting the ductility with the 

honeycomb diameter [Ost14]. Furthermore, the comparison of CR340LA and MS1500 agrees 

with the definition that the former exhibits higher equivalent failure strains but also larger honey-

comb diameters than the latter. The results further indicate an orientation dependency of ductil-

ity on all investigated levels (macroscopic / DIC, microscopic / SEM).  

Table 3-11: Comparison of honeycomb diameter and failure strain 

Parameter CR340LA 1.1 mm MS1500 1.0 mm 

Orientation to RD 0° 45° 90° 0° 45° 90° 
Honeycomb diameter [µm] 2.81 3.16 2.92 1.31 2.09 1.61 
True eq. failure strain [log.] 0.870 0.969 0.905 0.447 0.552 0.493 

 

 

  

 

 

  

a)            b) 

 

 

 

 

 

 

c)            d) 

 



4 – Plastic Instability   57 

 

4 Plastic Instability 

Elasto-plastic behaviour of metals can be subdivided into three parts: elastic, stable elasto-

plastic and unstable elasto-plastic. The yield strength marks the end of elasticity and the begin-

ning of plasticity. Due to plastic incompressibility tensile strains lead to a reduction of the mate-

rials cross section during loading. As long as the hardening rate of the material is higher than 

the decrease in the cross section the plastic deformation remains stable. Due to nonlinear hard-

ening behaviour, a point exists where the reduction in cross section and work hardening cannot 

be balanced any longer, which leads to strain localisation and is defined as plastic instability. In 

standard tensile tests the uniform elongation turns into diffuse and after subsequent loading to 

localised necking. The transition to diffuse necking can be detected by the Considère criterion 

[Con85] based on the true stresses and strains.  

It is widely assumed that the plastic instability marks the beginning of damage in sheet metal 

[Tho68]. For numerical simulation purpose an accurate prediction of the plastic instability strain 

is needed.  

4.1 Experimental Procedure 

To determine the plastic instability by DIC-measurements, different methods exist, e.g. based 

on the deviations of the local strain velocity. In that case, the angular bisector between two a-

symptotes, which approximate the strain velocity, is utilised to estimate the plastic instability 

point. 

 

Figure 4-1: Determination of beginning plastic instability with linear curve fitting, using 

leastsquare method according Volk [Vol11] 

For verification purpose as well as further investigations, DIC-measurements are coupled here 

with optical microscopy and SEM-images. To predefine the localisation zone, specimens with a 

notch radius of 80 mm (NR80) are used. The zinc coating was removed by hydrochloric acid 

and afterwards polished in 3-steps for microstructural investigations. To prepare the specimens 

for OLM, utilising a KEYENCE VHX-5000, the specimens were etched with Nital-2 % solution 
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for 30 seconds. SEM measurements are carried out with a LEO 1455VP SEM as well as a Tes-

can MIRA3 XMH. Both measuring devices use a Secondary Electron detector (SE-detector).  

To compare macroscopic DIC-measurements with optical microscopy and SEM, a stochastic 

pattern is applied on one side of the uncoated and polished specimen. The tests are carried out 

stepwise to obtain the microstructural evolution at different strains. A picture of the microstruc-

ture is taken at each step on a predefined point on the specimen, see Table 4-1. The resulting 

force-displacement diagrams are presented in Figure 4-2. The arising plastic instability is initially 

assumed to determine the force-maximum. Therefore, the measurements are intensified around 

the maximum force. The testing speed conducts 0.2 mm/s, which results in 0.4 %/s referred to 

the initial gauge length of 50 mm. 

Table 4-1:  Test matrix for stepwise testing of NR80 specimens of CR340LAPB 1.1 mm 

Displacement dL [mm] 0.00 1.90 2.20 2.50 2.55 2.75 3.15 3.45 3.95 
Local eq. true strain [log.] 0.000 0.140 0.170 0.210 0.215 0.250 0.320 0.470 0.745 

 

Figure 4-2:   Force displacement diagrams of the investigated specimens, dots mark the end-

point of loading  

A fractured and polished NR80 specimen is investigated to determine the void size. The speci-

men shows a crack in the smallest cross section before total separation. Figure 4-3 displays the 

surface around the crack. Green ovals mark propagated cracks from the main crack towards the 

specimen edge. Around the main crack smaller (yellow rectangle) and larger (orange rectangle) 

ones can be seen. Small voids are also pointed out by blue triangles. Only the propagated 

cracks are larger than 5 µm, all others and voids measure a far smaller dispersed length. 

Therefore, the expected void size at plastic instability is in the range between 1 to 5 µm.  
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Figure 4-3:   SEM-picture of fractured NR80 specimen on the polished surface, green ovals 

mark propagated cracks of the main crack, the yellow rectangle points small, the 

orange rectangle larger cracks, the blue triangles mark small voids 

Figure 4-4 and Figure 4-5 present SEM-images at different pre-strain steps, which are addition-

ally locally measured with DIC. This local measurement incorporates the strain heterogeneity of 

the notched specimen on macro-scale but is not able to dissolve the strain field on microstruc-

ture level. Figure 4-4 pictures the initial micro structure consisting of ferrite grains with pearlite at 

the grain boundaries and excavated cementite, highlighted with red circles. The undeformed 

material shows no signs of damage.  

 

Figure 4-4:   SEM-images of the initial microstructure of the investigated CR340LA in bake-

hardening condition and 1.1 mm sheet thickness exhibiting ferrite grains, pearlite 

at the grain boundaries as well as etched cementite (red circles) 

In contrast to that, first signs of damage are found after a pre-straining to 0.14 (dL = 1.90 mm). 

The corresponding SEM-images, pictured in Figure 4-5a and Figure 4-5b, reveal first cracks 

generated by cracking of pearlite on grain boundaries.   
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Figure 4-5:    SEM-images within the strain localisation zone of NR80 specimens of CR340LA 

(1.1 mm) at different local pre-strains: 0.14 for a) and b), with cracked grain 

boundaries, 0.17 for c) and d), exhibiting a cracked grain boundary in c) and 

cracks within the grain in d), 0.21 for e) and f) with opened void within the grain 

in e) and crack grain boundaries in f), 0.32 for g) exhibiting opened voids at the 

grain boundary and 0.47 for h) with cracked grain boundary (red ellipsis) and 

crack within the grain (blue circle)    

a)          b) 
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All observed cracks occur near grain boundary tripel points where strain incompatibilities can 

arise in conjunction with high local strains. The results of the SEM-analysis after a pre-strain of 

0.17 (dL = 2.20 mm) are displayed in Figure 4-5c and Figure 4-5d. In comparison to a pre-strain 

of 0.14 (dL = 1.90 mm) an increase in the number of cracked grain boundaries is observed on 

the specimen surface. Besides the failure of pearlite on grain boundaries, first micro cracks 

within grains can be monitored, which are pictured in Figure 4-5d (red ellipsis). These cracks 

indicate the beginning damage within the grains. The assumption of beginning grain damage 

can be corrobated by further SEM-images. The specimen, pre-strained to 0.210 (dL = 

2.50 mm), shows further micro cracks within the grain as well as opened cracks (Figure 4-5e, 

red ellipsis). Besides the development of micro cracks, the number of cracked pearlite on grain 

boundary increases further. In Figure 4-5f an additional cracked grain boundary is depicted, 

where the cracks not necessarily arise at the triple-boundary. Figure 4-5g depicts the micro-

structure after a local pre-strain of equivalent strains of 0.32 exhibiting open voids at the grain 

boundary. In addition, Figure 4-5h pictures the pre-strained microstructure after local equivalent 

true strains of 0.47, where a cracked grain boundary (red ellipsis) and a neighbouring crack 

within the grain (blue circle) are witnessed. 

Besides the evolution of voids and micro cracks, beginning inter-grain strain incompatibilities are 

monitored. Figure 4-6 exemplarily indicates the development of these incompatibilities. The in-

volved grains are marked in green, red and blue. During straining, the grains in green and blue 

show only few slip lines, whereas the red grain exhibits a high density of them. The pile up of 

dislocations leads to high local stresses at the grain boundary supporting the nucleation of voids 

and promoting microstructural damage. 

    

10 µm             Mag.: 4 kx 

Figure 4-6:  Evolving strain incompatibilities between three grains marked in green, red and 

blue (red rectangle) at different local true equivalent strains of one specimen a) 

0.00, b) 0.14, c) 0.17, d) 0.30 

In the light of the carried out SEM-results the DIC-strain fields, which are obtained in parallel, 

are evaluated, focussing on the local strain behaviour of the fracture zone. There, the local ma-

jor versus minor strain behaviour is investigated further and depicted in Figure 4-7. The principle 

strain path subdivides into a linear and a non-linear part. The linear strain behaviour is obtained 

a)          b)               c)        d) 

 

 

 

g)        h) 
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at low, the non-linear strain path at elevated local strains. The deviation from linear strain path is 

accompanied by increasing strains in specimen thickness direction. The observed local strain 

state change is directly linked to a change of the local stress state irrespective of the assump-

tion of associated or non-associated plasticity. 

Regarding the depicted strain paths of the NR80 specimen, as depicted in Figure 4-7, the devia-

tion from the linear strain path is observed at global displacements of 2.75 mm, which corre-

sponds to local major strains of 0.25. The parallelly conducted SEM-images reveal the cracking 

of pearlite and micro cracks within grains within the linear strain range as well as prior to force 

maximum. Therefore, the observed onset of microstructural damage does not indicate damage 

of the continuum. The witnessed cracks result from arising strain incompatibilities between dif-

ferent grains. Mechanisms on micro-scale, e.g. strain hardening of single grains or microstruc-

tural reorientation, compensate damage of the microstructure and lead to unaffected macro-

scopic strain behaviour. These effects are captured on macroscopic scale by strain hardening. 

Moreover, straining affects the specimen geometry, but not the measured local strain paths and 

therefore the local stress state. Therefore, the onset of damage of the continuum and plastic 

instability respectively is further defined by the strains where micro-scale mechanism cannot 

balance out microstructural damage and becomes dominant for macroscopic material behav-

iour, leading to a strain state change. Hence, the arising deviation from linear strain path is fur-

ther defined as the onset of plastic instability.  

The determined instability point for the NR80 specimen arises at displacements beyond the 

force maximum. The definition of arising plastic instability by deviations from a linear strain path 

is applied to additional specimen types revealing a similar behaviour as observed by NR80 

specimens. Figure 4-7 pictures the strain paths of A50, NR80 and NR05 specimens in 0° to RD, 

where the linear strain paths are marked by a dotted line. The local strain paths for all speci-

mens, including shear- and Bulge-tests, are pictured in Figure 10-13 in the appendix.  

 

Figure 4-7:   Major versus minor local strain behaviour of A50, NR80 and NR05 specimens 0° 

to RD with linear strain behaviour as dotted lines 
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Figure 4-8 shows the determined plastic instability points for different specimens and directions, 

depending on the estimated stress triaxiality. The investigation reveals decreasing plastic insta-
bility strains from uniaxial tension (A50 specimens,    

 
) towards plane stress (NR05 speci-

mens,    

  
). For biaxial tension, a strong increase of plastic instability strains is observed 

compared to NR05 specimens. The method is applied further on shear specimens for which no 

linear strain behaviour could be obtained. Conducted numerical simulations reveal a stress state 

change at even low equivalent strains. The stress state change affects the strain behaviour, 

which superimposes strain state change due to the onset of damage. 

The determined plastic instability point arises beyond force maximum for standard tensile as 

well as NR80 specimens. The investigated A50 specimen in 0° to RD exhibits the UTS at 0.16 

technical and 0.20 of true strains. Neither the representation in technical nor in true strains 

meets the onset of damage at true strains of 0.27 as predicted by local strain deviation method. 

The results indicate that the onset of diffuse necking is not connected to arising damage of the 

microstructure but only depends on material strain hardening. Thus, the Considère criterion only 

predicts the onset of diffuse necking which is strongly geometry dependent. The examination 

further reveals a discrepancy between onset of diffuse necking, corresponding to UTS for stan-

dard tension specimens, and plastic instability (Figure 10-17 to Figure 10-31, presented in the 

appendix). 

 

Figure 4-8:   Determined instability points for standard tensile (A50), notched (NR05, NR80) 

and biaxial specimens in 0°, 45° and 90° to RD manufactured from CR340LA 

with a sheet thickness of 1.1 mm 

Besides the strains at UTS, the predicted plastic instability point exhibits an orientation depen-

dency. For the present CR340LA only small deviations of about 0.05 of equivalent strains are 

observed at A50 specimens (Figure 4-8). For all specimens except biaxial tension, the highest 

plastic instability strains occur in 45°, the lowest in 0° to RD. The results concur to the experi-

mentally obtained Lankford-Coefficients, which exhibit their maximum in 45° to RD and their 
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minimum in 0° direction. The high  -values lead to plastic deformation mainly in specimen 

width- and not in sheet thickness direction. Especially arising strains in thickness direction facili-

tate plastic instability. This can be proven by the comparison of instability strains of standard 

tensile specimens, mainly deforming in specimen width direction, and NR05 specimens which 

exhibit only strains in sheet normal and nearly none in specimen width direction. The stabilising 

effect of high  -values on the strain behaviour is also reported by [Tas09], [Bee10], [Kan13]. 

The proposed method, based on strain state changes, is utilised for CR340LA with the three 

investigated sheet thicknesses of 0.6 mm, 1.1 mm and 1.8 mm to determine the dependency of 

the onset of plastic instability and sheet thickness. No differences of specimens in 1.1 mm and 

1.8 mm concerning plastic instability strains are observed for all directions. In contrast to that, 

specimens with a sheet thickness of 0.6 mm show a drop of plastic instability strains of 0.04, 

see Figure 10-16 in the appendix. Due to similar strain hardening behaviour, neither the effect of 

deviating Lankford-Coefficients nor the geometrical aspects of differing sheet thicknesses are 

identified to mainly affect plastic instability. The results indicate the strain hardening behaviour 

as driving force affecting the onset of damage of the continuum.  

The utilised method is applied further to the investigated MS1500 steel to determine plastic in-

stability. Figure 4-9 presents the local strain behaviour of standard tensile, NR80, NR05 and 

Bulge-specimens. For A50, NR05 and Bulge specimens a nearly linear strain path is observed 

almost up to fracture. In contrast to that the local strain path of NR80 begins to deviate from 

linearity at relatively low strains, which results from the formation of localisation bands affecting 

opposed displacements of the specimen halves influencing measured surface strain behaviour. 

This opposed displacement as well as the connected specimen transverse strains are compen-

sated by relating the transverse displacement to the specimen width. A linear strain path as a 

result follows for NR80 specimens too. The lack of strain path changes despite the development 

of strain localisation bands points to a similarity of plastic instability and failure strain surface.  

 

Figure 4-9:   Local principle strain path of A50, NR80, NR05 and Bulge specimens of MS1500 

in BH0 condition with linear strain behaviour as dotted lines 
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4.2 3D-Extension of the Marciniak-Kuczynski model 

To predict the onset of plastic instability, different criteria have been developed over the years. 

A first simple criterion was proposed by Considère in 1885 which connects the onset of plastic 

instability in uniaxial tension with the hardening behaviour [Con85]. Based on shear stresses 

and incremental strains, Swift proposed an approach to predict plastic instability [Swi52]. In con-

trast to that, Hill [Hil58] defined the loss of uniqueness of a velocity boundary-value problem as 

instability point in 1958. 

By considering geometrical heterogeneities, an approach for sheet metals was presented by 

Marciniak and Kuczynski in 1967 [Mar67]. The model approach assumes a grooved sheet with 

infinite width, pictured in Figure 4-10a. The ungrooved section is called section A, the grooved 

section calls section B. The model implies a force-equilibrium between section A and B in prin-

ciple loading direction as well as a geometrical boundary condition leading to equal strains in 

width direction. Due to the force-equilibrium, the ratio of the first principle stresses of section A 

and B is equal to the inverse thickness ratio f of both sections. The initial thickness ratio    typi-

cally ranges from 0.980 to 0.999. During straining the thickness ratio evolves dependent on 

strains in thickness direction (4-1). 

                   
 
  

  

  
              

 
      (4-1) 

The equivalent strains of both sections,     and    , are calculated based on the plastic po-

tential, which defines the beginning plastic instability by a critical ratio of 10 of     to    . 

The Marciniak-Kuczynski model (MK model) only applies for the plane stress state and should 

therefore only be adopted by solid simulations for materials without a Lode Angle dependency. 

For numerical simulations with solids, using LS-DYNA and the GISSMo, the MK model is ex-

tended to obtain a Lode Angle dependent plastic instability surface within the mixed-stress-

strain space. Therefore, additional stress and resulting strain components are introduced in z-, 

xz-, and yz-direction, see Figure 4-10a. Due to force equilibrium, the ratio of yz-shear stresses 

of section B to A results from the thickness ratio  . In contrast to that, the same stress compo-

nents in z- as well as xz-direction are presented for both sections A and B. For each section the 

plastic potential for 3D-stresses follows the equation (4-2): 

                                                         (4-2) 

To define the plastic instability surface within the mixed stress-strain-space, the stress triaxiality 

as well as Lode Angle Parameter dependency of the principle stresses is applied according to 

[Mar15a]. Due to convention, the first principle stress defines the loading direction. To define the 

local stress composition for 0° direction, the first principle stress is defined in material x-, the 

second principle stress in y- and the third principle stress in z-direction. For diverging directions, 

e.g. 45° or 90° to RD, the local stress tensor of the 0° direction is transformed by the rotation 

tensor    , which describes a rotation around sheet metal normal direction.  

The resulting plastic instability surfaces exhibit their maxima at Lode Angle Parameters of -1 

and 1. The surface exhibits its minimum for Lode Angle Parameters of 0, which corresponds to 
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the plane stress state. Furthermore, the surface declines dependent on the stress triaxiality. The 

calculated instability surface, presented in Figure 4-10b, shows a good qualitative agreement 

with literature; see [Mar15b] and [Dun14]. 

  

Figure 4-10:   a) Schematic applied stress of extended Marciniak-Kuczynski model, b) Calcu-

lated plastic instability surface within the mixed-stress-strain-space, with a cut-off 

at strains over 3.0 for an 3D-stress state with highlighted plane stress state 

In Figure 4-11 , the orthotropic plastic instability curves for CR340LA in 1.1 mm sheet thickness 

and plane stress condition are presented. Coloured dots mark the experimentally obtained plas-

tic instability points for the different directions. The predicted curves meet the experimental tar-

get points with a mean deviation of strains less than 0.04. Regarding the biaxial stress state, the 

three curves do not coincide, which is a model based short coming, resulting from varying stress 

states in section B during biaxial straining. 

 

Figure 4-11:  Comparison of experimental and proposed plastic instability strains for CR340LA 
with 1.1 mm sheet thickness with the plane stress state as basis 

Due to its general formulation, the extended MK model is able to predict plastic instability strains 

for 6D- (e.g. Figure 4-10b) as well as plane-stress states (e.g. Figure 4-11). Their opposition 

along the plane stress path reveals similar behaviour for stress states between uniaxial and 

biaxial tension. Both exhibit their minimum dependent on the anisotropy, around the plane strain 

a)        b) 
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stress state. For triaxialities lower than  
 
 (uniaxial tension), the plastic instability strains of plane- 

and 6D-stress states differ. Whereas increasing plastic instability strains arise for plane-stress 

states, the 6D-pendant presents a local minimum in shear. The differences result from the defi-

nition of the principle stresses with         . The plane stress state leads to one principle 

stress equal to zero. Both remaining principle stresses for stress states between uniaxial and 

biaxial tension are larger than zero, which results in           . The shear stress 

state, in contrast, results in two principle stresses of equal absolute value but opposite sign. The 

order of the principle stresses of 6D-stress states follows               . In con-

trast to that, plane stress states (plane-stress states) do not exhibit a third principle stress com-

ponent, resulting in          . Therefore, different loadings arise for plane- and 6D-

stress states which explain the differences of the proposed plastic instability strains. Further-

more, a reordering of principle stresses to obtain similar behaviour for plane-stress states is not 

suitable due to arising jumps within the resulting plastic instability strain surface. 

Additionally to CR340LA, the extended MK model is applied on the investigated MS1500-steel, 

calibrated by the experimental results of chapter 3.1.5. The yield surface shape is determined 

by the nominal stress maxima of A50, NR80, and NR05 specimens. Hence, strain hardening is 

determined in 0°, 45° and 90° to RD from standard tensile specimens. The resulting plastic 

instability strains overshoot the equivalent strains at material fracture, which coincides with the 

experimentally determined plastic instability point. Hence, for further material modelling, the 

definition of equivalent material failure strains is equal to equivalent strains at plastic instability. 
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5 Experimental Determination of Load-Paths 

Recent failure criteria predict strain localisation as well as the fracture points based on the as-

sumption of proportional load paths meaning constant stress triaxiality and Lode Angle Parame-

ter. In contrast to that, the investigations of Behrens and Peshekodov [Beh16] revealed consid-

erable load path changes for typical flat specimen geometries dependent on the specific geome-

try. Specimens with different initial triaxialities are utilised for material characterisation purpose 

to determine plastic behaviour and the failure point, despite exhibiting load path changes.  

The Lankford-Coefficient   describes the strain behaviour in uniaxial tension by representing 

the plastic strain ratio in specimen width to thickness direction (chapter 2.2) and evolves during 

straining as described in chapter 3.4. The slight increase up to UTS is followed by a decrease 

with the onset of localised necking, incorporating a stress state change. 

With regard to recent yield criteria for metals, which incorporate associated plasticity, the  -

value describes the vector normal to the yield surface in uniaxial tension [Hil92] irrespective of 

isotropic or anisotropic plastic behaviour. This vector corresponds to the plastic strain incre-

ment. Thus, it can be calculated for any point on the yield surface but loses its validity as 

Lankford-Coefficient. The dependence of the Lankford-Coefficient on the principle loading direc-

tion as well as the stress state is utilised to estimate the surface load path and the surface fail-

ure point based on DIC-data. To describe the 3D surface strain state, the  - and the  -value 

have to be modified, which describe the ratio of in-plane shear strain to strain in loading direc-

tion. Both strain ratios are defined within the specimen coordinate system, which is substituted 

further by the material coordinate system. The resulting quotients    and    are presented in 

equation (5-1) and (5-2). 
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  (5-2) 

Each plane stress state can be described by using    and    but both lead to identically modi-

fied strain ratios for similar principle loading directions in pressure and tension. Therefore, the 

sign of the strain component in rolling direction is utilised to identify the principle strain direction. 

Due to the assumption of associated plasticity, the components of   , and therefore    and   , 

define the normal vector on the yield surface [Bar91]. For demonstration purpose the modified 
Lankford-Coefficients along the yield surface shape within the   -  -space, utilising the von 

Mises-yield criterion, are calculated. Due to constant shear stresses equal to zero, the   -value 

is not presented in Figure 5-1. The double occurrence of the modified Lankford-Coefficient is 

depicted in Figure 5-1a. In contrast to that, Figure 5-1b presents the trend of    along the yield 

surface. For both pictures, the two equally modified Lankford-Coefficients   
  and   

  are 

highlighted in red (tension) and green (pressure). 
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Figure 5-1:  a) Same   -values on yield surface with pictured direction of angle  , b) modi-

fied Lankford-Coefficient    as a function of angle   with two marked stress 

states with identical absolute value of the stress triaxiality in pressure (green) 

and tension (red) 

To couple the DIC-measurements with the stress states, an appropriate yield criterion has to be 

employed. Due to its coupling of stress state and plastic strain behaviour, it has to cover the 

main material effects, e.g. orthotropic yielding, the evolution of the yield surface during straining 

or pronounced non-associated plasticity. In the present investigation, the Barlat’91-plasticity 

model is applied, which accounts for orthotropic yielding and implies associated plasticity. The 

previous investigations revealed minor yield surface distortions during straining up to UTS. 

Therefore, a constant yield surface shape is assumed further, which is determined by the maxi-

mum of the nominal stress of the flat tension specimens (A50, NR80 and NR05) for all three 

directions.  

To define the load paths on the basis of DIC-measurements, the local strain behaviour of the 

failure point is used, exhibiting the strongest strain path change. Moreover, the strong strain 

path change also indicates a strong load path variation in comparison to other, less affected, 

points of the surface strain field. The strain path, measured by DIC, shows a superimposed ran-

dom noise which affects the resulting load paths. To minimize scattering, the local strain paths 

are smoothed. Figure 5-2a presents the determined load paths of CR340LA (1.1 mm) of all 

conducted specimen types, aligned in 0° to RD, which are coloured dependent on the specimen 

type. Except for shear loadings, all load paths initially exhibit a proportional load path at low 

equivalent strains, which tends stress state dependent towards the biaxial stress state except 

for the Bulge-test. The bending point concurs with the presented experimentally obtained plastic 

instability points in chapter 4.1. This observation is also valid for the plane stress state (NR05 

specimens), in which the failure surface demonstrates its minimum. Moreover, the load path of 

the Bulge-test tends towards the plane strain stress state, exhibiting the smallest change of the 

stress triaxiality. The largest stress state change is found for shear-specimens, ranging from 

0.05 to 0.45. As a result, a kink within the determined surface load paths in uniaxial tension is 

observed. 

a)              b) 

  
R1* R2* 

R1* 

R2* 
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Figure 5-2b opposes the load paths of DIC-measurements and numerical simulation. The oppo-

sition reveals a shift of the experimentally determined load paths towards higher stress triaxiali-

ties. The shift results from e.g. diverging R-values in uniaxial tension of the experiment and the 

mathematical model due to the calibration by nominal stresses. However, both load paths reveal 

a similar trend up to failure. 

 
 

  

Figure 5-2:  a) Load paths of A50, NR80, NR05, Bulge and shear specimens of CR340LA in 

1.1 mm sheet thickness, b) opposition of experimental and computed load paths 

of standard tension specimens 

For the standard tension test, due to the assumption of a proportional uniaxial load path 
(   

 
          and    

   
   

  
), it is common to calculate the  -value directly from the plastic 

strains instead of the plastic strain increments, which is the case because of the equivalence of 

their ratios. The   - as well as   -values are also defined by the components of the natural 

plastic strain increment tensor. Therefore, both are linked to the actual trend of the load paths. 

To estimate the failure surface (6D-stress state) or curve (plane stress state) respectively of the 

non-proportional load paths, it is necessary to include their history.  

To assess the main part of each load path, a linear dependency of the failure strain on the   - 

as well as   -value is assumed. Based on this approximation, the history of the non-

proportional load paths is included by utilising the plastic strains instead of its increments. A 

detailed description can be found in the appendix in chapter 10.4. This definition weighs each 

calculated stress state and leads to an effective load path including the load path history. To 

visualise the weighing of the stress states, Figure 5-3 exhibits two proportional load paths and 

one non-proportional one incorporating linear damage accumulation. Failure strains of 2.0 and 

1.0 respectively are defined for both proportional load paths and a linear behaviour of failure 

strains in between. The failure point, which conforms to 100 % of damage, is marked with a 

square; a circle highlights 50 % of damage. 

Combining both proportional load paths, 1 (blue) and 2 (red), at 50 % damage leads to the two 

stage non-proportional load path highlighted in green. Due to the stress state dependent dam-

age accumulation the predicted failure strain does not coincide with the pre-defined failure strain 
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curve. The non-proportional load path corresponds to the average of both proportional load 

paths, because of the linear relationship of failure strain and modified Lankford-Coefficient. To 

estimate the failure strains of proportional load paths the stress states are calculated from the 

local strains instead of their increments. 

 

Figure 5-3:  Visualisation of the weighting of the stress states by accumulating the plastic 

strain increments of linear strain paths 

The surface strain fields of specimens with principle loading direction in 0° to RD are utilised to 

determine the load paths of CR340LA specimens with a sheet thickness of 1.1 mm. The result-

ing weighted load paths are depicted in Figure 5-4 including the applied failure curve for shell 

simulation (chapter 7.2.1). The criterion to define the failure strain curves for the numerical 

simulations is presented in chapter 6. For all specimens, except shear, the specimen loading 

direction coincides with the principle stress direction of the fracture zone. In contrast to that, 

shear specimens exhibit a principle stress direction, diverging from loading direction. Due to the 

use of a double-shear-specimen, both shear sections have to be regarded separately. They are 

named VOEST1 and VOEST2 for voest-shear specimens, and SDR1 and SDR2 for SDR-

specimens. Therefore, their local strain tensors are transformed, applying a rotation of +45° for 

shear section VOEST1 and -45° for shear section and VOEST2 respectively. Hence, loading 

directions of 0° to RD for shear section VOEST1 and 90° to RD for shear section VOEST2 is 

obtained for shear specimens aligned in -45° to RD. 

The determined fracture points, marked by coloured rectangles, and the applied failure curve 

are compared further. Both, NR05 and Bulge-test, reveal a relatively proportional weighted load 

path, resulting in a good correlation of failure point and failure curve. Regarding the A50 load 

path (standard tensile specimen), it reveals an overestimation of the failure strains of 0.075 as 
well as of the stress triaxiality of 0,02 at failure point. In contrast to  

 
 (uniaxial tension), the initial 

triaxiality conducts 0.37. This indicates a slight deviation of plastic strain behaviour and yield 

surface shape, which can result from initial errors of yield surface shape, its evolution during 

straining or non-associated plasticity. In contrast to the weighted load paths of standard tensile, 

the ones of NR80 specimens agree with the applied failure surface, especially if it is shifted by a 
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stress triaxiality of -0.02 in the present case. The weighted load paths of voest-shear specimens 

are pictured in Figure 5-4 revealing an overestimation of the failure point. These results concur 

with the numerical simulations, conducted in chapter 7.2.1, in which too low failure strains are 

obtained from the numerical simulation to meet the force-displacements. 

 

Figure 5-4:   Determined effective load paths, based on DIC-measurements with additional 

defined fracture curve of CR340LA in 0° and bake-hardening condition 

Moreover, the weighted load paths for the investigated MS1500 in 0° to RD are determined and 

depicted in Figure 5-5. As previously seen, the load path of the standard tensile test does not 
meet a stress triaxiality of  

 
 (uniaxial tension). A50 specimens also exhibit lower failure strains 

than NR80 specimens, which cannot be captured by the failure surface. However, the deter-

mined failure points of NR80, NR05, SDR and Bulge test agree with the applied failure curve 

later on. 

 

Figure 5-5:   Determined effective load paths, based on DIC-measurements with additional 

defined fracture curves of MS1500 in bake-hardening condition and 90° to RD 
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6 Failure Characterisation 

To describe failure of metals, different approaches have been proposed. As McClintock [McC68] 

observed, the main causes for ductile fracture are the growth and coalescence of voids. Based 

on this observation, Gurson [Gur77] proposed a model approach, which includes these mecha-

nisms of failure. The model was refined by Tvergaard [Tve81] and Needleman [Nee87] who 

replaced the void volume fraction by a modified damage parameter [Fes08]. 

Further phenomenological approaches describe material failure directly by failure strain sur-

faces dependent on stress triaxiality and Lode Angle Parameter. To obtain this failure strain 

surface, Basaran [Bas11] utilised a Kriging-approach based on experimental results. A further 

approach bases on the Mohr-Coulomb model, which was originally used to describe soil me-

chanics, but was extended to describe ductile fracture of metals. A detailed description of the 

Extended Mohr-Coulomb model (EMC) can be found in [Wie10] and [Dun11]. 

A modification of the EMC model was proposed by Marcadet [Mar15b], in which the von Mises 

plasticity term is replaced by     , the equivalent stress of the Hosford yield criterion. The result-

ing criterion is therefore called Hosford-Coulomb model (HC) and is presented in equation (6-1). 

                         (6-1) 

The model describes the equivalent Hosford yield stress at fracture in correspondence to the 

Mohr’s circles. The coefficient   signifies a type of friction-,   a type of cohesion coefficient. To 

describe anisotropic material failure, the HC model with an additional transformation of the 

stress tensor is utilised by Gu et al. [Gu15], basing on the transformation proposed by Karafillis 

and Boyce [Kar93].  

6.1 Orthotropic Fracture Model 

Based on numerical simulations of a unit cell, applying a Levy-von Mises material and including 

an initial porosity and different loadings, Marcadet [Mar15b] and Dunand [Dun14] presented the 

ability of the MC criterion to predict failure strains for different stress states. The Mohr-Coulomb 

model defines an isotropic failure surface within the mixed stress-strain-space. To contribute to 

the experimental results, which reveal orthotropic failure strains, the model is further extended. 

The extension is geared to the description of orthotropic plasticity. 

In contrast to the experimental results, which reveal orthotropy of failure strains, the MC criterion 

is only able to predict an isotropic failure strain surface. To comprise orthotropy, a model exten-

sion is applied here, inspired by the orthotropic yield function of Barlat from 1991 [Bar91]. 

The MC criterion subdivides into a deviatoric and a principle stress dependent part. The 

orthotropic properties of the former are directly captured by the yield function. In order to include 

orthotropy of the principle stresses, the isotropic deviatoric stress tensor        is substituted by 

its orthotropic counterpart         , leading to equation (6-2). 
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                                                             (6-2) 

The components of          are defined by Barlat accordingly (6-3) [Liv16b]: 

 

    
                         

 
                         

    
                         

 
                         

    
                         

 
                         

   (6-3) 

Based on these components, the principle values of the stress deviator lead to          which 

describe the equivalent stress dependent on the plastic exponent   according to Barlat and is 

presented in equation (6-4): 

           
 

 
         

         
         

   

 
  

   (6-4) 

The principle stresses of the orthotropic stress tensor           as well as the equivalent Barlat 

yield stress          are included into (6-1) and lead to equation (6-5): 

                                           (6-5) 

The material strain hardening behaviour couples the stress-strain behaviour. Isotropic hardening 

is included to obtain failure strains within the mixed stress-strain space. With focus on the inves-

tigated steels, the Swift hardening law is applied. The approach exhibits a good prediction qual-

ity up to UTS despite of its simple formulation (6-6).  

                          (6-6) 

Dissolving formulation (6-6) and replacing the equivalent strain   by the equivalent failure strain 

of proportional load paths   , it leads to equation (6-7): 

     
 

                                      
 
 

  

        (6-7) 

The investigation of Gu et al. [Gu15] revealed a similar controlling influence on the strains to 

fracture of the friction and cohesion coefficients   and   on the MC model. Gu et al. [Gu15] sub-

stituted the term  
 

       
 
 

  

 by the coefficient  , representing failure strains in uniaxial ten-

sion. On the basis of these results, the coefficient   is utilised to define the failure strains of uni-

axial tension in rolling direction. 

The predicted failure behaviour is affected by strain hardening as well as the yield surface 

shape. Orthotropy leads to distortion of the yield surface and shifts the yield points. For uniaxial 

tension in RD, the effect of strain hardening is already captured by the coefficient  . Therefore, 

only the yield surface distortion has to be included. Thus, the equivalent stress according to the 

Barlat’91 in uniaxial tension in RD is added to normalise the yield function. Thereby the equation 

(6-8) follows for coefficient  : 
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    (6-8) 

The orthotropic failure criterion therefore compounds to:  

   
    

   
     

                                  
 
 

  

     (6-9) 

The proposed failure criterion depends on all six components of the local stress tensor. Its rep-

resentation requires a seven dimensional mixed stress strain space to picture the dependence 

of the failure strains on the local stresses. Even for the representation within the plane stress 

state, four dimensions are necessary. Hence, the failure surface is defined in dependence on 

the stress triaxiality   and the Lode Angle Parameter   . Furthermore, the local stress composi-

tion is obtained from the principle stresses which directly base on   and    [Mar15a]. For the 

plane stress state, the Lode Angle Parameter can be related directly to the stress triaxiality.  

The focus of the failure model is the generation of failure strain surfaces and curves for the 

GISSMo, implemented in LS-DYNA, in which the first principle stress defines the loading direc-

tion. This definition is further adopted for the transformation of the principle stress tensor     

into the local stress tensor      , which depends on the material axis system. Hence, this work 

focuses on sheet metal; the rotation tensor     describes a rotation around sheet metal normal 

direction.  

                                   

       
       

       

  (6-10) 

With this definition, all generated failure surfaces for the GISSMo are independent of shear 

stress components in xz- and yz-direction. Therefore, the coefficients   and   are set to unity. 

Furthermore, the applied stress tensor transformation leads to differing failure behaviour in gen-
eral stress and plane stress state below stress states of    

 
.  

The reason for this is based on the ordering of the principle stresses by         . Stress 

states between uniaxial and biaxial tension lead to similar predicted failure strains of the plane 

stress and the general stress state. Stress states between uniaxial pressure and uniaxial ten-

sion exhibit one positive and one negative principle stress. Within the 6D stress space, the 

negative stress is aligned in sheet normal direction. In comparison to that, the negative principle 

stress lies within the loading plane for the plane stress state. For stress states between uniaxial 

and biaxial pressure, the loading direction is defined by a load free state in general stress state. 

In contrast to that, in plane stress state both pressure components arise within the sheet metal 

plane. 

6.2 Parameter Study 

The presented fracture model is affected by the implemented plasticity model as well as its frac-

ture properties. The six weighting coefficients ( ,  ,  ,  ,  ,  ; equation (6-3)) as well as the 
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plastic exponent   (equation (6-4)) define the corresponding yield surface shape of the failure 

model. Furthermore, hardening behaviour is included by the Swift hardening law with its harden-

ing exponent  . Consequently, both fracture coefficients   and   define the fracture envelope. 

The parameter study is conducted for the plane stress state. The reference fracture envelope of 

this study is defined by all plastic coefficients ( ,  ,  ,  ,  ,   and  ) equal to unity, a harden-

ing exponent   of 0.20, an uniaxial failure strain   in RD of 1.0 and a friction coefficient   of 0.0. 

Due to the definition of the failure model in local stresses, its representation within the plane 
stress space is necessary, e.g. dependent on    ,     and    . The fracture envelope is pre-

sented as a polar plot within the    -   -plane as well as within the perpendicular    -  -

plane, where   -marks the biaxial stresses. The former is exemplarily presented in Figure 6-1 
with different stress states pictured with respect to material direction. The perpendicular    -  -

plane is aligned along the green line connecting biaxial tension (    
 
) and pressure (     

 
).  

Regarding isotropy, the    -  - as well as the    -   -plane define the symmetry of the pic-

tured fracture envelope. 

 

Figure 6-1:  Stress states along fracture envelope within    -   -plane and different stress 

states. The angles define the principle loading direction to RD, whereas the concen-

tric circles describe constant failure strains. The green line marks the line between 

biaxial pressure and tension. The first quadrant is marked in yellow, the second in 

blue, the third in green and the fourth in red 

The plastic exponent   of the applied plasticity law has a major impact on the yield surface. To 

describe metal plasticity, exponents between 2 and 8 are commonly utilised. A plastic exponent 

of 1 leads to the Tresca yield surface, which applies to metal failure and is provided by the in-

vestigations of Stoughton [Sto11]. Similar results follow from the characterisations of Gu [Gu15] 

and Marcadet [Mar15a]. 

Figure 6-2 depicts the effect of the exponent   on the fracture envelope. It is neither affected by 

pure uniaxial as well as pure biaxial loading, meaning at Lode Angle Parameters of -1 and 1. In 

between the fracture envelope expands with increasing  , yet a decrease of   leads to a con-

traction. In both presented planes   has a similar effect on the failure strains. Decreasing   
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contracts the fracture envelope mainly for stress states with Lode Angle Parameter of 0 (shear 

and plane strain). 

 

Figure 6-2:  Effect of the plastic exponent   on the fracture envelope a) within the    -   -

plane and b) within the    -  -plane 

Orthotropy of the presented failure model is represented by the six plastic weighting coefficients 

( ,  ,  ,  ,   and  ) of the utilised Barlat’91 model, see equation (6-3). The coefficients lead to 

the deformation and rotation of the yield surface and the fracture envelope. Due to the plane 

stress state only the four coefficients  ,  ,   and   affect the failure strains. Therefore, coeffi-

cient   and   are not further considered.  

Coefficient   of the applied Barlat’91 yield surface weights stresses in y- and z-direction. Its 

influence on the fracture envelope is displayed in Figure 6-3a and b. The former presents failure 
strains within the    -   -plane, not affecting uniaxial tension in RD (0°) or shear. In contrast to 

that, coefficient   affects the failure envelope in TD (90°) as well as for biaxial stress states. 

The plot exhibits an increase in failure strains when reducing coefficient  , leading further to a 

shift of the maximum strain towards biaxial stresses.  

 

Figure 6-3:   Effect of the plastic weighting coefficient   on the fracture envelope a) within 

the    -   -plane and b) within the    -  -plane 
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Similar behaviour is found for the representation within the    -  -plane (Figure 6-3b). Within 

it, uniaxial stress states in 45° to RD (0° in polar plot) as well as biaxial stress states are af-

fected. Uniaxial stresses in -45° to RD (90° in polar plot) only present a minor effect on changes 

of coefficient  . Shear stresses are not affected at all. 

In contrast to  , coefficient   weights stresses in x- and z-direction. Its effect on the fracture 
envelope is presented in Figure 6-4a for the    -   -plane and for    -  -plane in Figure 

6-4b. The yield surface is mainly affected in 0° direction by coefficient  . Due to the normalisa-

tion of coefficient  , presented in equation (6-9), the effect is shifted towards 90° to RD. As pre-

viously seen for  , variations of coefficient   lead to a shift of the maximum from uniaxial ten-

sion towards biaxial (decreasing  ) or shear (increasing  ). The major impact of coefficient   is 

revealed in uniaxial stress in TD, where a decreasing coefficient B leads to an increase in failure 
strains. This can be found alleviated also for shear within the    -   -plane (135°/315°). Within 

the    -  -plane, the major impact of coefficient   is found for uniaxial tension and pressure 

stress states as well as for pure shear.  

 

Figure 6-4:   Effect of the plastic weighting coefficient   on the fracture envelope a) within 

the    -   -plane and b) within the    -  -plane 

In Figure 6-5a and b, the effect of coefficient  , which affects     and    , is pictured. Coeffi-

cient   exhibits no affect in uniaxial tension due to the definition of coefficient  . Despite this, 

variations of   lead to a shift of the maxima of the fracture envelope near uniaxial tensions to-

wards shear (decreasing  ) or biaxial stresses (increasing  ). Decreasing   also induces higher 

failure strains in shear but lower ones in biaxial stress states and vice versa for increasing coef-
ficient  . Regarding the    -  -plane, coefficient   leads to an isotropic expansion (increasing 

 ) or contraction (decreasing C) of the predicted fracture envelope. Coefficient   simultaneously 

affects     and    , therefore no variation in RD compared to TD is observed. Furthermore, 

coefficient   relativises the effect in uniaxial tension and intensifies the effect for biaxial stress 

state. 
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Figure 6-5:   Effect of the plastic weighting coefficient   on the fracture envelope a) within 

the    -   -plane and b) within the    -  -plane 

As presented in Figure 6-6, coefficient   of the utilised Barlat model only weighs the shear 

stress components     and therefore has no effect on the fracture envelope within the    -   -

plane. It only influences failure strains within the    -  -plane, which incorporate shear stress 

components. By increasing of coefficient  , the fracture envelope expands except for biaxial 

stress states. The main effect is found for the directions of 135° and 315° respectively, corre-

sponding to pure shear. 

 

Figure 6-6:   Effect of the plastic weighting coefficient   on the fracture envelope a) within 

the    -   -plane and b) within the    -  -plane 

The effect of the strain hardening exponent   is displayed in Figure 6-7, revealing a strong in-

fluence on the shape of the fracture envelope. Like the plastic exponent  , the hardening ex-

ponent   of the utilised strain hardening law by Swift exhibits no impact on the fracture surface 

for uni- and biaxial stress states or Lode Angle Parameters of -1 and 1 respectively. In compari-

son to that, the main influence is revealed for shear and plane stress states both corresponding 

to Lode Angle Parameters of 0. Decreasing the strain hardening exponent  , it leads to a con-
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traction of the fracture envelope within shear and plane stress. In contrast to that, growing   

results in increasing failure strains, predicted for shear and plane stress. 

 

Figure 6-7:   Effect of the hardening exponent   of the applied Swift hardening law on the 

fracture envelope a) within the    -   -plane and b) within the    -  -plane 

Coefficient   defines the failure strains of uniaxial tension in RD. Its effect on the fracture enve-

lope is pictured in Figure 6-8. Due to its isotropic effect, the predicted failure strains within the 
   -   - as well as    -  -plane are equally affected. Rising coefficient   results in an iso-

tropic expansion of the failure envelope, whereas an isotropic contraction is found for decreased 

 . 

 

Figure 6-8:   Effect of the uniaxial failure strain   in RD on the fracture envelope presented a) 

within the    -   -plane and b) within the    -  -plane 

The effect of the friction coefficient   is depicted in Figure 6-9, revealing no effect on stress 

states exhibiting     
 
. That is why the polar plots within the first quadrant are not affected. 

Only failure strains for pressure dependent stress states (    
 
) are influenced by coefficient  , 

e.g. shear, uni- and biaxial tension. The parameter study reveals an expansion of the fracture 
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envelope for increasing friction coefficients  . The fracture strains are mainly affected within the 
third quadrant, which corresponds to stress triaxialities of    - 

 
, e.g. uni- and biaxial pressure. 

 

Figure 6-9:   Effect of friction coefficient   on the fracture envelope a) within the    -   -

plane and b) within the    -  -plane 

6.3 Parameter Identification 

The parameter identification of the proposed failure criterion subdivides into four different steps, 

starting with an isotropic yield surface. As a first step the isotropic hardening behaviour has to 

be incorporated. Adapted from experimental hardening behaviour, the strain hardening expo-

nent   of the Swift-law is defined. It determines the curvature of the failure strain surface and 

curve respectively. The investigated NR05 specimens show a nearly proportional load path on 

their surface. Its failure strain within the plane strain state is utilised to estimate the uniaxial ten-

sile failure strain  . Coefficient   defines the rise of the failure surface with the occurrence of 

pressure stress components. It is adjusted to meet the failure strains in shear. To include 

orthotropy, all six components of the utilised Barlat’91-yield surface are determined in the fourth 

step. The adjusted plasticity model affects the failure surface within shear as well as within 

plane strain, which can lead to a readjustment of the coefficients   and  . 

6.4 Orthotropic Hardening 

The performed experiments reveal orthotropic hardening behaviour of the CR340LA specimens. 

The standard tensile test reveals a change in the ratio of the yield strength to the UTS with 

specimen orientation, although the trend up to UTS affects no yield surface distortion.  

The hardening behaviour strongly influences the shape of the fracture surface, therefore an 

orientation dependent hardening exponent is taken into account which also includes strain 

hardening beyond UTS. In this work, orthotropic hardening is included by applying an 

orthotropic hardening exponent        on the Swift hardening law. The x-direction is aligned in 
0° to RD, the y-direction in 90° to RD. For both directions the hardening exponent     and    , 

respectively can be defined directly. Regarding the 45° direction in this reference coordinate 
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system, uniaxial tension is composed of stresses in x-, y- as well as in xy-direction. Thus, strain 

hardening behaviour in 45° is defined by the x- and y-direction and completed by the hardening 
exponent    . In analogy to these dominant stresses, the hardening behaviours in z-, xz- and 

yz-direction are applied. For the six dimensional stress space, orthotropic hardening follows the 

equation (6-11), which suppresses discontinuities due to its quadratic approach. 

        
      

          
         

          
          

          
 

   
       

       
        

         
         

 
   (6-11) 

Figure 6-10a depicts the von Mises yield surface within the    -   -plane with coloured dedi-

cated stress states, like uniaxial stress in 0° (black), and 90° (red) as well as biaxial stress 

states (green) and shear stresses (yellow). Due to orthotropy, material behaviour in pressure 

and tension is equal. For both uniaxial stresses in 0° and 90°, deviating  -values of the Swift 

hardening functions are defined to demonstrate orthotropic hardening. Additionally, the distribu-

tion of the  -values above the angle   in plane stress condition is shown in Figure 6-10b. 

 

Figure 6-10:  a) distinct stress states on von Mises yield surface, b) orientation dependent 

hardening value above the angle   with distinct stress states, black: uniaxial 

stress in x, red: uniaxial stress in y, green: biaxial stress, yellow: shear stress 

The standard isotropic hardening models induce only an expansion of the yield surface but do 

not affect its shape. Contrary to that, orthotropic hardening behaviour leads to different expan-

sion velocities along the yield surface. As a result, a distortion of the yield surface with a possi-

ble violation of the convexity criterion of the yield surface arises. Figure 6-11 pictures the effect 

of orientation dependent hardening in x- and y-direction on the von Mises yield surface. The 

different hardening states are computed according to the equations (6-6) and (6-11) with 

      GPa and       . For a better overview, the xy-direction is neglected in the depicted 

plot. In x-direction a lower hardening exponent is assumed than in y-direction. This leads to a 

slower expansion of the surface in material x- than in y-direction and leads to its distortion with 

accompanied loss of convexity. 

  

        
        

a)            b) 
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Figure 6-11:  a) Effect of different hardening exponents in x- and y-direction, with resulting 

distortion of the yield surface and the loss of convexity near uniaxial stress in x-

direction, b) both in a) applied Swift-strain hardening curves 

6.5 Estimation of the Damage Parameters 

Ductile fracture is characterised by evolving damage on microscale. According to McClintock 

[McC68] the evolution can be subdivided into the nucleation, the growth and the coalescence of 

voids in the material. The voids lead to a reduction of the effective cross section, which results 

in an increase in effective local stresses but a decrease in global force.  

The damage accumulation as well as the reduction of the effective cross section have to be 

described on a macroscopic level for phenomenological modelling purposes. Therefore, differ-

ent functions, based on plastic strains, have to be defined to model damage and stress fading 

behaviour. The former describes the local damage   and its evolution dependent on the local 

stress state and the plastic strain. The latter defines the effect of damage on the local stress 

level. Moreover, the characterisation of these damage or fading functions is focussed. The de-

crease in global force in dependence on the damage functions is described by the fading func-

tions. De Faria [DeF16] proposed an optical measurement method on microscale to determine 

damage evolution. The method requires in-situ or stepwise performed tests. Damage measure-

ment is based on the change in surface roughness investigated by optical microscopy. 

There are different requirements on a specimen to determine the damage behaviour in macro 

scale. One of these requirements relates to a proportional load path to measure damage evolu-

tion accurately. In addition, the stress as well as the strain state has to be approximately con-

stant over the cross section. 

Regarding the investigated specimen, both tests, the NR05 specimen and the Bulge-test, show 

a favourable load path. The Bulge-test presents a nearly proportional load path with a homoge-

a)            b) 
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neous strain distribution at fracture point. Small changes of the load paths reveal large changes 

in plastic instability and fracture strains. In contrast to that, the NR05 specimen shows a higher 

robustness in fracture and instability strains, which can both be approximated as constant val-

ues. That is why the loss of the proportional load path does not affect large changes in speci-

men failure strains. Only the distribution of strains in the fracture cross section is not as homo-

geneous as in the Bulge-test. Hence, the NR05 specimen is taken into account for a hybrid ex-

perimental-numerical method to determine phenomenological damage evolution. 

All investigated NR05 specimens depict a maximum load followed by a decrease in their force-

displacement curves. The three main reasons for this decrease are an insufficient hardening 

behaviour, a cross section reduction due to necking or material damage. To divide material 

damage from necking and hardening, numerical simulations without damage are carried out. 

The tensile forces as well as the local strains can be obtained from numerical simulations and 

experiments including DIC-measurement. In contrast to the strains, the force is a global meas-

ure. Including local strain measurement, they enable the calculation of the current cross section. 

With this current cross section the measured force is interpreted as an average stress, which is 

constant over the cross section. For a better comparison the averaged stress is connected to an 

averaged equivalent strain. Due to the small material thickness, a small gradient in sheet normal 

direction of local strains is assumed. Thus, the surface strains are an accurate representation of 

the cross section strain field, see Figure 6-12. The averaged equivalent strain is obtained from 

the arithmetic mean along the smallest specimen cross section.  

 

Figure 6-12:  Effective strain field on NR05 specimen with marked cross section (white line) 

To characterise phenomenological damage evolution and stress fading functions have to be 

defined. Both functions are based on the present work on the GISSMo in [Liv16b]. This allows a 

direct comparison between predicted damage evolution and simulation result. The damage in-

crement is given by equation (6 12). The integral leads to a dependence of the damage value 

on the equivalent strain    and can be solved directly for linear damage accumulation (6 13). 

The damage value    ranges from 0 to 1 in which the former describes a completely undamaged 

and the latter a completely damaged material. The load path is determined by the stress triaxial-
ity and the Lode Angle Parameter as well as equivalent plastic strain    . Moreover, the damage 

exponent      defines the exponential function of the damage accumulation. The assumption 

of a proportional load path results in constant failure strains        . 
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With the damage value    the stress fade out follows by equation (6-14): 

            
       

       
 
    

        
 

   

       
 
    

      

       
 

    

   (6-14) 

In this case of characterising damage- and stress fading behaviour,    is equal to the averaged 

stress of the numerical simulation without damage. The stress      in equation (6-14) defines 

the average of predicted stress of the numerical simulation including damage. With      the 

average stress of the experiment is presented in equation (6-15). The applied Finite-Element-

failure model requires a Damage-Exponent equal unity. Therefore, only the Fading-Exponent is 

characterised adapting the experimentally obtained force-averaged equivalent strain behaviour. 

A non-linear optimisation algorithm is utilised to minimize the quadratic deviation of the pre-

dicted and the experimental averaged stress due to (6-15). 

                       
 

         (6-15) 

The predicted average stress-average strain behaviour is depicted in Figure 6-13 in red. This 

result is compared to the result of the numerical simulation (solids) using the characterisation 

methods described in the chapters 5 and 6. The result of the numerical simulation (solid) of the 

investigated CR340LA of 1.1 mm thickness is plotted in green dots and shows a good agree-

ment with the predicted curve. Only the average equivalent strains differ at failure point. The 

method was adopted for further orientations as well as materials which show similar prediction 

quality when applied at results of solid simulations. However, shell simulations underestimate 

the fading-exponent due to diverging stress states of shell at the specimen inside. 

 

Figure 6-13:  Predicted as well as experimentally obtained force over averaged equivalent-

strains on NR05 specimen surface and solid simulation 
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7 Numerical Simulations 

All four investigated materials have been characterised based on the previously presented ex-

perimental results. Explicit numerical simulations have been conducted with LS-DYNA, version 

R 9.0 and fully integrated shell elements (LS-DYNA: Element type 16). The applied element size 

constitutes 0.5 mm. The local stresses of sheet metals can be approximated in wide ranges of 

material deformation by the plane stress state. Therefore, shell elements are a suitable simplifi-

cation to simulate sheet metals within the automotive crash simulation.  

Material characterisation subdivides into the separate definition of elasto-plastic and failure 

properties. To capture the former *MAT_036 was employed to capture isotropic elasticity and to 

include the Barlat’89 yield surface. Strain hardening in uniaxial tension in 0 , 45  and 90  to RD 

was involved by three flow curves. They were determined up to UTS directily from the 

conducted uniaxial tension tests, which could be represented by the analytical strain hardening 

function, proposed by Swift [Swi46]. For flow curve extrapolation beyond UTS, a mixture of 

different analytical strain hardening functions    , e.g. Swift [Swi46], Voce [Voc45], El-Magd 

[ElM94] etc., is applied. The flow curve extrapolation with the weighting coefficient    follows by 

equation (7-1). 

           
 
            (7-1) 

The equivalent stress and the deviation of the experimentally determined flow curve at UTS are 

boundary conditions of the extrapolation. The mixture of different analytical approaches leads to 

an increasing degree of freedom for the extrapolation of the flow curve to fit experimental strain 

hardening behaviour. For direct utilisation of the different flow curves, a yield potential of 1 was 

adjusted for uniaxial tension in 0°, 45° and 90°. Due to limitations of the implemented model, 

the orthotropic strain hardening excludes the application of the strain rate dependency. 

Orthotropic material failure is described by the generalisation of the isotropic GISSMo (LS-

DYNA: *MAT_Add_Generalized_Damage / *MAT_MAGD). For the present numerical simula-

tions the material behaviour in 0°, 45° and 90° to RD is described separately. In each direction 

plastic instability as well as failure strains are defined additionally to the damage evolution and 

the stress fading. Within the present model utilisation, the first principle strain defines the load-

ing direction, which is done by the first principle stress in contrast to the previous definition. Fur-
thermore, linear damage accumulation (      ) is necessary for a proper prediction of 

orthotropic failure. 

7.1 Bake-hardening Effect 

There are different approaches to include the bake-hardening effect, which are described in 

detail in [Lin13], [Koc17] and [Rie16]. In this work the bake-hardening effect is captured by 

modifying the flow curve as described by Riemensperger [Rie16]. The definition of flow curves 

enables a better fitting quality on the experimental strain hardening behaviour and more flexibil-
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ity of the flow curve-extrapolation. In [Rie16], the bake-hardening effect is modelled by a linear 

range with low slope. In contrast to that, the Swift hardening function is applied here to model 

the strain hardening behaviour up to UTS without the bake-hardening effect and to add an ex-

ponential term, similar to [Bal09], see equation (7-2). The coefficients  ,   and   define the 

additional flow potential by pinned dislocations. 

                             (7-2) 

The approach is able to reproduce a strain hardening behaviour up to UTS and includes the 

paint baking. It is also able to describe the distinct yield strengths with subsequent decrease in 

flow stress during Lüders-band propagation. The approach further represents the microstruc-

tural behaviour more realistically than the previously adopted approaches. Prior to Lüders-

strains the bake-hardening effect raises the required local stress. Vaulting this threshold leads 

to further resolving dislocations. 

The approach of nearly constant flow-stress within Lüders-strain and the presented method with 

additional flow potential are compared by modelling the CR340LA in 0° to RD with a sheet 

thickness of 1.1 mm. The distinct yield strength with Lüders-strains occurs within the plastic 

strains up to 0.04. The decrease in the flow curve can influence the stability of the numerical 

simulation. In order to avoid numerical instabilities the development of Lüders-strains is mo-

delled as linear increasing with small slopes. This contributes to the missing hardening behav-

iour during the occurrence of Lüders-strains. The effect of both flow curves is pictured in Figure 

7-1.  

  

Figure 7-1:   Influence of linear and exponential approach of modelling the Lüders-strains; a) 

comparison of strain fields obtained from DIC and numerical simulation, b) oppo-

sition of numerical and experimental force-displacements at the Lüders-band de-

velopment 

Only the decreasing flow curve is able to model the distinct yield strength of the bake-hardening 

effect. Regarding the force-displacements during the development of Lüders-strains both flow 

curves agree with the experimental data. The DIC-strain fields reveal differences in both model-
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ling methods. The strain field of the exponential approach shows a good agreement with ex-

perimental surface data. It is able to reproduce the development of the Lüders-bands commenc-

ing at the outer radii. The linear approach exhibits a different propagation of the Lüders-bands 

along the parallel length than obtained from DIC-measurements. 

On the other hand, this effect should not be completely neglected. Besides the CR340LA-steels, 

also the investigated full martensitic Ultra High Strength Steel (UHSS) MS1500 exhibits the for-

mation of Lüders-bands observed at standard tensile specimens in 0° and 22.5° to RD. In com-

bination with a low hardening rate and only small material inhomogeneities the pronounced yield 

point causes an increase of failure near the radii outside the gauge length. At these points local 

strain measurement reveals slightly higher strains than in the parallel length.  

7.2 Simulation Results 

Based on the previously described methods as well as including experimental specimen behav-

iour, all investigated materials of chapter 3.1 have been characterised. The failure surface can 

be directly determined by incorporating DIC-strain fields; the flow curve extrapolation has to be 

estimated based on the material behaviour beyond force maximum. In this section force-

displacements and local strains of numerical simulation and experiment are contrasted. The 

local strains represent the distribution along the middle axis on the surface in loading direction, 

where the DIC-strain fields are obtained from the last picture prior to fracture. The comparison is 

conducted between CR340LA in 1.1 mm and MS1500 in 1.0 mm sheet thickness, the remaining 

CR340LA thicknesses can be found in the appendix (chapter 10.6 and 10.7). To visualise the 

scattering of the tests, coloured bands are utilised to picture the variations in displacements at 

failure and maximum failure strains. 

7.2.1 CR340LA 1.1 mm in Bake-hardening Condition (Shell) 

This section opposes the observed experimental and simulated material behaviour in 0°, 45° 

and 90° of CR340LA with a sheet thickness of 1.1 mm. The obtained force-displacements of 

A50 specimens are presented in Figure 7-2.  

a)               A50 in 0° to RD b)            A50 in 45° to RD c)            A50 in 90° to RD 

   

Figure 7-2:   Comparison of experimental with numerical determined force-displacement be-

haviour of standard tensile tests of CR340LA in a) 0°, b) 45° and c) 90° to RD 
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The simulation results agree with the experimental behaviour regarding elasto-plastic behaviour 

and failure point. The utilised exponential approach of modelling the distinct yield point as well 

as material behaviour during the development of Lüders-bands meets the experiment. Further-

more, the determined hardening behaviour (prior to UTS based on experiment and after UTS as 

extrapolation) meets the experimental trend. The applied failure model is able to reproduce the 

displacements at fracture for all directions within the scattering bands. 

The equivalent strain profile along the specimen middle axis for tensile specimens aligned in 0°, 

45° and 90° to RD are depicted in Figure 7-3. Scattering of failure strains within the localisation 

zone ( -10 ≤ x ≤ 10) of 0.08 is recorded whereas outside of the localisation zone the scattering 

restricts to 0.01. The applied orthotropic failure model is able to represent the orthotropic failure 

strains of standard tensile specimens. The numerical simulation predicts failure strains of 0.87 

arising for tensile specimens in 0° and 90° to RD, which concurs with the experimentally ob-

tained scattering. For specimens aligned in 45° direction the predicted failure strains of 1.02 

meet the experiment. Furthermore, the localisation band width of numerical simulation and DIC-

data agree. Outside of the localisation zone the three investigated specimen directions also 

meet the experiment. 

a)               A50 in 0° to RD b)            A50 in 45° to RD c)            A50 in 90° to RD 

   

Figure 7-3:   Comparison of experimental with numerical determined local strain behaviour of 

standard tensile tests of CR340LA in a) 0°, b) 45° and c) 90° to RD 

Figure 7-4 displays the contrasted force-displacement behaviour of experiment and numerical 

simulation. The utilised model approach in general is able to reproduce the distinct yield point, 

but cannot predict the elevated point in 90° to RD, which overshoots the maximum in force dur-

ing strain hardening. Additionally, the maximum force is met comparably and the experimentally 

observed curvature beyond force maximum is reproduced for NR80 specimens. Regarding the 

displacements at failure, the characterised material model is able to predict the displacements 

at failure in 0° and 45° to RD. Only in 90° direction the displacements are overestimated by 

0.1 mm.  
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a)             NR80 in 0° to RD b)           NR80 in 45° to RD c)           NR80 in 90° to RD 

   

Figure 7-4:   Comparison of experimental with numerical determined force-displacement be-

haviour of NR80 specimens of CR340LA in a) 0°, b) 45° and c) 90° to RD 

Regarding the local strain field of NR80 specimens, all three directions of the numerical simula-

tion meet the experimental data within the scattering band width as displayed in Figure 7-8. The 

characterised material model is able to represent the experimental fracture strain behaviour and 

the localisation band width for all investigated directions. 

a)             NR80 in 0° to RD b)           NR80 in 45° to RD c)           NR80 in 90° to RD 

   

Figure 7-5:   Comparison of experimental with numerical determined local strain behaviour of 

NR80 specimens of CR340LA in a) 0°, b) 45° and c) 90° to RD 

Figure 7-6 and Figure 7-7 present the experimental and numerical behaviour within approxi-

mately plane strain achieved by NR05 specimens. The material model catches the distinct yield 

point, but is not able to reproduce its elevated force-level. Beyond force-maximum, the force-

displacement trend of the numerical simulation does not meet the curvature of the experiment, 

but is able to predict the displacements at material failure within the experimental scattering. 

The differing force-displacement trends result from varying stress states of numerical simulation 

and the experiment. The numerical simulation is restricted to the plane stress state. In contrast 

to that, solid-simulations prove arising stresses in sheet normal direction, which can have a sta-

bilising effect on the specimen behaviour due to a shift of the yield point towards higher equiva-

lent stresses. This effect has to be compensated either by strain hardening behaviour or by a 

shift of the plastic instability point. Both result in differing force-displacement trends of experi-
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ment and numerical simulation but enable the reproduction of the displacements at material 

failure. 

a)             NR05 in 0° to RD b)           NR05 in 45° to RD c)           NR05 in 90° to RD 

   

Figure 7-6:   Comparison of experimental with numerical determined force-displacement be-

haviour of NR05 specimens of CR340LA in a) 0°, b) 45° and c) 90° to RD 

Moreover the strain fields of the NR05 specimens are depicted in Figure 7-7. For all three pre-

sented directions nearly no deviations of experimental and numerical results are observed. The 

localisation band width is met for all directions, assisted by the specimen-geometry. Further-

more, the applied orthotropic failure model is able to predict the equivalent strain at failure cor-

rectly for NR05 specimens. 

a)             NR05 in 0° to RD b)           NR05 in 45° to RD c)           NR05 in 90° to RD 

   

Figure 7-7:   Comparison of experimental with numerical determined local strain behaviour of 

NR05 specimens of CR340LA in a) 0°, b) 45° and c) 90° to RD 

Material behaviour under approximate shear is juxtaposed in Figure 7-8 and Figure 7-9. The 

utilised modelling approach shows a good correlation at the onset of yielding and also repre-

sents the slight elevated force-peak of the distinct yield point. However, the material model can-

not reproduce the experimental force-displacement trend beyond 2 mm of global displacement 

leading to an overestimation of force. The obtained gradual decrease prior to failure of the nu-

merical simulation is not as pronounced as seen in the experiment. However, the highest dis-

placements up to failure are witnessed in 0° to RD (6.5 mm), whereas specimens in 45° and 

90° exhibit only 6.0 mm of displacement. Even though the utilised material model overestimates 
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the force-level, the displacements at failure are within the scattering range. Moreover, the ex-

perimental force-displacement curve exhibits a kink only for 0° specimens, which is reproduced 

by the numerical simulation. 

a)          voest in 0° to RD b)         voest in 45° to RD c)         voest in 90° to RD 

   

Figure 7-8:   Comparison of experimental with numerical determined force-displacement be-

haviour of voest-shear-specimens of CR340LA in a) 0°, b) 45° and c) 90° to RD 

In addition to the force-displacements, Figure 7-9 depicts the local strain fields over both shear 

sections. It pictures a strong underestimation of the failure strains for all three specimen direc-

tions. The reduced equivalent failure strains of the failure model are applied to capture the dis-

placements at failure due to an unappropriated description of plastic behavior during shear load-

ing. 

a)          voest in 0° to RD b)         voest in 45° to RD c)         voest in 90° to RD 

   

Figure 7-9:    Comparison of experimental with numerical determined local strain behaviour of 

voest-shear-specimens of CR340LA in a) 0°, b) 45° and c) 90° to RD 

Experimental as well as numerical simulation results of the conducted Bulge-test are contrasted 

in Figure 7-10. Besides the pressure-dome-displacement diagram the strain- and the displace-

ment profiles in rolling direction are also investigated. Regarding the pressure-displacement 

behaviour, it reveals similar slopes of experimental and numerical data of the Bulge-test. Both 

show similar displacements at fracture, however, the simulation exhibits a higher maximum 

pressure than the experiment. The opposition of the local strains along RD reveals a good cor-

respondence of experimental data and numerical simulation. Similar behaviour is found for the 
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dome displacement in rolling direction. As seen for pressure-displacements similar deflections 

are obtained from the experiment and the numerical simulation. 

a)           Bulge b)      Profile eq. strain c)        Dome-profile 

   

Figure 7-10:  Comparison of experimental with numerical determined behaviour of CR340LA 

under biaxial loading, a) pressure-displacements at the dome, b) local equivalent 

strain profile in RD, c) dome-displacement profile in RD 

7.2.2 MS1500 1.0 mm in Bake-hardening Condition (Shell) 

The conducted numerical results of MS1500 in 0°, 45° and 90° to RD are pictured below. A 

plastic exponent M of 6 is chosen to meet the experimentally obtained force maxima of the 

NR05 specimens which approximate the plane strain stress state. The parameters are set to 

unity, which leads to a representation of the Hosford-yield surface by the Barlat’89 yield crite-

rion. Including the experimental results of chapter 4.1, material failure is modelled with equal 

plastic instability and failure strains. With the utilised model approach a good correlation of ex-

perimental and numerical force-displacement behaviour could be obtained. 

Figure 7-11 and Figure 7-12 compare the resulting material behaviour of standard tensions tests 

of experimental and numerical simulation. Figure 7-11 presents the force-displacements in 0°, 

45° and 90° to RD. With the application of a flow curve in 0°, 45° and 90° to RD each, the 

characterisation is able to represent the experimental behaviour with its distinct yield strength in 

0° as well as the yield behaviour in 45° and 90°. Furthermore, the force-displacement behaviour 

beyond maximum force is met with a good correlation of displacements at failure.  

The local strain behaviour, displayed in Figure 7-12, reveals a similar width of the localisation 

bands. For all three directions, the numerical simulation is able to represent the DIC-strain fields 

within the scattering band width and predict material behaviour of the standard tension speci-

mens. 
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a)               A50 in 0° to RD b)            A50 in 45° to RD c)            A50 in 90° to RD 

   

Figure 7-11:  Comparison of experimental with numerical determined force-displacement be-

haviour of standard tensile tests of MS1500 in a) 0°, b) 45° and c) 90° to RD 

a)               A50 in 0° to RD b)            A50 in 45° to RD c)            A50 in 90° to RD 

   

Figure 7-12:  Comparison of experimental with numerical determined local strain behaviour of 

standard tensile tests of MS1500 in a) 0°, b) 45° and c) 90° to RD 

The force-displacement behaviour of the experiment and the numerical simulation are con-

trasted in Figure 7-13. The characterisation is able to predict the distinct yield point for speci-

mens in 0° to RD and shows no formation in 45° and 90° direction. For all directions, the dis-

placements at failure are underestimated. 

a)             NR80 in 0° to RD b)           NR80 in 45° to RD c)           NR80 in 90° to RD 

   

Figure 7-13:  Comparison of experimental with numerical determined force-displacement be-

haviour of NR80 specimens of MS1500 in a) 0°, b) 45° and c) 90° to RD 
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Figure 7-14 depicts the local strain behaviour of NR80 specimen. The numerical simulation pre-

dicts the trend of the local strains along the specimen middle axis for 0° and 45° to RD. Only for 

specimens in 90° orientation it underestimates the fracture strains as well as the localisation 

band width. 

a)             NR80 in 0° to RD b)           NR80 in 45° to RD c)           NR80 in 90° to RD 

   

Figure 7-14:  Comparison of experimental with numerical determined local strain behaviour of 

NR80 specimens of MS1500 in a) 0°, b) 45° and c) 90° to RD 

Figure 7-15 and Figure 7-16 juxtapose the experimental material behaviour with numerical 

simulation results of NR05 specimens. The former presents the force-displacements in 0°, 45° 

and 90° to RD, the latter local strain behaviour. For all directions the maximum force levels are 

met with only a slight overestimation of the maximum. Additionally, the displacements at mate-

rial fracture are underestimated with 0.05 mm for each direction. Regarding the local equivalent 

strains, the profiles along the specimen middle axis are met in 0° and 45° RD. In contrast to 

that, maximum strains in 90° are overestimated which marks an outlier with its significant lower 

failure strains. Moreover, the double-peak, resulting from the development of the failure surface 

over specimen thickness, cannot be reproduced with shell elements. 

a)             NR05 in 0° to RD b)           NR05 in 45° to RD c)           NR05 in 90° to RD 

   

Figure 7-15:  Comparison of experimental with numerical determined force-displacement be-

haviour of NR05 specimens of MS1500 in a) 0°, b) 45° and c) 90° to RD 
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a)             NR05 in 0° to RD b)           NR05 in 45° to RD c)           NR05 in 90° to RD 

   

Figure 7-16:  Comparison of experimental with numerical determined local strain behaviour of 

NR05 specimens of MS1500 in a) 0°, b) 45° and c) 90° to RD 

The experimental behaviour of MS1500 and its characterisation under shear loading is pre-

sented in Figure 7-17 and Figure 7-18. The force-displacement behaviour as well as the local 

strain profiles are met for all investigated directions. Only numerical simulations of specimens 

orientated in 45° to RD exhibit a lower displacement (-0.15 mm) at failure and failure strain       

(-0.09). 

a)          SDR in 0° to RD b)         Shear – 45° to RD c)         Shear – 90° to RD 

   

Figure 7-17:  Comparison of experimental with numerical determined force-displacement be-

haviour of SDR0302-specimens of MS1500 in a) 0°, b) 45° and c) 90° to RD 

a)          SDR in 0° to RD b)         SDR in 45° to RD c)         SDR in 90° to RD 

   

Figure 7-18:  Comparison of experimental with numerical determined local strain behaviour of 

SDR0302-specimens of MS1500 in a) 0°, b) 45° and c) 90° to RD 
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Figure 7-19 depicts the opposition of experimental and numerical simulation results of the con-

ducted Bulge-tests. The pressure in dependency to the dome displacement, the equivalent 

strains and the displacement profile in rolling direction are contrasted. The obtained pressure-

displacement curve from numerical simulation agrees with the experiment, regarding maximum 

pressure, displacements at failure as well as general trends. Besides the fracture point, the 

trend of equivalent strains and displacements of the numerical simulations corresponds to the 

experiments. The contrasted curves show only minor deviations along the whole profile. 

a)           Bulge b)      Profile eq. strain c)        Dome-profile 

   

Figure 7-19:  Comparison of experimental with numerical determined behaviour of MS1500 

under biaxial loading, a) pressure-displacements at the dome, b) local strain pro-

file, c) dome-displacement profile 

7.3 Model Validation 

The material characterisations conducted in chapter 7.2.1 and 7.2.2 base on the definition in 0°, 

45° and 90° to RD. To verify the present material characterisation numerical simulations of 

specimens in 22.5° and 67.5° are carried out and compared to experimental results. Further-

more, force-displacements as well as local strain behaviour of numerical simulations and ex-

perimental tests are compared. 

7.3.1 Validation of CR340LA 1.1 mm-Material Model 

In this section the opposition of the material behaviour of A50 (Figure 7-20), NR80 (Figure 7-21) 

and NR05 specimens (Figure 7-22) in 22.5° and 67.5° to RD is investigated for validation pur-

pose of the material characterisation. 

The conducted numerical simulations of standard tension specimens in both directions match 

the experimental force-displacement behaviour. Hardening behaviour and displacements at 

failure are also met besides the development of Lüders-bands with its distinct yield point. Re-

garding the local strain fields, the numerical results agree with the experimental data. This ap-

plies for the 22.5° as well as the 67.5° specimens.  
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A50 specimens 

a)                           22.5° to RD b)                            67.5° to RD 

    

Figure 7-20:  Validation of material model for CR340LA PB 1.1 mm at A50 specimens in a) 

22.5°; left: force-displacements, right: local strain field) and b) 67.5°; left: force-

displacements, right: local strain field) 

The opposition of the force-displacement behaviour of NR80 specimens in 22.5° and 67.5° to 

RD is depicted in Figure 7-21. As previously seen for specimens in 0°, 45° and 90° to RD, the 

experimental force-displacements are overestimated by the numerical simulations, which over-

shoot the scattering band widths of the displacements. Regarding the onset of plastic deforma-

tion, the pronounced yield point is only partly captured. The numerical simulation is only able to 

reproduce a less pronounced yield point than obtained from the experiment. However, force-

maximum is captured for both specimens in 22.5° and 67.5° direction.  

Moreover, the numerical simulations in 22.5° and 67.5° to RD meet the experimental strain be-

haviour. The failure strains meet the DIC-data within the scattering as well as the localisation 

band width. 

NR80 specimens 

a)                           22.5° to RD b)                            67.5° to RD 

    

Figure 7-21:  Validation of material model for CR340LA PB 1.1 mm at NR80 specimens in a) 

22.5°; left: force-displacements, right: local strain field) and b) 67.5°; left: force-

displacements, right: local strain field) 
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In addition to A50 and NR80, the material model is validated for NR05 specimens. As previously 

detected already for 0°, 45° and 90°, the model does not reproduce the elevated force-level of 

the distinct yield point. The hardening behaviour as well as the maximum force is met by the 

numerical simulations. Materiel behaviour beyond force-maximum, however shows a drop too 

early, which results in slightly lower displacements at failure. The opposition of the local strain 

fields reveals an agreement of numerical simulation and DIC-strain field for both additional 

specimens in 22.5° and 67.5° direction. 

NR05 specimens 

a)                           22.5° to RD b)                            67.5° to RD 

    

Figure 7-22:  Validation of material model for CR340LA PB 1.1 mm at NR05 specimens in a) 

22.5°; left: force-displacements, right: local strain field) and b) 67.5°; left: force-

displacements, right: local strain field) 

7.3.2 Validation of MS1500-Material Model 

This section presents the model validation of the characterised MS1500. The experimental and 

numerical simulation results are contrasted in Figure 7-23 (A50 specimens), Figure 7-24 (NR80 

specimens) and Figure 7-25 (NR05 specimens). 

Comparing the force-displacements results of standard tensile specimens (Figure 7-23), they 

reveal a correlation of numerical simulation and experimental test. With the three applied flow 

curves, the yield behaviour could be reproduced. The numerical simulation in 22.5° direction 

exhibits the same slight distinct yield point as can be seen experimentally. The yield point in 

67.5° is also met lying between those in 45° and 90°. Additionally, the force-displacement be-

haviour of numerical simulations agree with the experiments. Furthermore, the displacement at 

failure in 22.5° to RD matches the experimentally determined trend within the scattering range.  

Regarding the local strain behaviour, lower equivalent strains at failure are obtained by the nu-

merical simulation than by DIC-measurements. Moreover, the localisation band width is slightly 

smaller than seen in the experiment. The lower failure strains are connected to 0°, which are 

also at around 0.4, and dominate failure in 22.5° to RD. In 67.5° the absolute value of failure 

strains as well as the localisation band width could be reproduced. 
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A50 specimens 

a)                           22.5° to RD b)                            67.5° to RD 

    

Figure 7-23:  Validation of material model for MS1500 at A50 specimens in a) 22.5°; left: 

force-displacements, right: local strain field) and b) 67.5°; left: force-

displacements, right: local strain field) 

The opposition of the force-displacement behaviour obtained from the experiments and the nu-

merical simulations for NR80 specimens is presented in Figure 7-24. The yield point as well as 

the force-maximum are met for both directions. However, the displacements up to failure are 

underestimated for 22.5° as well as for 67.5° to RD. Moreover, the local strain fields are repro-

duced for both directions. Also the width of the localisation bands as well as the failure strains 

agree with experimental results. 

NR80 specimens 

a)                           22.5° to RD b)                            67.5° to RD 

    

Figure 7-24:  Validation of material model for MS1500 at NR80 specimens in a) 22.5°; left: 

force-displacements, right: local strain field) and b) 67.5°; left: force-

displacements, right: local strain field) 

Figure 7-25 displays the characterisation in nearly plane stress in 22.5° and 67.5° to RD. The 

force-displacements as well as local strain fields match for both directions. As previously seen 

for 0°, 45° and 90° specimens, the maximum force is slightly over- and displacements at failure 

slightly underestimated. The strain fields obtained from numerical simulations exhibit the same 

localisation band width as well as failure strain than from DIC-measurements. As described in 

7.2.2 it is not possible to reproduce the double-peak with shell simulations.  
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NR05 specimens 

a)                           22.5° to RD b)                            67.5° to RD 

    

Figure 7-25:  Validation of material model for MS1500 at NR05 specimens in a) 22.5°; left: 

force-displacements, right: local strain field) and b) 67.5°; left: force-

displacements, right: local strain field) 

Regarding the comparison in this section as well as the results presented in chapter 7.2.2, the 

numerical simulations are able to reproduce the experimental results. The characterisation pro-

vides no evidence for material behaviour for pressure. Therefore in this stress triaxiality range, 

no conclusion can be drawn. Besides, due to neglecting rate dependencies the model is only 

valid for quasi-static tests and triaxialities between shear and biaxial tension. 

7.4 Investigations of Virtual Components 

The previously conducted orthotropic material characterisation bases on flat specimen with dif-

ferent initial stress triaxialities under tensile loading. As presented in chapter 3, material effects 

like the development of Lüders-bands or pronounced orthotropy are stress state dependent 

(e.g. deviating behaviour in uniaxial tension and plane strain stress state). In contrast to that, 

various stress states arise during component tests, which also depend on the specific geometry 

or the loading. 

To estimate the effect of orthotropic material behaviour, different components are virtually inves-

tigated. These tests are not correlated with experimental results due to a partly massive effect of 

outer influences, e.g. friction. Two different test setups are chosen and depicted in Figure 7-26; 

a hole expansion test and the compression of a double-hat profile. Drawings of the specific ge-

ometries of these setups can be found in chapter 10.8. For both components numerical simula-

tions with material variations, e.g. orthotropic plasticity and failure, orthotropic plasticity and iso-

tropic failure and isotropic plasticity and failure, are carried out to rate the effect of orthotropy. 

The simulation results of the hole-expansion tests are compared in regard of force-displacement 

behaviour and crack orientation. For the double-hat-profile, a robustness analysis is conducted, 

which includes, besides material variations as well as sheet thicknesses, impactor velocity and 

impactor angle. Furthermore, the effect of the distinct yield point on the component behaviour is 

investigated. 
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a)                 Hole expansion-plate b)                        Double-hat-profile 

 

 

 

Figure 7-26:  Different test setups for virtual component tests; a) hole expansion test and b) 
compression of a double-hat profile 

7.4.1 Influence of Orthotropy on Hole Expansion Test 

To investigate the influence of orthotropy on the hole expansion tests, three different materials 

based on the experimental data are defined, contributing to orthotropy as well as isotropy of 

plasticity and failure. What is more, orthotropic plastic behaviour with isotropic failure is utilised 

for the holed plate. The resulting force-displacement-diagrams are pictured in Figure 7-27. All 

three simulations exhibit similar force-displacement behaviour up to 37 mm punch displace-

ment. Beyond, failure arises for isotropic plasticity coupled with isotropic failure. Furthermore, 

both numerical simulations incorporating orthotropic plasticity exhibit equal force-displacement 

as well as similar failure behaviour, with material failing at punch displacements of 41 mm. 

 

Figure 7-27: Force-displacement behaviour of the hole-expansion test for different material 

compositions with marked onset of failure (star) 
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The results only show an ancillary effect of orthotropic failure on the simulation results in com-

parison to the utilisation of orthotropic plasticity, especially orthotropic strain hardening. How-

ever, all three material definitions include the properties of the 0° direction and both orthotropic 

material definitions additionally possess the properties of the 45° and 90° direction. Within the 

0° orientation, the lowest strain hardening capability as well as the lowest plastic instability and 

failure strains arise. Despite this, simulations incorporating orthotropic plasticity demonstrate 

higher punch-displacements at failure. This indicates a stabilising influence of other directions, 

namely 45° and 90° to RD, which exhibit a higher strain hardening behaviour.  

7.4.2 Robustness Analysis of Double-Hat Profile 

The robustness analysis bases on the comparison of the plastic strain behaviour according to 

Diez et al. [Die16] and is applied to the numerical simulations of the double hat profile. The 

model reduction is conducted by projecting the plastic strains onto the middle-axis of the dou-

ble-hat profile, see Figure 7-28. 

     

Figure 7-28: a) Visualisation of the plastic strains along the double-hat profile and their projec-

tion onto the middle axis (white arrow), b) Plastic strain profile of the middle axis, 

utilised for model reduction  

Based on the resulting plastic strain profiles of various numerical simulations, Diez et al. [Die16] 

calculate the similarity between simulation results ranging from 0 (completely diverse) to 1 

(identical). Each result is displayed as a single point within a 3D Cartesian coordinate system, in 

which the Euclidean distances between different points are complementary to their similarity (1 - 

completely diverse and 0 - identical [Die16]). Furthermore, the resulting trends of the plastic 

strains are classified based on their similarity and form different clusters which indicate similar 

deformation behaviour. Moreover, the force-displacement behaviour is regarded. 

To investigate the effect of orthotropy, the material definition is varied. The variations are ap-

plied to each numerical simulation with a material orientation of 0°, 45° and 90° to RD. Besides 

orthotropic plasticity and failure, orthotropic plasticity is combined with isotropic failure; isotropic 

plasticity and isotropic failure are included as well. To rate the arising variations of the compo-

nent behaviour, additional parameters like the flow curve, the failure strains but also the sheet 

thickness or the impactor velocity and impactor angle are varied. Moreover, flow curves without 
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distinct yield points are utilised to exclude the effect of bake-hardening. The variations are pre-

sented in Table 7-1. 

Table 7-1: Parameter variations of the conducted robustness analysis 

Parameter Initial Variation 

Orthotropic plasticity and orthotropic failure Base run 
Orthotropic plasticity and isotropic failure (angle to RD) 0° 45°, 90° 
Isotropic plasticity and isotropic failure (angle to RD) 0° 45°, 90° 
Distinct yield point Including Excluding 
Impactor velocity 5m/s ±0.5 m/s 
Impactor angle 0° +2.5° 
Sheet thickness 1.1 mm ±0.05 mm 
Offset flow stress 0.0 MPa ±20 MPa 
Scaling of flow stress 100 % ±10 % 
Scaling of failure strains 100 % ±10 % 

 

The resulting multi-dimensional similarity plot is pictured in Figure 7-29 with the similarity axes 

  ,    and    . The presented robustness analysis bases on the results of the time step in 

which the base run exhibits 30 mm impactor displacement. The sixty-six simulation results are 

grouped into six clusters, which are depicted as coloured single points within the multi-

dimensional similarity plot. Within these clusters no orientation dependency is observed. Clus-

ter0 groups the three simulations which include an offset of the flow stress of -20 MPa. In con-

trast to that, cluster1 represents the simulation results by lowering the impactor velocity towards 

4.5m/s. Moreover, cluster2 includes simulations with increased impactor velocity of 5.5m/s or an 

impactor angle around the y-axis of 2.5°. Furthermore, cluster2 incorporates the simulation re-

sult with the material orientation in 45° and fully orthotropic material behaviour (plasticity and 

failure). In contrast to that, cluster3 represents all simulations, which neglect the Lüders-Effect. 

These simulations are conducted for isotropic as well as orthotropic plasticity. In cluster4 the 

three simulations with an impactor angle of 2.5° around the z-axis are represented. The remain-

ing variations group into cluster5, which incorporates the sheet thickness variations or the 

change from orthotropic towards isotropic material behaviour and failure strain scaling.  

Regarding the calculated similarity values, only minor differences between all conducted simula-

tions are revealed. The calculated similarities remain below 0.05, which indicates only minor 

impact of the single parameter variations. Especially the comparison of orthotropic and isotropic 

material behaviour leads to no significant strain field variations. 

In addition to these results, the local plastic strain fields of each cluster are presented exempla-

rily in Figure 7-30. Except for cluster3 only minor variations of the strain fields are observed. The 

visualised plastic strain fields confirm the results of the conducted robustness analysis. 
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Figure 7-29: Results of the robustness analysis of the double-hat profile with six highlighted 

clusters, which represent the flow curve offset of -20 MPa (cluster0), lowered im-

pactor velocity (cluster1), raised impactor velocity (cluster2), neglecting of the 

Lüders-Effect (cluster3), impactor angle variations (cluster4) and all other varia-

tions (cluster5) 

Cluster0 Cluster1 Cluster2 Cluster3 Cluster4 Cluster5 

      

Figure 7-30: Exemplary strain fields for the different clusters at the same time-step (refers to 

30 mm impactor displacement in cluster 5) with the plastic strain cut off at 0.20 

(red) 

In addition to the time step with 30 mm impactor displacement, further time steps of the simula-

tion with displacements up to 90 mm are investigated. At these steps similar material behaviour 

also remains and no major differences are observed. Moreover, the resulting plastic strain fields 
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equal with ongoing impactor displacement. As a result, the clear grouping into cluster with simi-

lar parameter variations disappears.  

The influence of the Lüders-Effect with its accompanied elevated yield strength on the double-

hat profile is regarded separately. In Figure 7-31, the force-displacements of the double-hat-

profile with and without distinct yield point in 0° as well as 90° to RD are presented. The dis-

placements are obtained at the impactor; the force is measured at the top of the profile.  

 

Figure 7-31: Force-displacement-diagrams of the double-hat profile in 0° and 90° incorporat-

ing as well as neglecting the Lüders-Effect. Arising plastic deformation is high-

lighted in red. The deviating behaviour of both simulations without Lüders-Effect 

is marked by a blue line 

The onset of plastic deformation of all three presented numerical simulations is marked within a 

red rectangle. The application of the distinct yield point leads to the onset of yielding at 60 kN 

followed by an increase up to 70 kN, which represents the maximum of the measured forces. 

Beyond force maximum a drop of the force level is observed which oscillates around 35 kN. 

Regarding both numerical simulations, which neglect the Lüders-Effect, the onset of plastic de-

formation arises at 40 kN. As seen for numerical simulations with distinct yield point, both simu-

lations without Lüders-Effect exhibit also a maximum force of 70 kN. This maximum, however, is 

shifted towards higher impactor displacements from 2 mm towards 4 mm. This shift remains for 

the force-displacements beyond force-maximum. Both simulations without Lüders-Effect show 

similar behaviour up to 40 mm. Beyond that point, marked by the blue line, the two simulations 

begin to differ and the double-hat profile in 0° exhibits a decreasing force-displacement trend, 

whereas in 90° an increase is observed. 

Moreover, the simulation results at impactor displacements of 90 mm are pictured in Figure 

7-32. The numerical simulation, which includes the Lüders-Effect within its flow curve, leads 

only to dents at the top of the profile. In addition, the resulting strain field features areas with no 

or very low true plastic strains (<0.01). However, the investigation proves the influence of the 

Lüders-Effect in conjunction with plastic orthotropy on the denting behaviour of the double-hat 

profile but only at late stages of deformation.  
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a)   0° with Lüders-Effect b) 0° no Lüders-Effect c) 90° not Lüders-Effect Eq. strain 

Impactor displacement of 20 mm 
 

   
Impactor displacement of 90 mm 

   

Figure 7-32: The local strain fields at displacements of 20 mm (upper) and 90 mm (lower) for 

double-hat-profiles with orthotropic plasticity and failure, utilising flow curves a) 

with and b)/c) without a distinct yield point in material orientations of 0° and 90° 

to RD 

7.4.3 Comparison of the CR340LA Fracture Properties 

In chapter 7.2 the resulting material characterisation of CR340LA in 1.1 mm sheet thickness 

was presented. In addition to that, both remaining CR340LA sheet thicknesses (0.6 mm, and 

1.8 mm) are characterised; their results are depicted in chapter 10.6 and 10.7. Also the charac-

terised material properties of all three investigated sheet thickness of CR340LA are also com-

pared. The comparison includes the different flow curves, the plastic instability as well as failure 

strain curves and the damage- and fading exponent.  

As presented in chapter 3.1.4 the different sheets demonstrate varying distinct yield points. 

They are considered within the material characterisations and lead to varying flow curves within 

the Lüders-Effect. Equal strain hardening behaviour is observed beyond this up to UTS. The 

major variation of the flow curves arises beyond UTS, at which point the plastic behaviour has to 

be estimated. As pictured in chapter 4.1 the plastic instability strains are equal for sheet thick-

nesses of 1.1 mm and 1.8 mm yet 0.04 lower for 0.6 mm sheets. In addition, equal damage and 

fading exponents are identified for CR340LA in 0.6 mm, 1.1 mm and 1.8 mm. Despite equal 

damage and fading exponents, all three sheet thicknesses show different failure strains. A 

dominant effect of the utilised plasticity model is revealed due to high fading exponents, leading 

to dominant damage effects at relatively high strains for all three characterisations. 
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8 Summary and Discussion 

This work focused on the orthotropic material characterisation of selected high strength and 

ultra high strength steels. Beside the experimental investigation of different measuring tech-

niques, the experimental results were conveyed into mathematical models. With focus on auto-

motive crash simulation the solver LS-DYNA was chosen. Different modelling approaches were 

utilised to describe the elasto-plastic behaviour and material failure separately. To describe 

elasto-plastic material behaviour, the Barlat models from 1991 for 6D (solids) and from 1989 for 

3D stress states (shells) were chosen. Especially the implementation of the latter with a sepa-

rate definition of the flow behaviour in up to three directions enables an accurate description of 

the elasto-plastic material behaviour, even though more advanced models, like e.g. the 

YLD2000 are able to describe the yield surface more precisely. To describe material failure the 

orthotropic extension of the GISSMo, the *MAT_ADD_GENERALIZED_DAMAGE, was selected 

to provide the separate definition of failure properties in up to three directions. Within this work, 

different isotropic models were extended to describe material orthotropy. For extension purpose, 

the plasticity Barlat model from 1991 was utilised. It represents the generalisation of the model 

approach from 1989 and therefore enables the consistency of the utilised models. 

The experimental investigation focussed on the quasi-static behaviour of CR340LA in three 

thicknesses (0.6 mm, 1.1 mm and 1.8 mm) and MS1500 (1.0 mm). The initial stress triaxialities 
of the tested specimens ranged between 0.00 (shear) and  

 
 (biaxial tension). In addition to the 

force-displacement behaviour, the DIC-technique was utilised to determine surface strain be-

haviour. Furthermore, the microstructure of selected specimens was investigated by OLM, SEM 

and EBSD-method. 

Beside the separate investigation at different stress states or specimen orientations, the ex-

perimental results of all CR340LA sheet thicknesses were contrasted. To account for the differ-

ent sheet thicknesses, the force-level was normalised by the minimum cross section leading to 

the normalised stress. For all three CR340LA sheets, similar material behaviour up to the 

maximum of normalised stresses was found except for the onset of plastic deformation. All 

sheets exhibited a distinct yield point accompanied by the development of Lüders-bands. How-

ever, the connected stress and the strain level differed. For 0.6 mm sheets the highest yield 

strength as well as the highest strain during Lüders-band development arose. Both remaining 

sheet thicknesses revealed significantly lower yield strengths.  

To investigate the dependency of Lüders-band development on the sheet thickness, OLM-

measurements were conducted. They revealed similar grain sizes (8.5 µm and 8.7 µm) for 

1.1 mm and 1.8 mm thick sheets but a significant reduction (6.1 µm) for 0.6 mm sheets. With 

regard to the work of Fujita and Miyazaki [Fuj78], the increasing sheet thickness increases the 

upper and lower yield strength up to a saturation level. Additionally, the presented experimental 

results revealed an exponential dependency of the yield strength on the grain size. The applica-

tion of these results on the investigated CR340LA-types proved the dominant effect of the grain 
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size reduction from 1.1 mm and 1.8 mm thick sheets to 0.6 mm sheets on the upper and lower 

yield strengths. The differing grains sizes resulted from the specific sheet metal manufacturing 

process with different rolling and annealing steps. In addition, the pronounced grain size effect 

disguised a possible thickness effect. 

Affiliated with the diverging development of Lüders-bands, all three CR340LA sheets showed 

similar strain hardening behaviour up to UTS, which can be best expressed by the Swift strain 

hardening law. Regarding the normalised stress-displacement behaviour beyond the stress-

maximum of standard tensile specimens, no regularities were found for all three thicknesses 

and orientations. The conducted standard tension tests in RD, in which material behaviour is 

specified, exhibited similar behaviour for all CR340LA steels. In contrast to that, the lowest dis-

placements up to fracture were observed for the 0.6 mm thickness for standard tension speci-

mens in 45° and 90° to RD. However, 1.1 mm thick specimens showed higher displacements 

up to fracture than their 1.8 mm counterparts. In contrast to the displacements, the obtained 

surface strains at material failure were larger with increasing sheet thickness. The effect of dif-

ferent grain sizes was captured phenomenologically by the separate definition of plasticity and 

material failure. 

The standard tensile specimens exhibit a parallel length of 75 mm in which the localisation zone 

is not geometrically predefined. Strain localisation forms due to geometric or material heteroge-

neities. These heterogeneities can be balanced out by the strain hardening behaviour and affect 

the global displacements as well as local strains. Regarding the displacements at UTS, much 

lower differences were observed than for the displacements at material failure. Even though the 

displacements at failure showed irregular behaviour, a clear thickness dependency of the failure 

strains was observed. Additionally, all three CR340LA sheets displayed similar plastic instability 

strains, which define the onset of damage of the continuum. In contrast to that, differing dis-

placements at the onset of plastic instability were obtained. Therefore, differing strain hardening 

behaviour between UTS and the onset of plastic instability strains must cause the irregular be-

haviour of the standard tensile specimens, which stabilises the material behaviour beyond UTS 

especially for the 1.1 mm sheets more than for both other sheet thicknesses. The strain harden-

ing behaviour is related to microstructural properties, e.g. the texture, the grain size, precipita-

tions at the grain boundaries and grain elongation. Besides these OLM-measurements, no fur-

ther microstructural measurements were conducted for all three sheets. 

In addition to standard tensile specimens, representing uniaxial tension, additional specimens 

with varying initial stress triaxiality were investigated, e.g. shear or notched specimens. In com-

parison to standard tensile specimens, these specimens exhibited a more pronounced thickness 

dependency leading to higher displacements up to failure with rising sheet thickness. Further-

more, the equivalent failure strains on the surface showed a dependency on the sheet thick-

ness. In addition, increasing failure strains were observed with the rise of the sheet thickness. 

In contrast to standard tensile specimens, the zone of plastic deformation and strain localisation 

is geometrically predefined. Therefore, damage arises only in a narrow zone. Furthermore, the 

geometry forces strain localisation, which is consistent with a stress state change. At the speci-
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men surface, the stress state tends towards the plane strain stress state. Regarding the speci-

men centre, the strain localisation leads to increasing stress in sheet normal direction, leading to 

higher yield strengths in comparison to the plane stress state on the specimen surface. The 

increasing yield strengths stabilises material behaviour during strain localisation. Numerical 

simulations proved this effect to be more pronounced with increasing sheet thickness. The 

strain localisation as well as the stress state change at the specimen centre is more intense for 

notched specimens with 5 mm than for those with 80 mm notch radius. The stronger stress 

state heterogeneity with decreasing notch radius and increasing sheet thickness leads to the 

observed more regular behaviour of specimens with notch radius of 5 mm in comparison to 

those of 80 mm notch radii or standard tensile specimens. 

Besides these three CR340LA thicknesses, the MS1500-steel in 1.0 mm sheet thickness was 

investigated. Both steels represented two different steel-types; The CR340LA possessed a fer-

ritic microstructure with small amounts of pearlite and ranks within the HSLA-group. In compari-

son to that, the MS1500, with its fully martensitic microstructure, belongs to the MS-group. Re-

garding the results of the MS1500, a strong orthotropy of the yield point was observed. All 

specimens in 0° direction displayed a distinct yield point, which was less pronounced in 22.5° 

orientation and disappeared for specimens in 45° to RD. Regarding the ratio of UTS to yield 

strength, ranging from 0.95 in 90° and 1.00 in 0° to RD, all directions exhibited only low harden-

ing potential. In comparison to CR340LA, significantly lower displacements as well as equivalent 

failure strains were monitored at material failure. Moreover, the strain localisation was found to 

arise at early strain stages. With Lankford-Coefficients slightly lower than unity, nearly isotropic 

strain behaviour was determined for A50 specimens. 

Regarding local strain behaviour, the 0° direction of the MS1500 showed lower equivalent fail-

ure strains at standard tensile tests than NR80 specimens. Furthermore, the distinct yield point 

of specimens in 0° is more intense than for other directions. These experimental results can be 

related to the rolling but also the stretch-levelling process during manufacturing of the MS1500. 

The resulting material behaviour was found to demonstrate bands of heterogeneities, e.g. pre-

strains and affiliated pre-damage, in rolling direction. 

The standard tensile specimens show a gauge length of 50 mm without the geometrical predefi-

nition of the failure point, which forms due to specimen heterogeneities (geometry or material). 

In contrast to that, the failure point of NR80 specimens is predefined by the 80 mm notch. Plas-

tic deformation of NR80 specimens occurs mainly within the notch ground and makes the 

specimen insensitive to small bands of material heterogeneities. In contrast to that, the A50 

specimens with its 50 mm gauge length are sensitive to material heterogeneities and fail within 

the identified bands of pre-strain and pre-damage.  

In addition, the NR05 specimens in 90° to RD exhibited significantly lower failure strains and 

displacements than all other directions. The NR05 specimens represent the plane strain-stress 

state with arising stresses in specimens-transverse direction. For NR05 specimens in 90° direc-

tion, these stresses were found to arise in 0° to RD, where pre-damage was identified. The pre-

damage triggered failure at lower equivalent strains also incorporating lower displacements at 
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failure. In contrast to that, no effect of pre-damage was found for NR05 specimens, resulting 

from the small localisation zone which is unaffected by material heterogeneities. In addition, all 

NR05 specimens indicated the development of small localisation bands orthogonal to loading 

direction, pointing at the localisation surface through the specimen thickness. The resulting frac-

ture surfaces revealed the same orientation as all CR340LA-specimens, though these did not 

show the localisation bands due to too-high ductility of the steel. 

The experimental results of the investigated MS1500 proved a pronounced effect of the manu-

facturing process on the material behaviour. A dominant effect on the behaviour of standard 

tensile specimens in 0° orientation was observed, affecting lower failure strains than for NR80 

specimens in 0° to RD. Moreover, also notched specimens with 5 mm aligned in 90° direction 

were also affected, exhibiting significantly lower failure strains as well as displacements at fail-

ure. Due to the unaffected NR80 and NR05 specimens with their geometrically predefined fail-

ure zone, the heterogeneities have to arise as banded structure. Additionally, both specimens 

were also influenced by pre-strain and pre-damage respectively induced by the manufacturing 

process. The material heterogeneities in combination with the low hardening potential leads to 

high scattering of the failure of standard tensile specimens.  

The initial plastic orthotropy was characterised by the yield strengths of the conducted quasi-

static tests as well as on basis of the local strain behaviour of standard tension tests. The 

Lankford-Coefficients ranged, dependent on their orientation, from 0.85 to 1.21 (CR340LA 

1.1 mm) and revealed only minor orthotropy (isotropic:   = 1.0). In comparison to the strongly 

orthotropic strain behaviour of, e.g. aluminium extrusions with R-values between 0.3 and > 3.0 

[DuB16], the investigated steels exhibited approximately isotropic strain behaviour. To estimate 

the effect of straining on the yield surface, the ratio of width to thickness strains were calculated 

at the later fracture point of standard tensile specimens in 0°, 45° and 90°. This ratio corre-

sponds to the  -values up to UTS. Incorporating the Lankford-Coefficients at true equivalent 

strains of 0.05 (directly beyond Lüders-strains), 0.10, 0.15 (approximately UTS) and 0.20 (re-

maining constant  -value), the coefficients of the Hill’48 yield surface were directly calculated. 

The resulting yield surfaces only exhibited a distortion of +6 % in relation to biaxial stresses and 

between strains of 0.05 and 0.10. No further distortions were measured within a strain-range of 

0.10 and 0.20. The distorted yield surface was found to stabilise localised necking with its in-

creasing stress triaxialities compared to the yield surface of the unstrained material. The applied 

material model in LS-DYNA is capable of including the dependency of the Lankford-coefficient 

on the plastic equivalent plastic strain and enables the evolution of the yield surface with plastic 

straining. However, the yield surface evolution was negligible due to its minor impact of 6 % for 

biaxial stresses and its decreasing towards uniaxial tension. Moreover, the determination of  -

values is only valid up to UTS; beyond UTS they have to be extrapolated. The effect of 

Lankford-Coefficients, dependent on the plastic strains, was investigated in [Sto16] and re-

vealed only minor effects on the strain behaviour at the fracture point as well as on macroscopic 

force-displacement behaviour.  
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The obtained results contradicted the investigation of [An13] for IF-steel, in which a decreasing 

biaxial yield strength had been observed during straining yet could not be generalised for all 

steels. In addition to the Lankford-Coefficients, the CR340LA demonstrated orthotropic harden-

ing behaviour leading to three different flow curves. The distortion-coefficient   was proposed to 

rate the diverging hardening behaviour in 0°, 45° and 90° to RD. The investigation revealed no 

yield surface distortion due to the utilised orthotropic strain hardening. Therefore, all the experi-

mentally obtained flow curves only varied at their stress level but not their principle trend. 

Additional to DIC-measurements, the EBSD-method is applied to standard tensile specimens 

(CR340LA 1.1mm), aligned in 0°, 45° and 90° direction, at four different strain states, e.g. di-

rectly beyond Lüders-strains, at UTS, between UTS and fracture and at fracture. The former 

three strain states for all specimen directions show an evolution within the  - and  -fiber. Only 

EBSD-measurements near fracture point reveal a significant change of both fibers, from a roll-

ing- towards a tension-texture. The texture evolution also depends on the stress state besides 

microstructural properties. The diverging texture evolution for the first three strain stages of all 

three directions can be related to the specimen orientation and the microstructural orientation 

towards loading direction. Near fracture, DIC-measurements point dominant strains in loading 

direction, which can explain the development of similar ODFs with a maximum within the  -

fiber. In addition, conducted numerical simulations prove a multi-axial stress-state at material 

failure. In opposition to fracture, the continuous texture evolution beyond Lüders-strains and 

beyond UTS indicates similar stress- and strain-states respectively. The results of the EBSD-

measurement accorded with the previously presented DIC-measurements. Due to the focus on 

a pure continuums mechanical material description the EBSD-measurements were not included 

in the material characterisation 

Finally, regarding the failure behaviour of all three sheet thicknesses, a realignment of the frac-

ture surface was revealed. For standard tension specimens, it was aligned within the sheet 

metal plane, where in contrast, the fracture surface of 1.8 mm specimens was oriented toward 

the sheet normal direction. Conducted numerical simulations with equally sized solid elements, 

including the same material model, for three sheet thicknesses (0.6 mm, 1.2 mm and 1.8 mm) 

indicated a thickness effect on the failure behaviour of standard tension specimens. By increas-

ing the sheet thickness, a non-homogeneous stress state in sheet normal direction was ob-

tained, leading to arising stress triaxiality and simultaneously decreasing Lode Angle Parameter. 

For sheets with a thickness of 0.6 mm and 1.1 mm the effect was negligible but became domi-

nant for sheets in 1.8 mm. The shift of   and    affected decreasing failure strains for the arising 

stress state and supported a reorientation of the failure surface. 

Moreover, the investigation of A50 and NR05 specimens revealed a similar effect resulting from 

the initial stress state. DIC-measurements, conducted within the sheet metal plane as well as 

over sheet thickness at A50 specimens of CR340LA (1.1 mm), pointed to a clear localisation 

band within the sheet metal plane but also to constant extensions over the sheet thickness. 

These bands accorded with the orientation of the fracture surface. The high ductility of the 

CR340LA blurred the local strain behaviour. Therefore, the investigated NR05 specimens were 
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manufactured from the MS1500, which exhibits a significantly lower ductility but similar fracture 

behaviour. In that case, the surface measurements prove two constant bands of elevated 

strains orthogonal to loading direction and within the sheet metal plane. In addition, material 

failure occurred over sheet metal thickness, not only for MS1500, but also for all CR340LA 

NR05 specimens. 

The similar localisation behaviour for A50 and NR05 specimens arising at different orientations, 

indicated a stress state dependency of the fracture surface. The fracture behaviour of standard 

tensile specimens in three sheet thicknesses also proves the dominant effect of the stress state. 

As previously presented, the localisation affects a stress state heterogeneity over the sheet 

thickness and is more pronounced with increasing sheet thickness. However, the diverging ori-

entation of the fracture surface, resulting from stress state heterogeneities, had only minor influ-

ence on the strains at material failure. Therefore, the sheet thickness is not the driving force of 

the increase of failure strains with growing sheet thickness.  

The onset of plastic instability, which was defined as onset of damage of the continuum, was 

treated in chapter 4, in which plastic instability was defined on the basis of DIC-measurements. 

Specimens with 80 mm notch radius were utilised to investigate the surface strain behaviour. 

Additionally to DIC-measurements, the microstructure of the specimen surface was studied by 

SEM-images at different technical strain stages, revealing cracking grain boundaries and open-

ing voids for every strain stage even prior force-maximum, except for the basic material. Due to 

no observable effect on the local strain behaviour prior force-maximum, the arising cracks and 

voids did not indicate the onset of plastic instability. Moreover, the local strain path remained 

linear even beyond force-maximum, which arose at 2.2mm, and started deviating with subse-

quent loading at displacements of 2.75mm. 

There are different mechanisms which can affect the observed strain path change, e.g. the mi-

crostructural evolution leading to a change of the yield surface or the local stress state. Based 

on the previous investigations of CR340LA, only minor yield surface distortions arose due to 

orthotropic hardening or varying Lankford-Coefficients during straining up to UTS. These obser-

vations were supported by the conducted EBSD-measurements which revealed only a minor 

evolution of the ODFs even beyond force-maximum of standard tensile specimens in compari-

son to the ODF at material failure. Even though no effect of arising cracks of grains and grain 

boundaries was observed during plastic deformation prior force-maximum, the microstructure 

was identified to balance the microstructural damage. Furthermore, the onset of damage on the 

scale of the microstructure did not indicate damage of the continuum. Moreover the linear strain 

path was not influenced by the evolution of the NR80 geometry during straining, which leads to 

a deformation of the radius. Additionally, numerical simulations provided constant stress triaxial-

ity for NR80 specimens during straining up to force-maximum. Regarding the onset of plastic 

straining revealed a deviation from the linear strain path during the development of Lüders-

bands. Numerical simulations provided the development of Lüders-bands to be accompanied by 

stress state changes, which affect the local strain behaviour. Irrespective of associated or non-

associated plasticity, the strain behaviour is connected to the stress state. In general, a stress 
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state change effects a change of the strain behaviour. Only special stress state changes within 

the 6D-stress space do not show a strain state change. Due to the focus on sheet metal, these 

load paths which are accompanied by a strong increase of stress components in sheet normal 

direction can be neglected.  

If and when the evolution of the specimen geometry and damage on micro-scale did not impact 

local strain behaviour, yet material inherent properties have to induce the observed strain and 

stress-state change. Therefore, the deviation from linear strain behaviour has been identified as 

strains where microstructural effects became dominant and were defined as plastic instability 

strains. With this method the plastic instability of thin structures, e.g. sheet metals which exhibit 

the plane stress state, can be determined based on the surface strain measurements. More-

over, this approach does not require additional equipment like OLM, SEM or EBSD and can be 

directly obtained from standard material testing with a DIC-system.  

The definition of plastic instability strains was applied to all of the previously investigated 
CR340LA (1.1 mm) specimens except for shear. The studied stress states, between  

 
 and  

 
 

exhibited a minimum in plastic instability strains in approximate plane strain, obtained from 
NR05 specimens. Increasing strains were observed towards stress triaxialities of  

 
 and  

 
. The 

resulting curvature is similar to the predicted localisation strain surface of Marcadet [Mar15b] 

taken from unit-cell-simulations. The results contradict the predictions by Swift [Swi52] which 

forecasted the minimum plastic instability strains for uniaxial stress. 

The presented definition of plastic instability was also applied to the DIC-results of specimens in 

0°, 45° and 90° to RD. The highest plastic instability strains were received for specimens 

aligned in 45° to RD, whereas the lowest arose in 0° to RD. The obtained plastic instability 

strains for the 90° direction were found to lie in between the strains in 0° and 45°. All three di-

rections demonstrated different Lankford-Coefficients, ranging from 0.85 (0° to RD) over 1.06 

(90° to RD) to 1.21 (45° to RD). Despite these low variations, growing plastic instability strains 

went along with increasing  -values. The results accorded with previous observations in litera-

ture, e.g. [Tas09], of rising formability with growing  -values. Increasing Lankford-Coefficients 

lead to decreasing out-of-plane strains, e.g. in sheet normal direction, which destabilise the ma-

terial and support necking.  

Regarding both additionally surveyed CR340LA sheet thicknesses, slightly lower (0.6 mm) and 

similar (1.8 mm) plastic instability strains were maintained in comparison to the 1.1 mm thick 

specimens. The sheets in 0.6 mm and 1.8 mm, however proved deviating Lankford-Coefficients, 

e.g. for 45° specimens, ranging from 0.90 (0.6 mm) over 0.96 (1.8 mm) up to 1.21 (1.1 mm). 

The observations indicate additional effects to be responsible for the onset of plastic instability 

rather than only the absolute value of Lankford-Coefficients, e.g. the differing grain sizes, differ-

ing strain hardening behaviour beyond UTS or geometrical effects resulting from the sheet 

thickness. 

The proposed method to define plastic instability was executed on the MS1500 steel. The inves-

tigated specimens exhibited a linear dependence of major to minor strains up to the occurrence 
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of localisation bands, which lead to a shift of the specimen halves in specimen transverse direc-

tion. An additional width strain, based on the deflection in specimen transverse direction, was 

included to eliminate this effect. For all investigated specimens, no deviations from linear strain 

paths were observed, which indicates coinciding plastic instability and failure surfaces. 

The proposed method determines plastic instability strains on basis of the surface strain path 

and the connected stress state change. It further assumes a homogeneous behaviour over the 

sheet thickness prior plastic instability. However, based on numerical simulations Mohr et al. 

[Moh09] concluded material failure to start at the specimen centre. This may be true also for the 

onset of plastic instability but could not be investigated due to the limitation of the measurement 

techniques on the specimen surface. However, conducted solid simulations proved a deviation 

from homogeneous stress state over the sheet thickness higher strains than observed at the 

plastic instability point of the investigated CR340LA sheets. For specimens, especially notched 

specimens, considerably thicker than the investigated materials this must not apply.  

Moreover, the proposed method determines the onset of plastic instability at displacements be-

yond force-maximum. For standard tensile specimens, the force-maximum determines the onset 

of diffuse necking and the end of the homogeneous distributed strains over the gauge length. 

The determined displacements at plastic instability of standard tensile and NR80 specimens 

were higher than the displacements at force maximum. Plastic instability and force maximum 

accorded only for NR05 specimens.  

As previously described a coupling of stress and strain state by the plasticity models exist, 

which is utilised to determine the load paths of CR340LA and MS1500 based on DIC-

measurements. The associated plasticity model of Barlat from 1991 was applied and calibrated 

by different stress states, e.g. uniaxial and biaxial tension as well as the plane strain stress 

state. The partial derivative of the yield surface within the stress space leads to the local strain 

increment vector, defining the local strain composition described by the introduced modified  -

value and modified  -value (   and   ). On basis of the experimentally obtained    and    the 

local load paths were determined. A direct comparison of load paths obtained from numerical 

simulations and DIC-measurements revealed a strong dependency on the flow potential. For 

both materials, the experimentally determined load path exhibited a shift towards higher stress 

triaxialities for specimen representing uniaxial tension in comparison to numerical simulations 

but they showed a similar trend.  

The determined non-proportional load paths could not be utilised to calibrate the fracture strain 

surface due to the dependence of the fracture strains on the stress state. Therefore, so-called 

weighted load paths were introduced, relating the non-proportional load paths to an equivalent 

proportional load path. Instead of the local strain increment the local strains were utilised to de-

termine the stress state. Furthermore, piecewise linear failure strains between single strain 

stages, measured by DIC, were approximated. In contrast to the previously presented determi-

nation of the load paths, the strain increments were integrated for weighting purpose. The 

weighted load paths were calculated from the resulting local strains in analogy to the local strain 

increments and determined the target points for the failure strain surface. Applied to specimens 

https://dict.leo.org/englisch-deutsch/partial
https://dict.leo.org/englisch-deutsch/derivative
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of CR340LA (1.1 mm) and MS1500, it revealed a good correlation with the adopted failure curve 

of the shell simulation later on.  

The presented method is highly dependent on the yield surface and the predicted strain incre-

ment. The yield surface determines the composition of the plastic strains for each stress state 

and has to be defined accurately for a proper prediction of the stress states on basis of the DIC-

measurements. The yield surfaces were also used for the numerical simulations and were pri-

marily adapted to meet the stress level and secondarily on the plastic strain behaviour. The re-

sulting load paths overestimate the stress triaxiality, e.g. in uniaxial tension.  

Moreover, the failure points, predicted by weighting of the non-proportional load paths, corre-

spond to the later on applied failure curves of the material characterisation. The approach en-

ables the determination of these curves for all three directions directly on experimental results. 

The accuracy of the prediction, however, depends on the representation of the plastic strain 

behaviour. Especially for standard tensile specimens of CR340LA an overestimation of the fail-

ure strains was observed. In contrast to that the plastic strain behaviour within biaxial tension 

and plane strain stress state was accurately determined by the yield surface and meets the uti-

lised failure curve. 

To capture orthotropic fracture a new the failure criterion, the Barlat-Coulomb model, has been 

developed based on the Mohr-Coulomb model [Wie10]. The resulting failure strain surfaces and 

curves were defined within the mixed stress-strain space. Orthotropy of the failure strains was 

included by linear transformations of the isotropic stress tensor on basis of the Barlat plasticity 

model proposed in 1991. When focussing on the experimental results of CR340LA, orthotropic 

strain hardening was integrated into the applied Swift-hardening law, which was utilised for con-

versions from equivalent stresses to equivalent strains.  

The resulting failure criterion is applicable to plane and general stress states and predicts failure 

curves or surfaces within the mixed stress-strain-space. These curves or surfaces show consis-

tent behaviour, e.g. equal failure strains for biaxial tension, due to one criterion for all directions 

using the Barlat-Coulomb model. In contrast, a separate definition of failure strains for each 

direction, employing an isotropic failure criterion, cannot guarantee these equalities. However, 

the Swift hardening criterion, utilised to couple the stress-strain behaviour, represents the strain 

hardening behaviour up to UTS of the investigated CR340LA-steels but deviates beyond UTS 

from the characterised flow-curves. The deviation can be balanced out by fitting the parameters 

of the Swift law, leading to a discrepancy of experiment and model prediction even prior UTS.  

Beside the definition of plastic instability and failure strains, the applied orthotropic failure model 

in LS-DYNA includes non-linear damage accumulation and stress fading described by two ex-

ponents for each direction. Due to the model implementation, orthotropic failure requires linear 

damage accumulation. To estimate the fading exponent, a hybrid criterion has been proposed 

based on DIC measurements as well as numerical simulation results without damage. The 

NR05 specimens initially represented the plane strain-stress state, in which the plastic instability 

and failure strain surfaces showed their minimum within the mixed stress-strain-space. Only 
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minor deviations were observed on regarding the effective surface load paths of NR05 speci-

mens. Furthermore, the plastic instability as well as the failure strain surface demonstrated only 

minor variations for these load paths. Therefore, changes of the load path were assumed not to 

affect large changes of the failure properties, which can be approximated as constant. This as-

sumption is not valid for near material failure, however, where the failure point indicates large 

changes of the load paths. To minimize this effect, the average strains along the minimum cross 

section were applied and compared to the averaged equivalent strains obtained from numerical 

simulations without damage. The nominal stresses dependent on the averaged local strains 

were defined separately for numerical simulation and experiment to couple global and local ma-

terial behaviour. On applying the equations of the GISSMo on the resulting nominal-stress-

averaged equivalent strain curve, the damage and stress-fading exponents could be estimated 

by fitting on the experimental curve. The hybrid approach, including the nominal stress-

averaged equivalent strain curves of the numerical simulation, leads to failure parameters de-

pendent on the flow curve extrapolation. The proposed hybrid method was able to balance 

these effects when the numerical simulation (solids) results were integrated as well. However, 

the hybrid approach was only able to predict the fading-exponents for solid simulations and un-

derestimated the fading-exponents for shell simulations. The shell simulations were not able to 

represent the stress state changes at the specimen inside, which can be related to a stabilising 

increase in yield stress. Moreover, numerical simulations without damage exhibit diverging 

stress states compared to simulations including damage. For solid simulations, these stress 

state divergence was balanced out by the solids in the specimen inside which could not be rep-

resented by shells and leads to a miscalculation of the fading exponent. 

The numerical simulation results of CR340LA in 1.1 mm and MS1500 in 1.0 mm sheet thickness 

were presented in chapter 7. All investigated steels demonstrated a distinct yield point, which 

was included into the numerical simulation by the definition of the flow curve. Material behaviour 

has been divided into strain hardening and dislocation break free, in which the former was re-

produced by the Swift hardening law and the latter was modelled by adding an exponential term 

to the strain hardening function. The applied approach was able to represent a distinct yield 

point as well as a following constant force-level during Lüders-band propagation. Furthermore, 

the flow curve lead to a good correlation of experimental and numerical strain behaviour, includ-

ing the development of strain bands during the development of Lüders-strains.  

The approach includes a decrease of the flow-stress during the development of the Lüders-

bands. This decrease in combination with the negligence of strain rate effects can cause oscilla-

tions of the force-level during the Lüders-band development.  

Orthotropic material behaviour has been defined for the 0°, 45° and 90° direction, which applied 

to the plasticity- (Barlat’89 - LS-DYNA: *MAT_036) and for the failure model (LS-DYNA: 

*MAT_MAGD). Strain hardening behaviour was included by three flow curves for uniaxial ten-

sion. The definition of orthotropic failure is based on the isotropic GISSMo. The orthotropic fail-

ure model enables various definitions of failure, e.g. LIAD. In the present utilisation, separate 

GISSMo’s were specified in 0 , 45  and 90  to RD. Damage was accumulated within three di-
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rections separately, unlike material failure, which was based on an equivalent damage variable. 

Moreover, linear damage accumulation is necessary for a proper prediction of material failure.  

Besides the Barlat’89 plasticity model, the *MAT_MAGD, an orthotropic failure model in LS-

DYNA, was applied to model the CR340LA steel. The material behaviour was described in 0°, 

45° and 90° to RD. For validation purpose numerical simulations in 22.5° and 67.5° orientation 

were also conducted. The characterised material model was able to represent the force-

displacement behaviour of standard tensile as well as the notched-specimens in all investigated 

directions. Moreover, the local strain along the specimen middle axis of experiment and numeri-

cal simulations agreed within the scattering bands. The numerical simulation was not able to 

reproduce the experimentally observed orthotropic Lankford-Coefficients of the CR340LA due to 

a focus of the characterisation on the reproduction of the force-displacement behaviour and 

failure strains. However, the force-displacements of the shear tests were not represented accu-

rately, which was also true for the pressure displacement curve of the Bulge-test. For these 

specimens, the force and pressure levels during strain localisation were overestimated by the 

numerical simulation. Despite this, the local strains at material failure were represented by the 

utilised material model within the experimentally scattering bands. 

The used specimens exhibit a stress state change during strain localisation, which is more pro-

nounced at the specimen centre than at its surface. The stress state change during strain loca-

lisation stabilises the material behaviour with increasing yield strengths. The utilised shell ele-

ments are only able to represent the stress state at the specimen surface. The stabilisation of 

the specimen centre is utilised by the flow-curve extrapolation and overestimates the strain 

hardening behaviour to capture the behaviour of standard tensile or notched specimens. For 

shear or biaxial tension with less pronounced stress state differences over the sheet thickness 

this leads to an overestimation of the force- and pressure levels respectively during strain loca-

lisation. For a better representation within shear or biaxial tension, a separate definition of the 

strain hardening behaviour within these stress states is needed. 

Also the material behaviour of the investigated MS1500 was also modelled by the Barlat’89 

plasticity model, as well as the *MAT_MAGD failure model. For most of the specimens, a good 

correlation quality has been achieved regarding force-displacements and local strain profiles 

along the specimens. Moreover, the numerical simulation is able to reproduce the experimen-

tally observed Lankford-Coefficients of the MS1500 in all directions. The investigated MS1500 

steel revealed microstructural effects which could not be simulated without further modelling 

steps or with shell elements. Opposing the behaviour of A50 and NR80 specimens aligned in 0° 

direction, they revealed higher equivalent strains at failure for the notched specimen, which 

could be explained by pre-damage resulting from manufacturing steps like stretch levelling. Fur-

thermore, the applied numerical model was not able to describe the development of localisation 

bands over the sheet thickness and therefore of capturing the local strain profile along the load-

ing axis. Despite these material inherent factors, the numerical simulations proved the applica-

bility of the proposed failure criterion on the MS1500. 
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Even though the numerical simulation is not able to model over thickness effect, resulting in 

strains over the sheet thickness, of the MS1500, as seen for NR05 specimens, the deviation of 

experimental and numerical simulation results within shear or biaxial tension is less than seen 

for CR340LA. Numerical simulations proved minor stress state heterogeneities over the sheet 

thickness than seen for the ductile CR340LA, leading to a better representation of the strain 

hardening behaviour. Moreover, the observed localisation bands over the sheet thickness did 

not dominate material behaviour. Their approximation with shell elements as band orthogonal to 

the loading direction represented material behaviour sufficiently. 

Beside material characterisation, the impact of orthotropy was investigated on the hole-

expansion tests as well as on the compression behaviour of a double-hat profile. The results, 

depicted in chapter 7.4, indicated a pronounced impact of the plastic behaviour on the regarded 

components. However, other material inherent properties, e.g. failure strain, exhibited only a 

minor effect on the virtual component behaviour. In addition, a distinct yield point could domi-

nate the material behaviour especially.  

Regarding the conducted robustness analysis a very minor impact on the component behaviour 

was observed. Although standard tensile or shear specimens demonstrated significant 

orthotropic properties, nearly no effect was observed within the plane strain stress state. Mate-

rial failure of the conducted compression tests arose mainly under plane strain, in which only 

minor effects of material orthotropy were witnessed. 

In addition, the material characterisations of the three different CR340LA sheet thicknesses 

were contrasted. Besides varying failure strain curves, all other failure properties remained simi-

lar for all directions, e.g. instability strains as well as damage- and fading-exponents. Similar 

yield surfaces, calibrated by  -values and by nominal stresses, were obtained on regarding the 

plastic behaviour. Main variations arose with the flow curves exhibiting deviations beyond UTS 

besides the included Lüders-Effect. These observations were independent from the modelling 

technique regarding (high fading exponents) or disregarding (low fading exponents) additional 

regularisation. For both characterisation methods the definition of plasticity and especially of 

strain hardening had a major influence. In addition, the dominant effect of the flow curves 

agreed with the observations of the conducted robustness analysis. 

DuBois et al. [DuB16] presented the characterisation of an aluminium extrusion (AW6060-T66), 

including orthotropic plasticity and failure. Strong  -value variations, ranging from 0.27 to 1.69, 

are identified and lead to deformation of the yield surface compared to its isotropic counterpart. 

Additionally, different strain hardening behaviour in 0°, 45° and 90° to RD as well as failure 

strain variations up to 100 % were described which enable an accurate prediction of the con-

ducted tests. Moreover, the investigations of [DuB16] revealed a similar dominant effect of plas-

ticity on the material behaviour as seen in the presented investigation conducted for different 

steels. Therefore, a proper description of plastic strain behaviour is necessary for an adequate 

material description. This is especially true for materials with only minor orthotropy of the failure 

strains as proven by the investigated steels. 



120  9 – Summary and Discussion 

9 Outlook 

The experimental procedure focussed on the quasi-static testing to characterise orthotropy. Yet 

real crash-loadings are highly dynamic. Beside inertia effects, the arising high strain rates lead 

to nearly adiabatic heating during plastic deformation and result in material softening. In contrast 

to that, increasing yield and ultimate tensile strengths are observed at higher strain rates. There-

fore, the full characterisation of an orthotropic failure model with application in the crash simula-

tion has to consider orthotropic effects for all strain rates. Consequently, a future work can focus 

on the experimental investigation of orthotropy at elevated strain rates incorporating crash rele-

vant material behaviour.  

In the present work, the plastic instability point is defined by DIC-measurements and compared 

to SEM-images. For further verification, additional in-situ non-destructive testing-methods, like 

the evolution of magnetic properties [Dob10], could be exercised. Measuring the evolution of 

magnetic behaviour enables the inclusion of the properties over the whole material thickness 

and can add further aspects besides the consideration of the surface behaviour only. Further-

more, the proposed method has to be applied on further materials, e.g. aluminium or plastics. 

Besides the extension on further material groups and materials, the DIC-based method could 

also be adopted to cyclic tests. The observed onset of plastic instability for quasi-static tests 

arises beyond force-maximum, whereas cyclic tests examine the maximum load cycle by de-

creasing force-levels. It is also observed further that load histories with high loadings for only a 

few load cycles reduce the number of stress cycles with decreased loading. This observation 

could be connected to the shift of the onset of plastic instability beyond force maximum at quasi-

static tests. 

In addition to the previous, the material behaviour could be investigated with representative vol-

ume elements (RVE) which represent the contrast to the executed continuums-mechanics in 

this work. Utilising RVEs enables the investigation of material behaviour for various stress and 

strain states, which cannot be depicted by specimens. 
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10 Appendix 

10.1 Additional Experimental Results of MS1500 

 

Figure 10-1:  Force-Displacement curves of MS1500 with and without bake-hardening condi-

tion 

a)           A50 specimens a)           NR80 specimens c)           NR05 specimens 

   

 

Figure 10-2:  Post-UTS-behaviour obtained from MS1500 1.0 mm obtained of a) A50, b) NR80 

and c) NR05 specimens, represented as force- and displacement difference re-

lated to UTS 
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Stage a) 0° direction b) 45° direction c) 90° direction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10-3:  ODFs of the investigated specimens of MS1500 in 0°, 45° and 90°at four differ-

ent strain stages 

  

Figure 10-4:  a) SEM surface measurement of MS1500, etched with Nital 2 % for 8 seconds, 

revealing direction independent martensite needles, b) MS1500 surface, etched 

with Klemm I resulting in blue martensite needles of various orientations and 

white cementite dispersions 
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10.2 Microstructural Investigations 

 

Figure 10-5:  Numerical simulation (0.5 mm x 0.5 mm x 0.075 mm solid elements) results of 

A50 specimens in three sheet thicknesses with the same material model, pre-

sented as cut through the specimen; a) Lode Angle Parameter, b) stress triaxial-

ity 

 

Figure 10-6:  Thickness dependency of failure surface orientation (dashed line) of numerical 

simulations with 0.5 mm x 0.5 mm x 0.075 mm solid elements 
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Figure 10-7:  a) Microstructure of CR340LA (1.1 mm) with ferrite matrix and cementite disper-

sions; b) CR340LA microstructure, etched with Klemm I leading to blue and 

brown coloured ferrite grains (depending on their orientation) and cementite dis-

persions in white 

   

Figure 10-8:  Microstructure of CR340LA in the sheet thicknesses of a) 0.6 mm, b) 1.1 mm 

and c) 1.8 mm 

 

Figure 10-9:  Experimental results of upper and lower yield strength, depending on the grain 

size, obtained from[Fuj78] with additional exponential extrapolation functional to 

estimate both yield strengths for grain sizes of 6 µm and 9 µm 
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 CR340LA PB 1.1 mm MS1500 PB 1.0 mm 

0° 

  

45° 

  

90° 

  

Figure 10-10:  SEM-images at the centre of the fracture surfaces of CR340LA 1.1 mm PB and 

MS1500 PB 1.0 mm in 0°, 45° and 90° to RD at a magnification of 1000 

  



126  10 – Appendix 

Stage 

    

0° 

    

45° 

    

90° 

    

 

 

Figure 10-11:  Orientation dependent coloured microstructure, obtained from EBSD-

measurements of standard tensile specimens in 0°, 45° and 90°  
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Figure 10-12:  Grain boundary evolution, obtained at different strain stages for A50 specimens 

in 0°, 45° and 90° 
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10.3 Additional Measurements to Determine the Plastic Instability Point 
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Figure 10-14: SEM-picture at local equivalent true strains of 0.17, picturing first micro-cracks 

within the grains  

 

Figure 10-15: SEM-picture at local equivalent true strains of 0.21, micro-cracks near pearlite at 

a grain boundary (white)  
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Determined Instability Points of CR340LA 

 

Figure 10-16:  Opposition of the determined plastic instability strains for the three thicknesses of 

CR340LA  

 

Figure 10-17: Force-displacement behaviour of standard tensile specimens of CR340LA 

(1.1 mm), aligned in 0°, 45° and 90° to RD with marked force-maxima (coloured 

diamonds) and marked determined instability points (coloured dots) 

 

 

0,00 

0,05 

0,10 

0,15 

0,20 

0,25 

0,30 

0,35 

0,40 

0,33 0,42 0,50 0,58 0,67 

E
q.

 S
tr

ai
n 

[lo
g.

] 

Stress Triaxiality [-] 

  0° - 0.6mm 

  0° - 1.1mm 

  0° - 1.8mm 

0,00 

0,05 

0,10 

0,15 

0,20 

0,25 

0,30 

0,35 

0,40 

0,33 0,42 0,50 0,58 0,67 

Eq
. S

tr
ai

n
 [

lo
g.

] 

Stress Triaxiality [-] 

45° - 0.6mm 
45° - 1.1mm 
45° - 1.8mm 

0,00 

0,05 

0,10 

0,15 

0,20 

0,25 

0,30 

0,35 

0,40 

0,33 0,42 0,50 0,58 0,67 

Eq
. S

tr
ai

n
 [

lo
g.

] 

Stress Triaxiality [-] 

90° - 0.6mm 
90° - 1.1mm 
90° - 1.8mm 

0,0 

0,5 

1,0 

1,5 

2,0 

2,5 

3,0 

3,5 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

F
o

rc
e 

[k
N

] 

Displacement [mm] 

Force - Displacement - Diagram 
A50-CR340LA 0.6mm BH0 

0° 

45° 

90° 

a)         b)            c) 



10 – Appendix   131 

 

Standard tensile specimen in 0° to RD 

a)                              UTS b)            Plastic instability point 

  

Figure 10-18:  Local strain fields of CR340LA (1.1 mm) obtained from standard tensile speci-

men aligned in 0° to RD at a): UTS and b) determined plastic instability point 

 

Figure 10-19  Force-displacement behaviour of NR80 specimens of CR340LA (1.1 mm), 

aligned in 0°, 45° and 90° to RD with marked force-maxima (coloured diamonds) 

and marked determined instability points (coloured dots) 
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Specimen with notch radius of 80 mm in 0° to RD 

a)               Force maximum b)          Plastic instability point 

  

Figure 10-20:  Local strain fields of CR340LA (1.1 mm) obtained from a NR80 specimen aligned 

in 0° to RD at a): UTS and b) determined plastic instability point 

 

Figure 10-21:   a) Force-displacement behaviour of NR05 specimens of CR340LA (0.6 mm), 

aligned in 0°, 45° and 90° to RD with coinciding marked force-maxima (coloured 

diamonds) and marked determined instability points (coloured dots), b) local 

strain field of NR05 specimen in 0° to RD at force maximum 
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Figure 10-22: Force-displacement behaviour of standard tensile specimens of CR340LA, 

aligned in 0°, 45° and 90° to RD with marked force-maxima (coloured diamonds) 

and marked determined instability points (coloured dots) 

Standard tensile specimen in 0° to RD 

a)                              UTS b)            Plastic instability point 

  

Figure 10-23:  Local strain fields of CR340LA obtained from standard tensile specimen aligned 

in 0° to RD at a): UTS and b) determined plastic instability point 
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Figure 10-24  Force-displacement behaviour of NR80 specimens of CR340LA, aligned in 0°, 

45° and 90° to RD with marked force-maxima (coloured diamonds) and marked 

determined instability points (coloured dots) 

Specimen with notch radius of 80 mm in 0° to RD 

a)               Force maximum b)          Plastic instability point 

  

Figure 10-25:   Local strain fields of CR340LA obtained from a NR80 specimen aligned 

in 0° to RD at a): UTS and b) determined plastic instability point 
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Figure 10-26: a) Force-displacement behaviour of NR05 specimens of CR340LA, aligned in 0°, 

45° and 90° to RD with coinciding marked force-maxima (coloured diamonds) 

and marked determined instability points (coloured dots), b) local strain field of 

NR05 specimen in 0° to RD at force maximum 

 

Figure 10-27: Force-displacement behaviour of standard tensile specimens of CR340LA, 

aligned in 0°, 45° and 90° to RD with marked force-maxima (coloured diamonds) 

and marked determined instability points (coloured dots) 
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Standard tensile specimen in 0° to RD 

a)                              UTS b)            Plastic instability point 

  

Figure 10-28:  Local strain fields of CR340LA obtained from standard tensile specimen aligned 

in 0° to RD at a): UTS and b) determined plastic instability point 

 

Figure 10-29:  Force-displacement behaviour of NR80 specimens of CR340LA, aligned in 0°, 

45° and 90° to RD with marked force-maxima (coloured diamonds) and marked 

determined instability points (coloured dots) 
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Specimen with notch radius of 80 mm in 0° to RD 

a)               Force maximum b)          Plastic instability point 

  

Figure 10-30:   Local strain fields of CR340LA obtained from a NR80 specimen aligned 

in 0° to RD at a): UTS and b) determined plastic instability point 

 

Figure 10-31: a) Force-displacement behaviour of NR05 specimens of CR340LA, aligned in 0°, 

45° and 90° to RD with coinciding marked force-maxima (coloured diamonds) 

and marked determined instability points (coloured dots), b) local strain field of 

NR05 specimen in 0° to RD at force maximum  
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10.4 Weighting of non-proportional load paths 

The modified Lankford-Coefficient according formula (5-1) of the two stress states 0 and 1. 

Stress state 0 exhibits the strains      and     , whereas stress state 1 is defined by      

(10-1) and      (10-2). 

                                    (10-1) 

                                     (10-2) 

The accumulated strains of both stress states follows by the formula (10-3) and (10-4). 

                               (10-3) 

                               (10-4) 

  

Figure 10-32:  Visualisation of the weighting of two stress states 

For weighting purpose the average modified Lankford-Coefficient       
  is defined by (10-5): 
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Simplifying formula (10-5) leads to: 
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Assuming        , formula (10-6) simplifies to: 
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For   discrete stress states, the weighting follows by formula (10-8), based on formula (10-7): 
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The weighting of the   -value is identically to the presented calculation of    
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10.5 Characterised Material Models 

10.5.1 Characterisation of CR340LA in 0.6 mm Sheet Thickness 

 

Parameter Value 

a 0.9161 

c 1.0840 

h 0.9999 

p 0.9878 

m 4 
 

Figure 10-33:  Defined yield surface within a) the    -   -plane and b) within the    -  -plane 

as well as the applied parameters of the Barlat’89 yield surface of the CR340LA 

with a sheet thickness of 0.6 mm 

 

Figure 10-34:   Characterised flow curves in 0°, 45° and 90° to RD of the investigated 

CR340LA with a sheet thickness of 0.6 mm 
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Figure 10-35: Characterised plastic instability as well as failure strain curves in 0°, 45° and 90° 

to RD of the CR340LA in 0.6 mm sheet thickness 

Table 10-1: Applied Damage and Fading Exponents of the CR340LA in 0.6 mm thickness 

Exponent 0° 45° 90° 

Damage exponent 1.0 1.0 1.0 

Fading exponent 6.9 7.1 7.0 

10.5.2 Characterisation of CR340LA in 1.1 mm Sheet Thickness 

 

Parameter Value 

a 0.9468 

c 1.0533 

h 0.9999 

p 0.9878 

m 4 
 

Figure 10-36:  Defined yield surface within a) the    -   -plane and b) within the    -  -plane 

as well as the applied parameters of the Barlat’89 yield surface of the CR340LA 

with a sheet thickness of 1.1 mm 
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Figure 10-37:   Characterised flow curves in 0°, 45° and 90° to RD of the investigated 

CR340LA with a sheet thickness of 1.1 mm 

 

Figure 10-38: Characterised plastic instability as well as failure strain curves in 0°, 45° and 90° 

to RD of the CR340LA in 1.1 mm sheet thickness 

 

0,0 

0,2 

0,4 

0,6 

0,8 

1,0 

1,2 

0,00 0,25 0,50 0,75 1,00 1,25 1,50 

S
tr

es
s 

[G
P

a]
  

Plastic Strain [log.] 

Flow-curves in 0°, 45° and 90° 
CR340LA in 1.1mm 

Flow-curve 0° 

Flow-curve 45° 

Flow-curve 90° 

0,0 

0,5 

1,0 

1,5 

2,0 

2,5 

3,0 

3,5 

4,0 

-0,7 -0,6 -0,5 -0,4 -0,3 -0,2 -0,1 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 

P
la

st
ic

 In
st

ab
ili

ty
 a

n
d

 F
ai

lu
re

 S
tr

ai
n

 [
lo

g
.]

 

Stress Triaxiality [-] 

Plastic Instability and Failure Strains 
CR340LA in 1.1mm 

Plastic Instability Strain 0° 

Failure Strain 0° 

Plastic Instbaility Strain 45° 

Failure Strain 45° 

Plastic Instability Strain 90° 

Failure Strain 90° 



142  10 – Appendix 

Table 10-2: Applied Damage and Fading Exponents of the CR340LA in 1.1 mm thickness 

Exponent 0° 45° 90° 

Damage exponent 1.0 1.0 1.0 

Fading exponent 6.9 7.1 7.0 

10.5.3 Characterisation of CR340LA in 1.8 mm Sheet Thickness 

 

Parameter Value 

a 0.7781 

c 1.2222 

h 0.9999 

p 0.9878 

m 4 
 

Figure 10-39:  Defined yield surface within a) the    -   -plane and b) within the    -  -plane 

as well as the applied parameters of the Barlat’89 yield surface of the CR340LA 

with a sheet thickness of 1.8 mm 

 

Figure 10-40:  Characterised flow curves in 0°, 45° and 90° to RD of the investigated 

CR340LA with a sheet thickness of 1.8 mm 
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Figure 10-41:  Characterised plastic instability as well as failure strain curves in 0°, 45° and 90° 

to RD of the CR340LA in 1.8 mm sheet thickness 

Table 10-3: Applied Damage and Fading Exponents of the CR340LA in 1.8 mm thickness 

Exponent 0° 45° 90° 

Damage exponent 1.0 1.0 1.0 

Fading exponent 6.9 7.1 7.0 

10.5.4 Characterisation of MS1500 in 1.0 mm Sheet Thickness 

 

Parameter Value 

a 1.0001 

c 1.0000 

h 1.0149 

p 0.9978 

m 6 
 

Figure 10-42:  Defined yield surface within a) the    -   -plane and b) within the    -  -plane 

as well as the applied parameters of the Barlat’89 yield surface of the MS1500 

with a sheet thickness of 1.0 mm 
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Figure 10-43:  Characterised flow curves in 0°, 45° and 90° to RD of the investigated 

MS1500 with a sheet thickness of 1.0 mm 

 

Figure 10-44: Characterised plastic instability as well as failure strain curves in 0°, 45° and 90° 

to RD of the CR340LA in 1.0 mm sheet thickness 
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Table 10-4: Applied Damage and Fading Exponents of the MS1500 in 1.0 mm thickness 

Exponent 0° 45° 90° 

Damage exponent 1.0 1.0 1.0 

Fading exponent 3.3 3.3 3.3 

10.6 Simulation Results CR340LA in 0.6 mm Sheet Thickness 

10.6.1 CR340LA 0.6 mm: Force-Displacement & Local Strains 

a)               A50 in 0° to RD b)            A50 in 45° to RD c)            A50 in 90° to RD 

   

Figure 10-45:  Comparison of experimental with numerical determined force-displacement be-

haviour of standard tensile tests of CR340LA with a sheet thickness of 0.6 mm in 

a) 0°, b) 45° and c) 90° to RD 

a)               A50 in 0° to RD b)            A50 in 45° to RD c)            A50 in 90° to RD 

   

Figure 10-46:  Comparison of experimental with numerical determined local strain behaviour of 

standard tensile specimens of CR340LA with a sheet thickness of 0.6 mm in a) 

0°, b) 45° and c) 90° to RD 
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a)             NR80 in 0° to RD b)           NR80 in 45° to RD c)           NR80 in 90° to RD 

   

Figure 10-47:  Comparison of experimental with numerical determined force-displacement be-

haviour of NR80 specimens of CR340LA with a sheet thickness of 0.6 mm in a) 

0°, b) 45° and c) 90° to RD 

a)             NR80 in 0° to RD b)           NR80 in 45° to RD c)           NR80 in 90° to RD 

   

Figure 10-48:  Comparison of experimental with numerical determined local strain behaviour of 

NR80 specimens of CR340LA with a sheet thickness of 0.6 mm in a) 0°, b) 45° 

and c) 90° to RD 

a)             NR05 in 0° to RD b)           NR05 in 45° to RD c)           NR05 in 90° to RD 

   

Figure 10-49:  Comparison of experimental with numerical determined force-displacement be-

haviour of NR80 specimens of CR340LA with a sheet thickness of 0.6 mm in a) 

0°, b) 45° and c) 90° to RD 
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a)             NR05 in 0° to RD b)           NR05 in 45° to RD c)           NR05 in 90° to RD 

   

Figure 10-50:  Comparison of experimental with numerical determined local strain behaviour of 

NR05 specimens of CR340LA with a sheet thickness of 0.6 mm in a) 0°, b) 45° 

and c) 90° to RD 

a)           Bulge b)      Profile eq. strain c)        Dome-profile 

   

Figure 10-51:  Comparison of experimental with numerical determined behaviour of CR340LA 

with a sheet thickness of 0.6 mm under biaxial loading, a) pressure-

displacements at the dome, b) local strain profile, c) dome-displacement profile 
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10.6.2 CR340LA 0.6 mm: Validation 

A50 specimens 

a)                           22.5° to RD b)                            67.5° to RD 

    

Figure 10-52:  Validation of material model for CR340LA PB 0.6 mm at A50 specimens in 22.5° 

(a), left: force-displacements, right: local strain field) and 67.5° (b), left: force-

displacements, right: local strain field) 

NR80 specimens 

a)                           22.5° to RD b)                            67.5° to RD 

    

Figure 10-53:  Validation of material model for CR340LA PB 0.6 mm at NR80 specimens in 

22.5° (a), left: force-displacements, right: local strain field) and 67.5° (b), left: 

force-displacements, right: local strain field) 

NR05 specimens 

a)                           22.5° to RD b)                            67.5° to RD 

    

Figure 10-54:  Validation of material model for CR340LA PB 0.6 mm at NR05 specimens in 

22.5° (a), left: force-displacements, right: local strain field) and 67.5° (b), left: 

force-displacements, right: local strain field) 
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10.7 Simulation Results CR340LA in 1.8 mm Sheet Thickness 

10.7.1 CR340LA 1.8 mm: Force-Displacement & Local Strains 

a)              A50 in 0° to RD b)           A50 in 45° to RD c)           A50 in 90° to RD 

   

Figure 10-55:  Comparison of experimental with numerical determined force-displacement be-

haviour of standard tensile tests of CR340LA with a sheet thickness of 1.8 mm in 

a) 0°, b) 45° and c) 90° to RD 

a)               A50 in 0° to RD b)            A50 in 45° to RD c)            A50 in 90° to RD 

   

Figure 10-56:  Comparison of experimental data and numerical simulation results in a) 0°, b) 

45° and c) 90° to RD of standard tensile specimens of CR340LA in 1.8 mm 

sheet thickness. The upper picture shows the force displacement data, the lower 

the local strain profile just before fracture 
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a)             NR80 in 0° to RD b)           NR80 in 45° to RD c)           NR80 in 90° to RD 

   

Figure 10-57:  Comparison of experimental with numerical determined force-displacement be-

haviour of NR80 specimens of CR340LA with a sheet thickness of 1.8 mm in a) 

0°, b) 45° and c) 90° to RD 

a)             NR80 in 0° to RD b)           NR80 in 45° to RD c)           NR80 in 90° to RD 

   

Figure 10-58:  Comparison of experimental data and numerical simulation results in a) 0°, b) 

45° and c) 90° to RD of NR80 specimens of CR340LA in 1.8 mm sheet thick-

ness. The upper picture shows the force displacement data, the lower the local 

strain profile just before fracture 

a)             NR05 in 0° to RD b)           NR05 in 45° to RD c)           NR05 in 90° to RD 

   

Figure 10-59:  Comparison of experimental with numerical determined force-displacement be-

haviour of NR05 specimens of CR340LA with a sheet thickness of 1.8 mm in a) 

0°, b) 45° and c) 90° to RD   
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a)             NR05 in 0° to RD b)           NR05 in 45° to RD c)           NR05 in 90° to RD 

   

Figure 10-60:  Comparison of experimental data and numerical simulation results in a) 0°, b) 

45° and c) 90° to RD of NR05 specimens of CR340LA in 1.8 mm sheet thick-

ness. The upper picture shows the force displacement data, the lower the local 

strain profile just before fracture 

a)          voest in 0° to RD b)         voest in 45° to RD c)         voest in 90° to RD 

   

Figure 10-61:   Comparison of experimental with numerical determined force-displacement be-

haviour of voest-shear specimens of CR340LA with a sheet thickness of 1.8 mm 

in a) 0°, b) 45° and c) 90° 

a)          Shear in 0° to RD b)         Shear in 45° to RD c)         Shear in 90° to RD 

   
Figure 10-62:  Comparison of experimental with numerical determined force-displacement be-

haviour of voest-shear specimens of CR340LA with a sheet thickness of 1.8 mm 

in a) 0°, b) 45° and c) 90° to RD   
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a)           Bulge b)      Profile eq. strain c)        Dome-profile 

   

Figure 10-63:  Comparison of experimental with numerical determined behaviour of CR340LA 

with a sheet thickness of 1.8 mm under biaxial loading, a) pressure-

displacements at the dome, b) local strain profile, c) dome-displacement profile 

 

Figure 10-64: Opposition of surface equivalent strain fields, obtained from Bulge-tests at 

CR340LA with a sheet thickness of 1.8 mm 
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10.7.2 CR340LA 1.8 mm: Validation 

A50 specimens 

a)                           22.5° to RD b)                            67.5° to RD 

    

Figure 10-65:  Validation of material model for CR340LA PB 1.8 mm at A50 specimens in 22.5° 

(a), left: force-displacements, right: local strain field) and 67.5° (b), left: force-

displacements, right: local strain field) 

NR80 specimens 

a)                           22.5° to RD b)                            67.5° to RD 

    

Figure 10-66:  Validation of material model for CR340LA PB 1.8 mm at NR80 specimens in a) 

22.5° to RD, left: force-displacements, right: local strain field) and b) 67.5° to RD, 

left: force-displacements, right: local strain field) 
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NR05 specimens 

a)                           22.5° to RD b)                            67.5° to RD 

    

Figure 10-67:  Validation of material model for CR340LA PB 1.8 mm at NR05 specimens in 

22.5° (a), left: force-displacements, right: local strain field) and 67.5° (b), left: 

force-displacements, right: local strain field) 

10.8 Virtual Component-Test Geometries 

10.8.1 Geometry of Hole Expansion Test 

 

 

Figure 10-68: Utilised specimen geometry of virtual hole-expansion test 

 

 

Figure 10-69: Utilised punch of virtual hole-expansion test  
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10.8.2 Geometry of Compression Test 

  

Figure 10-70: Utilised double-hat profile
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