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Summary 

When developing an electric vehicle, it is essential to evaluate the deformation in and 
around the battery box for different crash scenarios, and it is necessary to develop a more 
advanced model that would take into account all the stress modes. Thanks to the excellent 
properties of Advanced High Strength Steel (AHSS) combine with high strength for more 
safety and weight reduction for less exhaust emission, AHSS is more and more commonly 
used in automobile industry. The material employed in this project is DOCOL 900M and it 
is a martensitic steel with yield strength higher than 700MPa.  

The focus of the current work is to describe the experimental setup for the GISSMO 
model used in LS-DYNA. A number of experimental methods and theories have been 
reviewed. Different geometries of the test specimens under different stress triaxialities have 
been discussed. The study also compares the accuracy and robustness of each of the testing 
methods and setups. The effect of anisotropy of materials on the mechanical properties was 
studied. Some summaries about how to reduce errors in the experiment under the conditions 
of low costing and high efficiency have been discussed. 

According to the stress-strain response of ductile materials, the parameters of plasticity 
model can be calibrated. The material can be implemented in finite element software to 
calibrate the parameters of damage and the prediction of material failure can be achieved. 
The experiment and simulation are always good to be used together in the research. 
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Symbols and glossary 

Symbols 
 
σ𝑒𝑒                    engineering stress 
ε𝑒𝑒                     engineering strain 
F                      loaded 
A0                    initial cross-section area 
A                     current area 
L                      current length 
L0                     initial length (gauge length) 
𝜎𝜎𝑡𝑡                     true stress 
𝜀𝜀𝑡𝑡                     true strain 
𝜀𝜀𝑒𝑒,𝑒𝑒𝑒𝑒𝑒𝑒    elastic engineering strain 
𝜀𝜀𝑝𝑝,𝑒𝑒𝑒𝑒𝑒𝑒              plastic engineering strain 
𝜀𝜀𝑡𝑡,𝑒𝑒𝑒𝑒𝑒𝑒               total engineering 
𝜎𝜎𝑒𝑒𝑒𝑒                   stress in elastic phase 
𝜎𝜎𝑌𝑌                   virgin yield 
𝜎𝜎𝑦𝑦                   flow yield stress 
η                     stress triaxiality 
𝜎𝜎𝑚𝑚                mean stress 
𝜎𝜎𝑣𝑣                   equivalent stress or Von. Mises stress 
∆D                  damage of deformation 
𝜀𝜀𝑣𝑣                   equivalent plastic strain 
𝜏𝜏𝑥𝑥𝑦𝑦                 shearing stress 
G                   modulus of rigidity 
w0                               width between two notches in V-notched specimen 
t                     thickness of specimen 
R               radium of punch 
𝜎𝜎𝑏𝑏                  biaxial stress 
𝜀𝜀𝑦𝑦                  transverse strain  
𝜀𝜀𝑧𝑧                  normal strain 
θ                   angle of orientation respect to rolling direction 
 
Glossary 
NEVS           National Electrical Vehicles Sweden  
AHSS           Advanced High Strength Steel  
GISSMO      General Incremental Stress-State dependent damage Model 
RD               Rolling Direction 
TD               Transverse Direction  
ND              Normal Direction 
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1 Introduction 

This thesis was carried out at National Electrical Vehicles Sweden (NEVS) as a master 
degree project of the University West. The work was started from March and completed in 
June 2017. The aim of this thesis is to collect a number of good methods to implement 
physical tests for obtaining reliable results of plastic-strain and stress triaxiality, and then a 
more suitable material failure model for high strength steel in crash simulations will be 
achieved in future work, this will provide more accurate theoretical basis to predict 
crashworthiness for advanced high strength steel.  

1.1 Presentation of NEVS  
NEVS is an automobile manufacturer which focus on developing electric vehicles and 

smart mobility services. Headquarter of NEVS is located in Trollhättan, Sweden, where this 
thesis achieved at. New energy vehicle factory and R&D joint venture of NEVS is sited in 
Tianjin, China, where the future generations of NEVS cars will be manufactured in, and will 
also manufacture products as subcontractor for other companies. 

NEVS is owned by Chinese shareholders and it acquired the assets of SAAB Automobile 
AB in August, 2012. SAAB Automobile used to be a developed car manufacturer with well-
established manufacturing technology and production line, it had rich experience in 
automobile processing and making. Based on the particularly exceptional conditions from 
SAAB Automobile, NEVS is finding further solutions for sustainable future development. 

1.2 Problem description    
Currently Advanced High Strength Steel (AHSS) is widely used in vehicles for reducing 

the weight of car and helps to improve crashworthiness. The material applied in this project 
work is Docol 900M and it will be used in and around the battery box in electrical vehicles.  

The automobile safety is not only depends on safety components but also subject to 
deformation behaviour, that means the necking and fracture behaviour is essential to be 
controlled and crashworthiness is necessary to be accurately predicted [1]. 

In order to define the curves when necking and fracture occurs, and develop a more 
accurate failure model in different crash status for this material, varieties of stress states 
should be considered into plotting triaxiality curves. The failure model in different criterions 
will be a base for further investigations and implementation in CAE environment or other 
research of crash.  

1.3 Previous work 
GISSMO (General Incremental Stress-State dependent Damage Model) is a material 

model which is based on experiments, this failure model only depends on similar load cases 
instead of micro-mechanism such as cracks and voids. As earlier studies described, 
crashworthiness models often based on V. Mises yield criteria or Gurson criteria and are 
usually anisotropic, however, forming simulation usually based on Hill and Barlat criteria [1]. 
Therefore, it is necessary to develop GISSMO, a damage model which combine failure 
behaviour in crash condition with the mapping of forming and crash [2]. 
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LS-DYNA is a finite element simulation used to analyse and solve complex problems in 
material deformations, and the material models in LS-DYNA are based on different criteria. 
A suitable GISSMO will improve the accuracy in crash simulation and then reduce the 
experiments work. 

The plastic strain various with different stress, therefore they are not enough to predict 
the failure in damage model only in tension state when necking happens. Regarding to Docol 
900M, it is still a gap referred to GISSMO criteria, so it will be a challenge to fit the simulation 
parameters to experimental data.        

1.4 Purpose and Goal 
In this thesis, General Incremental Stress-State dependent Damage Model (GISSMO) is used 
as the criteria to predict plastic behaviour of necking and fracture. In order to find out the 
behaviour curves during the whole material deformation in GISSMO, the following tasks 
should be achieved: 

• Review papers about physical test methods of tensile test and compare the 
advantages and disadvantages to getting good results; 

• Sort out optimal geometries of specimens and corresponding proper test methods; 
• Discuss the possible factors that effect on plastic strain - stress triaxiality. 

After the experiments, the numerical optimization can be taken to calibration the constant 
in damage model by using the data from tests, and the suitable model matches experiment 
can be gained for predicting failure and damage in a variety of stress states. 
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2 Plasticity and failure 

Basic plasticity properties and failure features is discussed in this Chapter.  

2.1 Stress-Strain Curve  

2.1.1 Stress strain measurements 
In order to understand mechanical properties especially crashworthiness of material, 
standard tensile test can be carried out to get the engineering stress-strain curves. The 
standard tensile test can be used to determine important mechanical parameters, for instance 
yield strength, Young’s modulus, ultimate strength, Poisson’s ratio and r-values. Engineering 
strain is the ratio of displacement to initial dimension of the gage length. The geometry of 
specimen is showed in Fig.1.  

 
Figure 1 Geometry of standard tensile test specimen. [3] 

The engineering stress σ𝑒𝑒 and engineering strain ε𝑒𝑒 is defined as Eq (2.1) and Eq (2.2). 

𝜎𝜎𝑒𝑒 = 𝐹𝐹
𝐴𝐴0

                                                          (2.1) 

𝜀𝜀𝑒𝑒 = 𝑒𝑒−𝑒𝑒0
𝑒𝑒0

                                                        (2.2) 

where F is the loaded force and A0 is the initial cross-section area, L is the current length 
after failure and 𝐿𝐿0 is the initial length of specimen. Assume A0 remain constant during the 
whole test, the engineering stress increased with the engineering strain increasing until 
necking. 

The true stress 𝜎𝜎𝑡𝑡  is the measured force divided by actual cross-section area, it is 
proportional to force F and inverse to the instant area A of cross-section loaded on the 
specimen, A will decrease largely during necking, therefore the true stress will represent 
higher than engineering stress after necking due to the change of cross-section. True strain 
𝜀𝜀𝑡𝑡  is an integral of incremental strain, it provides an exact measure of final strain when 
deformation occur, the formulas of true stress 𝜎𝜎𝑡𝑡 and true strain 𝜀𝜀𝑡𝑡 are given by Eq (2.3) and 
Eq(2.4):  

𝜎𝜎𝑡𝑡 = 𝐹𝐹
𝐴𝐴

                                                                     (2.3) 
𝜀𝜀𝑡𝑡 = ∫ 𝑑𝑑𝑒𝑒

𝑒𝑒0
= 𝑙𝑙𝑙𝑙 𝑒𝑒

𝑒𝑒0
= 𝑙𝑙𝑙𝑙 (1 + 𝜀𝜀𝑒𝑒)𝑒𝑒

𝑒𝑒0
                        (2.4) 

The engineering stress-strain curves and true stress-strain curve can be measured in the 
experiments. The shape of the curve are showed in Fig.2, which provides a good 
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approximation for most ductile materials, the stress strain curve records the amount of 
deformation at distinct intervals of loading, it expresses many mechanical properties of 
material. 

 
Figure 2 Engineering stress-strain curve for ductile steel [4] 

2.1.2 Characteristics of the stress strain curve 
Elastic region. As noted in Fig.2, the material behaves linear at the beginning of 
deformation, the elastic region is showed under straight line and the highest point on this 
linear relationship is called proportional limit. A slightly increase than proportional limit is 
the point elastic limit. The deformation can be recovered with elastic region. In elastic region, 
the relationship of stress and strain is considered to be Hooke’s law expressed in Eq (2.5), 
where 𝜀𝜀𝑒𝑒,𝑒𝑒𝑒𝑒𝑒𝑒 is elastic engineering strain, and 𝜎𝜎𝑒𝑒𝑒𝑒 is stress in elastic phase. E is modulus of 
elasticity: 

𝜎𝜎𝑒𝑒𝑒𝑒 = 𝐸𝐸 ∙ 𝜀𝜀𝑒𝑒,𝑒𝑒𝑒𝑒𝑒𝑒                                                       (2.5) 
Yielding. If the stress slightly exceeds the elastic limit, the material start to deform 
irreversibly. The strain will continually increase without any increase in stress, which called 
yield stage. 
Strain hardening. After yield, stress increases rapidly as the material strengthens during the 
plastic deformation, it is a permanent deformation in shape as the consequence of dislocation 
movement and interactions. The phenomenon of stress rising is called strain hardening or 
work hardening and the highest point named ultimate stress. 
Necking. When strain continually increase longer after strain hardening, necking will occur 
which indicate that the cross-section of specimen will decrease. At the end of necking, the 
specimen will fracture. 
The plastic strain 𝜀𝜀𝑝𝑝,𝑒𝑒𝑒𝑒𝑒𝑒  can be calculated by Eq (2.6), where 𝜀𝜀𝑡𝑡,𝑒𝑒𝑒𝑒𝑒𝑒  is total engineering 
strain. 

𝜀𝜀𝑝𝑝,𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜀𝜀𝑡𝑡,𝑒𝑒𝑒𝑒𝑒𝑒 − 𝜀𝜀𝑒𝑒,𝑒𝑒𝑒𝑒𝑒𝑒                                           (2.6) 
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Here the true stress and strain can then be calculated by Eq (2.7) and Eq (2.8):  

𝜎𝜎𝑡𝑡 = 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒(1 + 𝜀𝜀𝑝𝑝,𝑒𝑒𝑒𝑒𝑒𝑒)                                            (2.7) 
𝜀𝜀𝑡𝑡 = 𝑙𝑙𝑙𝑙 (1 + 𝜀𝜀𝑝𝑝,𝑒𝑒𝑒𝑒𝑒𝑒)                                                (2.8) 

2.1.3 Johnson-Cook plasticity model 
The Johnson–Cook model is a pure empirical model for flow yield stress 𝜎𝜎𝑦𝑦, the formula is 
expressed in Eq(2.9): 

𝜎𝜎𝑦𝑦(𝜀𝜀𝑝𝑝, 𝜀𝜀�̇�𝑝,𝑇𝑇) = [𝜎𝜎𝑌𝑌 + 𝑘𝑘(𝜀𝜀𝑃𝑃)𝑒𝑒]�1 + 𝐶𝐶 ∙ 𝑙𝑙𝑙𝑙�𝜀𝜀�̇�𝑝∗� �[1 − (𝑇𝑇∗)𝑚𝑚]       (2. 9) 
In Johnson-Cook plasticity model, the stress-strain behaviour of material in plastic region 
mainly affected by three parameters: plastic strain ε𝑝𝑝, strain rate ε̇ and temperature T. The 
phenomenon of work hardening is formulated as Eq (2.10): 

𝜎𝜎𝑦𝑦 ∝ 𝜎𝜎𝑌𝑌 + 𝑘𝑘𝜀𝜀𝑝𝑝𝑒𝑒                                                                                   (2.10) 

where 𝜎𝜎𝑌𝑌 is virgin yield, and k is a constant known as coefficient of work hardening. The 
coefficient n is work hardening’s power, a high n value imply to good deformability. The 
strain rate dependency is expressed in Eq(2.11): 

𝜎𝜎𝑦𝑦 ∝ 1 + 𝐶𝐶 ∙ 𝑙𝑙𝑙𝑙 (𝜀𝜀�̇�𝑝∗)                                                                         (2.11) 

where 𝜀𝜀�̇�𝑝∗  is given by  
𝜀𝜀�̇�𝑝
𝜀𝜀𝑝𝑝0̇

, which used to make 𝜀𝜀�̇�𝑝  as a non-dimensional variable. The 

environment temperature T is also a factor effected on stress, the formula is as followed in 
Eq (2.12): 

𝜎𝜎𝑦𝑦 ∝ [1 − (𝑇𝑇∗)𝑚𝑚]                                                                             (2.12) 

where 𝑇𝑇∗ is expressed as  𝑇𝑇−𝑇𝑇𝑟𝑟
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑟𝑟

 , 𝑇𝑇𝑟𝑟  is the reference temperature, 𝑇𝑇𝑚𝑚𝑒𝑒𝑒𝑒𝑡𝑡  is the melting 
temperature of material. However the factor of temperature is ignored in this thesis [5].  

2.2 GISSMO  model 
GISSMO is a phenomenological damage mechanics model. In present work, the instable 
condition and failure behaviour after necking is of interest to develop. 

2.2.1 Plastic strain–stress triaxiality response 
In normal process, only tensile test under constant stress state is conducted and the 

material models are calibrated correspondingly in crashworthiness simulations when using 
V. Mises yield criteria, Gurson criteria or Tvergaard & Needleman approach based on the 
isotropic description. However, it is not sufficient for anisotropic materials since material 
behaves differently in different directions [2].  

For the purpose of obtaining the plastic deformation features of necking and fracture, a 
curve response to the functional relationship between stress triaxiality and equivalent plastic 
strain at failure is needed since the stress state is not constant during the plastic deformation.  

The stress case is generally assumed to be plane stress with two dimension constitutive 
model when it comes to sheet metal problems, which means only 𝜎𝜎1 and 𝜎𝜎2 is considered 
and the stress 𝜎𝜎3 is assumed to be 0. The different stress state is represented by triaxiality 
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which is the ratio of mean stress and von. Mises stress, the formulas of mean stress, von. 
Mises stress and stress triaxiality are defined in Eq(2.13): 

𝜂𝜂 = 𝜎𝜎𝑚𝑚
𝜎𝜎𝑣𝑣

      (2.13) 

where 𝜎𝜎𝑚𝑚 implies Mean stress, see Eq(2.14), and  𝜎𝜎𝑣𝑣 is the equivalent stress or Von Mises 
stress, see Eq(2.15): 

𝜎𝜎𝑚𝑚 = 𝜎𝜎1+𝜎𝜎2
3

                 (2.14) 
 

𝜎𝜎𝑣𝑣 = �𝜎𝜎12 + 𝜎𝜎22 − 𝜎𝜎1𝜎𝜎2   (2.15) 

2.2.2 Damage model 
The stress triaxiality of each geometry is a fixed value. Failure strain can be received from 

experiment and the triaxiality dependent failure strain 𝜀𝜀𝑓𝑓(η) curve can be created according 
to the results. The main aim of the experiment that gathers reliable data will provide 
important basis for calibrating the constants in material model.  To be able to predict failure 
in different strain paths, an incremental formulation has been further developed to measure 
the damage, which is shown in Eq(2.16): 

∆𝐷𝐷 = 𝑒𝑒
𝜀𝜀𝑓𝑓(𝜂𝜂)

𝐷𝐷(1−1𝑛𝑛)∆𝜀𝜀𝑣𝑣                                         (2.16) 

where n is the exponent that allows for a nonlinear accumulation of damage until failure, 
which will increase the accuracy of the prediction for both forming and crashworthiness 
simulation. 𝜀𝜀𝑓𝑓 is the failure strain which can be recorded from experiments, and 𝜀𝜀𝑓𝑓(η) is the 
function of failure strain in dependency of triaxiality and local strains. ∆𝜀𝜀𝑣𝑣 is the incremental 
step of equivalent plastic strain, and the equation of 𝜀𝜀𝑣𝑣 is expressed in Eq(2.17): 

𝜀𝜀𝑣𝑣 = 2
√3
�𝜀𝜀12 + 𝜀𝜀22 − 𝜀𝜀1𝜀𝜀2                                  (2.17) 

The coupled model by plasticity and damage model clearly indicate failure behavior, 
shown in Eq(2.18): 

𝜎𝜎∗ = 𝜎𝜎𝑦𝑦[1 − ∆𝐷𝐷]𝑚𝑚                                               (2.18) 

Where 𝜎𝜎∗ is the effective stress and m is the fading exponent of material failure. The 
damage behaviours in different models are showed in Fig.3. 
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Figure 3 Deformation characteristics for plasticity, damage and failure models 
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3 Experimental Method  

In order to collect data for various stress triaxialities and get plasticity damage behaviour of 
Docol 900M, four types of tests will be carried out for covering a broad ranges of stress 
states. The experiment requires sophisticated equipment and accurate calculations for getting 
plastic failure strain – stress triaxiality curves with accurate values. This chapter briefly 
describes testing equipment and procedures used to conduct the fracture tests. 

3.1 Experiment preparations 
Experiments should be conducted in quasi-static loading conditions in different stress 

states, the most commonly used equipment for tensile test is universal testing machine. 
Hydraulic powered machine will be chosen for this experiment. The machine has two 
crossheads by which one is used for adjusting the length of the specimen and the other is 
used for the specimen constraint. 

The displacement should be measured by a mechanical device called strain gage or 
electron-optical device with hydraulic test machine. Strain gage usually used in quasi-state  
which should be fixed on gauge that attaches to the surface of the specimen and optical 
extensometer is particularly used in dynamic strain rate test, which more accurate results can 
be achieved from the recorder. Due to the inertia of strain gage and extensometer, cautions 
of the device usage method should be taken to ensure the quality of strain measurements. 

To capture the exact locus of fracture, the crack initiation can be characterised by DIC 
(Digital Image Correlation) rather than by naked eyes. The DIC, i.e.  ARAMIS, which can 
achieve full field non-contact deformation measurement and obtain accurate data of 
displacement and strain. Besides, optical microscopy (OM) and scanning electron 
microscopy (SEM) should be used to detect more accurate initial locus and microstructure 
by observing fractographs. 

For getting the stress triaxiality which covers wide range, four types of specimens will be 
manufactured. Each of these four types of specimens should be prepared for three sets of 
the repetitive experiments, which can increase the accuracy of test results. The geometry 
dimensions of specimens have been designed and the detailed description can be seen in 
Chapter 5. In order to have a full discussion of the various effects on mechanical properties, 
the direction of cutting from metal sheet should be also taken into consideration. It is better 
if the specimens are cut perpendicular to rolling direction (RD) from the middle of the sheet 
by using CNC milling machine. For the deep understanding of the micro-mechanism in 
material during deformation, examination of the microstructure should be conducted before 
and after the test. The specific explanation is shown in Chapter 6.  

3.2 Experiment operations 
The experiments can be operated by tensile test machine with the maximum loaded force 
100N, and the test speed should be set at 5mm/min [2]. The constant strain rate value 0.001 
s−1 is used for keeping quasi-static condition [6]. The test should be done at room 
temperature. Tensile tests were performed using a servo-hydraulic machine with a cross-head 
displacement rate of 0.1 mm/s. The sketch of equipment is showed in Fig.4.  
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Figure 4 The sketch of test equipment [4] 

The force-displacement curves during the whole deformation until fracture can be 
obtained. The load applied and elongation will be recorded by extensometer. The true stress 
strain curve can then be used to calibrate the parameters of the material model used in the 
finite element simulations. 

The measured fracture strain is plotted against the stress triaxiality for different test 
specimens to calibrate the damage parameters to be included in the GISSMO model [7]. 

3.3 Numerical analysis 
For predicting the behaviour of Docol 900M from plastic deformation to final fracture, LS-
DYNA is used to perform the numerical analysis. The simulation results are dependent upon 
the mesh size when there is softening/damage in the material deformation. (Solution is not 
unique) [8]. The calibration process is listed below: 
 
1. The simulation curve is plotted with the measured stress strain curve with the initial guess 
of the model parameters. 
2. Comparisons are done between the simulation and experimental curves. 
3. Model parameters are adjusted by the optimization program to minimize the differences 
between the measured and computed curves. 
4. The processes are repeated if there are multiple curves at different temperature. 
5. The optimized parameters are recorded and the optimization process is done. The model 
is ready for the finite element simulations. 
 
The calibration for the damage model follows the same procedure as described for the 
calibration of the material model.  
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4 Microscopic examination 

In most cases, the constituent grains in materials are in microscopic dimensions, therefore, 
it is difficult to observe the structure on order of micros with naked eyes. In order to have a 
deep understanding of the microstructure that influence the properties of material, it is 
necessary to examine the structural elements and defects in micro-perspective before and 
after the material mechanics experiment. Optical Microscope (OM) and Scanning Electron 
Microscope (SEM) are the most common and user-friendly instruments used in investigate 
the microstructural features, which grain size and shapes in terms of microstructure are the 
most typical features.  

4.1 Optical Microscope (OM) 
Optical microscope is a type of light microscope by using optical system and illumination 

system to magnify the images of small samples which are very difficult to tell with unaided 
eyes. The maximum magnification of optical microscope is up to approximately 2000 times. 
Only surface of materials that are opaque to visible light, for instance, metals, most ceramics 
and polymers can be observed.  

Careful and strict preparations for samples are important to getting good topography of 
microstructures, the sample should be mounted for easily handled and decrease the damage 
of preparing process on sample itself, then grinding and polishing with rotating discs of 
abrasive paper to obtain a flat and mirrorlike finish on the surface. Before observation by 
optical microscope, the polished sample should be etching by corresponding specialized 
chemical reagent to create contrast between different regions in phases or textures, the time 
and the amount of etching should be controlled well to avoid slightly or over etched, which 
will be difficult to focus the field of view. 

4.2 Scanning Electron Microscope (SEM) 
Scanning electron microscope is a type of electron microscope with a focused beam of 

electron instead of light radiation. The surface of samples to be observed is scanned with an 
electron beam, and the back-scattered beam of electrons is collected, then displayed at the 
same scanning rate on a cathode ray tube [9]. The electron attacked with the atoms on the 
surface of sample and then produce various signals that contains information about the 
sample’s surface topography and constituent composition. The principle sketch of SEM  is 
showed in Fig.5. The preparation of samples is respectively easy which need not be polished 
and etched too much meticulous, but the surface should be electrically conductive that very 
thin metallic surface coating must be applied to nonconductive materials before put the 
sample into vacuum system. The samples should be posited in vacuum cavity to make more 
electrons involve into display topography. The magnification range of SEM is 10 to 50,000 
times which can give large depths of filed and present  bulk materials stereoscopically [9]. 
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Figure 5 The principle sketch of scanning electron microscope 

The use of microscopy is the basic metallurgy experimental technic for having a look on 
how the material behave. Taking an example of the material we will use in this study, the 
microstructure of DOCOL 900M contains small amount of ferrite within martensitic matrix, 
in which the martensite phase is very hard formed in carbon steel by quenching from 
austenite form of iron. After material cracks, a large amount of dislocations were produced 
during transformation which will result in high strength mechanical property, the microscopy 
examination helps to know the type of failure that when it start and how it develops. 
Therefore, the image captured by microscope is also the evidence to determine the types of 
microscopic defect in material, for example, plastic deformation and micro-pores. To make 
sure the microstructure of DOCOL 900M has the martensite phase what we want to make 
it work in the automobile application, the type of phase or other possible phases produced 
correspond to that in CCT (Continuous Cooling Transformation ) diagram during cooling 
time should be also took  into consideration. 
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5 Test specimens 

Geometries and dimensions of the specimens have been reviewed from previous research. 
Different geometry of the specimens was designed to get the failure strain as a function of 
triaxiality, which makes the facture take place at a pre-determined stress state. From the data 
of deformation history, the stress triaxiality is always fixed in corresponding range for each 
type of geometry. 

In order to improve the accuracy of GISSMO model, specimens with various triaxialities 
are tested as much as possible, however, due to the limitation of cost and time, four types of 
typical tests are designed for getting desired stress triaxiality. The range of stress triaxiality is 
from -2/3 to 2/3, negative triaxiality is obtained by compression test and positive triaxiality 
is obtained by tensile and shear testing. η = −0.67 corresponds to biaxial compression, η =
−0.33 corresponds to uniaxial compression, η = 0 corresponds to pure shear, η = 0.33 
corresponds to uniaxial tension, η = 1/√3  is obtained from plane strain tension and η =
0.67 is obtained from biaxial tension. Considering the difficulties of performing numerical 
simulation due to friction coefficients and the complexity of the geometry of specimen in 
negative stress triaxiality [10], only the triaxiality in the range of 0 ≤ η ≤ 0.67  will be 
considered. 

The unit of dimension is in mm showed in followed sketches. The average thickness of 
conventional sheet metal is range from 0.65mm to 2.5mm [11]. Therefore 1.5mm is 
recommended as the thickness of the specimen to be tested in future work. 

5.1 Shear test 
Shear test is designed to create a stress state with 0 or very low stress triaxiality less than 0.33. 
Failure will take place along the plane that is in parallel to the force that applied on it. Under 
the shear force, the material is stressed in a sliding motion that one surface of the material 
move in one direction and the other surface move to the opposite direction. Small failure in 
shear may lead to a series of failure and then cause entire destruction in structure.  

There are several variations of shear tests that have been studied, different shapes of 
specimens and test methods have been used to get shear stress triaxiality, each of the different 
tests is described as followed. 

5.1.1 Shear degree 0°, 45°, 60° 
A set of specimens with 3 different shear angles (shear 0°, shear 45°, shear 60°, the angle 
between the shear plane and the horizontal line) are designed for a typical shear test [1]. This 
test setup is the most optimal method as reviewed in previous studies. Same equipment for 
standard uniaxial tension can be used to test on this shear test setup, which reduces some 
complicated preparation before test work. The view of the geometries are showed in Fig. 6, 
all of their thickness are 1mm. Two rotationally symmetric notches in the middle of specimen 
is manufactured on both two sides and with a narrow waist in between.  

For the elastic deformation within proportional limit, the shearing stress 𝜏𝜏𝑥𝑥𝑦𝑦 is given in 
Eq(5.1) according to Hooke’s Law [12]: 

𝜏𝜏𝑥𝑥𝑦𝑦 = 𝐺𝐺 ∙ 𝛾𝛾𝑥𝑥𝑦𝑦                                                 (5.1) 
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where 𝛾𝛾𝑥𝑥𝑦𝑦 is a shear strain, and G is shear modulus.   
      Considering force equilibrium, the functional relationship between maximum failure 
force F and the force at shearing direction 𝐹𝐹𝑠𝑠 can be expressed as Eq(5.2): 

𝐹𝐹𝑠𝑠 = 𝐹𝐹 ∙ 𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠                                                (5.2) 

As the formula expressed in Eq(4.2), a larger α gives a larger Fs. It is concluded that the 
specimen with a 60° shear angle is more prone to shear than the other two specimens. The 
shear fracture caused by deformation of shear bands and the initial fracture will take place 
on the edge of notches. Taking the specimen with 45° shear part as an example, the force 
condition is showed in Fig. 7. In which α is the angle between horizontal line and the midline 
of two notches.   

 
Figure 6 Specimen geometries of shear. A) Shear 0° B) Shear 45°  C) Shear 60°  [2] 
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Figure 7 Force condition in detailed of shear specimen 

5.1.2 V-notched beam 
The geometry of two symmetric V-notched shear test is a traditional method to investigate 
failure mechanisms while very rough results. This test was developed by Iosipescu in 1967 
and was designed as cylinder specimen for a composite material originally. The flat sheet 
specimen was extended by Bergner et. al [13].  

This geometry is able to generate an approximate uniform pure shear stress state, which 
is presented in the centre plate of the notched gage section of the test specimen under a shear 
load. The specimen is mounted in a specially designed holder named Iosipescu shear test 
fixture (ASTM D 5379), the sketch of loading device for V-notched beam shear test is 
showed in Fig. 8.   

 
Figure 8 Sketches of V-notched beam for shear test 

The shear stress 𝜏𝜏𝑥𝑥𝑦𝑦 for this test can be calculated by Eq(5.3): 

𝜏𝜏𝑥𝑥𝑦𝑦 = 𝐹𝐹
𝑤𝑤∙𝑡𝑡

                                                           (5.3) 

where w0 is the width between two notches and t is the thickness of specimen. 
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However, when this test method was applied to an intermetallic composite material, for 
instance, the shear area cannot be controlled by fixtures completely and the movement 
between fixtures and specimens will create friction and rough triaxiality, which lead to 
complicated off-axial two-path fractures and bending mixed with pure shear, rather than a 
desirable pure shear failure [14]. Therefore, this geometry is only showed as a reference to 
the other shear test setup. 

5.1.3 Other geometries for shear test 
After a brief review of historical designing of shear tests, two experimental studies were 
presented with other geometries in the feasibility tests, which provide the clues to optimize 
pure shear test.  

Bao and Wierzbicki have collected plenty of studies and showed an improved specimen 
configuration with “butterfly” gauge section [10] The geometry is showed in Fig.9, the out-
plane notch between the two holes in the middle of the specimen is manufactured on both 
sides to achieve an explicit damage initiation spot [8], in this case, the initial crack occurred 
on the edge of thinnest part of the specimen close to the hole.  

By comprising the specimen dimensions and the test result of several shapes, it is 
recognized that the fracture locus is specific for a given stress state. Although the more 
specific designed geometry showed in Fig.9  have advantages in easily finding shear area and 
gaining more correct triaxiality, in this thesis work, considering milling and polishing after 
cutting, besides cost and process time, it is preferable to choose the geometry more easily 
manufacture which described in 5.1.1. 

 
Figure 9 Geometry of pure shear test [8] 
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5.2 Uniaxial tension 
There is a uniaxial tension specimen in standard geometry with two shoulders and a narrow 
gauge in between. The shoulders should be large enough for easily gripped by fixture, and 
the gauge section is a narrow cross-section so that the failure can occur easily in the region.   

5.2.1 Standard geometry for uniaxial tension 
As described above in 2.1.1, for getting basic mechanical properties, such as yield 

strength, Young’s modulus, ultimate strength and Poisson’s ratio, a basic tensile test can be 
carried out, the specimen geometry is showed in Fig.1 [3]. Strain hardening behaviour can be 
determined and engineering stress-strain curves can be plotted by results. 

5.2.2 Uniaxial tension with central hole (Optimal geometry ) 
Furtherly, for fracture test, the stress triaxiality of uniaxial tension can be obtained more 

accurate if the specimen is with a central hole. This geometry is designed as 165mm long 
tensile specimen with a gauge length L0 of 50mm, see Fig. 10. [3].  The hole of 5mm radius 
in the centre of the specimen makes the localization more trending to initial fracture from 
the edge of specimen along the centre line, which create a well-defined and uniaxial stress 
state at the fracture location. It is prone to use the specimen with central hole instead of the 
standard one because the hole will develop less strains in necking, causing a more stable 
stress state throughout the experiment [3]. 

 
Figure 10 Geometry of uniaxial tension specimen. (A) with circular hole; 

 (B) with elliptical hole [8] 

An additional configuration was designed by Junhe Lian [8] with an elliptical center hole 
to dig out the effect of hole size on triaxiality, specimens show in Fig.10 (B), a and b present 
major and minor radius respectively, as it concluded in this paper, the specimens with hole 
in center are helpful for minimize errors when determine the initial crack and more data 
around uniaxial tension can be obtained with different cut out. Studies made by Bao [15] was 
quoted that there was no obvious effect of circular radius in specimen on stress triaxiality, 
but the ratio of minor and major radius of the elliptical cut will make stress states difference. 
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An inference was extracted that initial fracture occur firstly at the center due to the hole and 
then changes to shear fracture as the crack propagate to the surface, and high stress triaxiality 
was mostly dominated by void growth mode in tensile test in micro scale [10]. 

5.3 Plane strain test 
The geometry for plane strain test has a large length dimension when compares to the width 
and thickness of specimen, the deformation in the shortest dimension is constrained, which 
can be assumed as zero, and the width is also free from contraction, these phenomenon 
cause a plane strain condition. The plane strain fracture initiates from the centre of the 
specimen and propagate along the plane strain plane. 

5.3.1 Pure plane strain tension 
 

The design of specimens to produce failure under plane-strain condition is illustrated in 
Fig. 11. The width of the specimens is 50 mm, the thickness is 1.5mm and the height is 130 
mm. In one set for all five different radii R of the grooves, 15 mm, 12.5 mm, 7.5 mm, 4 mm 
and 1.5 mm, are manufactured. The large height and width will constrain the necking occur 
and create a plane area. The initial crack occur at the centre of the specimen and propagate 
through the transverse and thickness direction [8], rather than at the surface of the specimen 
in uniaxial initial fracture. It’s difficult to control this geometry create pure plane strain state. 

 
Figure 11 Geometry of plane strain specimen with notches of different radii [8] 

5.3.2 Ohio State University Formability Test (OSUFT) 
An alternative setup method to obtain stable plane strain state was performed by Ohio 

State University named OSU Formability Test (OSUFT). It is a metal sheet forming test 
which can also be applied to take stretch test for calculating stress triaxiality. It is required to 
make special aided-tools for holder, die and punch in this plane strain test. Specimen can be 
cut from sheet metal with dimension of 5mm×5mm square sheet. The sheet will be stretched 
by holder in two opposite directions, which will be constrained without tensile deformation. 
The setup of this plane strain test is shown in Fig.12 [16]. The parameters used in OSUFT 
on ferritic stainless steel are as followed: hold-down force with 334KN to clamp the 
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specimen, punch advance at a speed 304.8mm/min. As the report concluded, the test result 
does not affect by width of specimen, but the changes in width depends. The specimen after 
deformation will occur a crack on the plane draw wall, and the deformation is insensitivity 
to the surface condition of punch and die. 

 
Figure 12 Test setup of the OSU test [16] 

It can be determined that this test setup could offer optimized data of plane strain condition. 
Although a well-defined device for clamping and punching should be manufactured in 
advance which will require more experimental procedures, this method could be performed 
faster and more effective than normal setup shown in 4.3.1 when same data is obtained. 

5.3.3 Alternative geometry for plane strain test 
A very excellence geometry for getting accurate triaxiality of pane strain test is showed in 
Fig.13. The width of the modified specimen is much wider than gage length than the 
geometry shown in 5.3.1. Five holes on both two sides should be bolted on the fixture, which 
constrain the minor strain in specimen and ensure the plane strain state occurs. Known then, 
the specimen should be fixed on a specially designed fixture at five bolts on each side which 
is too slow to implement the specimen on machine and increase the difficulty of tests   . 

 
Figure 13 An optimized tool geometry [17] 
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5.4 Biaxial tension  
Biaxial tensile test is a tension test in which the specimen to be tested should be gripped and 
be stretched in two vertical directions, it is commonly used for acquiring mechanical 
characteristics of anisotropic materials since a great variety of deformations can be applied.  

5.4.1 Nakajima test 
Nakajima test is a known method to determine fractures of sheet metal materials, the test 
equipment deform the specimen with the geometry of a simple round sheet(or with two 
notches of different radius )by using a hemispherical punch and a circular die until fracture 
take place [18]. The dimensions and test setup are showed in Fig 14. The specimen should 
be clamped between a die and blank-holder and subject to the force against punch. The 
biaxial stress can be calculated by Eq.(5.4): 

𝜎𝜎𝑏𝑏 = 𝐹𝐹∙𝑅𝑅
2𝑡𝑡

                                                           (5.4) 

where F is the force applied on specimen, R is the radius at the top of bulge and t is the  
thickness of specimen.  

The advantage of Nakajima punch test is its ability to undergo various strain paths with 
different geometries, all of them up to necking and fracture, which offer wide range of biaxial 
tension triaxiality [19]. The drawback of it are that, when compares to biaxial test in-plane, 
the initial strain and stress are inhomogeneous and will distributed unevenly due to bending 
deformation [20]. And there is contact between specimen and punch which induce to friction 
and geometries constrain [19], which also result in difficulties in measurement [17]. 

 
Figure 2 Sketches of Nakajima test [17] 

5.4.2 Marciniak test 
Marciniak test can be one of candidates for biaxial tension, see Fig.15, this test create a 
uniform in-plane biaxial tension at the square specimen centre by using a cylindrical punch 
with a central hole on washer to overcome the friction effect [17]. The test is able to offer 
uniform stress state on the yield surface, and maintain flat surface during loading process. 
This setup is proved to be straightforward and reproducible [21].  
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Figure 15 Sketch of biaxial tension best [17] 

5.4.3 Cruciform  test 
In order to improving weaknesses of out-plane biaxial test as former introduced, plenty of 
research have been studied. The geometry of cruciform specimen is designed according to 
the specimen of standard tensile test, while in two directions overlapped perpendicularly 
which designed with four arms, as geometry shows in Fig. 16. Cruciform test is able to 
overcome the shortages of punch test, however, there are much bigger challenges of 
manufacturing the complicated specimen and building the set-up, which are much more 
difficult to formulate than the two setups above [19]. 

Considering the difficulties of producing specimens and formulating the test setup, 
Nakajima biaxial tensile test is the most feasible biaxial tensile test for future physical 
experiment. Whereas for the convenience of simulation, this geometry of cruciform was 
choose to be mesh and plot in LS-DYNA. 

 
Figure 3  Geometry of cruciform specimen for biaxial tension test [22] 
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6 Material description 

6.1 Advanced High Strength Steel (AHSS) 
Advanced High Strength Steel (AHSS) is steel with yield strength higher than 550MPa and 
with high ratio of strength to weight. It generally possesses high yield strength, high 
hardening rate compares to traditional steels. To be able to weight reduction for automobile 
product, AHSS is commonly applied in body structure, bumper reinforcement and door 
intrusion beams. Presently AHSS is going to replace the existing steels as the development 
of automobile industry.  

In this thesis work, AHSS will be used in battery box. An overview of automobile steels 
in different classified are showed in Fig. 17 with properties of elongation relate to tensile 
strength, these two properties directly contribute to formability and largely reflect 
crashworthiness of material. In this figure, the materials with larger tensile strength on the 
left are less energy consuming. Current research is continue to expand the grades of AHSS 
with improved properties, for instance, nano- steels by hot stamping. 

 
Figure 4  Rage of strength ductility available from today’s AHSS grades   [23] 

DOCOL 900M is included in Martensitic Steel (MS) [11]. It is a classic representative of 
AHSS produced by SSAB and was chosen as the material for the present product research 
in NEVS. Adding carbon, silicon, manganese, aluminium and so on composites to increase 
hardenability and strength. The chemical composition is shown in Table 1. DOCOL 900M 
is a cold-rolled martensitic steel which often used in automobile chassis.  

Table 1. Chemical composition of DOCOL 900M [24] 
Product 

Type 
C 

(max%) 
Si 

(max%) 
Mn 

(max%) 
P  

(max%) 
S  

(max%) 
Al 

(max%) 
Nb﹢Ti 
(max%) 

UC, EG 0.08 0.40 2.40 0.025 0.015 0.015 0.10 

Mechanical properties of DOCOL 900M steel is tested in condition of longitudinal to 
the rolling direction, data showed in Table 2. DOCOL 900M plays a critical role in improving 
crashworthiness and achieving a lightweight design for the automotive industry. The use of 
DOCOL 900M ensure cost and environment friendly production and have been decreasingly 
applied in automotive markets [23].  
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Table 2. Mechanical properties of DOCOL 900M [24] 
Steel grade Standards Coating Yield 

strength 
𝑹𝑹𝒑𝒑𝒑𝒑.𝟐𝟐 

(MPa) 

Tensile 
strength 

𝑹𝑹𝒎𝒎 (MPa) 

Elongation 
𝑨𝑨𝟖𝟖𝒑𝒑 (min%) 

Min. inner 
bending 

radius for 
90° 

Docol 
CR700Y 
900T-MS 

GMW 
3399M-ST-S 

UC, EG 700-1000 900-1000 4 3.0xt 

6.2 Orientation dependence 
As mentioned above, DOCOL 900M is a cold rolled sheet metal and is a typical anisotropic 
material. The factors influenced by anisotropy, which will lead to various behaviours of 
mechanical properties in different directions, should be take into account when cut the 
specimen from sheet metal. Currently the sheet metal material used to manufacture 
automobile is almost cut with rolling direction. Although the factor of rolling orientation of 
material have not been studied for crash failure model in NEVS, I believe that it is the time 
to discuss the impact of this factor on material performance for future work. 

6.2.1 Anisotropy of material 
Anisotropy is the physical or mechanical properties of material behaves differently in 
different directions, polycrystalline materials present anisotropies in properties due to texture 
in materials in varying orientations. Anisotropy fall into two types: normal anisotropy and 
planar anisotropy, detailed description for this two aspects will be took below. Thin sheet 
metals have particularly significant anisotropy due to metallurgical process of rolling. 

6.2.2 Anisotropy coefficient 
Mechanical behaviour is texture orientation dependency with respect to the rolling 

process. It is helpful to understanding the relationship between orientation and strain for 
digging out the best sampling methods for tests implement. 

In rolling metal sheet, three orthotropic axes induced to anisotropy characterized by the 
symmetry of the mechanical properties with respect to three orthogonal directions, which 
are rolling direction (RD), 0-direction; transverse direction (TD), 90-direction; normal 
direction (ND), showed in Fig. 18. [25]  

 
Figure 5 Specimens cut from anisotropic material in 3 directions 
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The anisotropy coefficient r-value is expressed as plastic strain ratio, which makes critical 
effect on anisotropy. The r-value implies the ability of resistant to thinning when material 
subject to force, and it also determines how much the material can deform before fracture 
take place. The r-value is defined in formula Eq(6.1), for the experimental methods to get 
the r-value, specimens with various oriental angles in sheet metal can be measured though 
tensile test, notes that two extensometers will be used in measuring, one for measuring 
displacement in axial gauge length and the other for measuring displacement in width. 

𝑟𝑟𝜃𝜃 = 𝜀𝜀𝑦𝑦
𝜀𝜀𝑧𝑧

= 𝑒𝑒𝑒𝑒 (𝑤𝑤/𝑤𝑤0)
𝑒𝑒𝑒𝑒 (𝑡𝑡/𝑡𝑡0)

                                                                 (6.1) 

where 𝜀𝜀𝑦𝑦 denotes transverse strain and 𝜀𝜀𝑧𝑧 denotes normal strain, θ is the angle of orientation 
respect to rolling direction, and w and w0 are the final and initial width respectively in 
transverse direction, t and t0 are final and initial thickness respectively in normal direction. 
Three representative directions are showed in Fig.15, directions 0° which in longitudinal 
direction, 45° which in diagonal direction and 90° which in transverse direction. Formulas 
usually used to calculate the mean r-value indicated by 𝑟𝑟𝑚𝑚  and planar anisotropy 
parameter∆r, expressed in Eq(6.2) and Eq(6.3) [26] as: 

𝑟𝑟𝑚𝑚 = 𝑟𝑟0+2𝑟𝑟45+𝑟𝑟90
4

                                                  (6.2) 

 

∆r = 𝑟𝑟0−2𝑟𝑟45+𝑟𝑟90
2

                                                  (6.3) 

6.2.3 Effect of r-value on yield anisotropy  
A conclusion from a Doctor’s degree thesis at University Twente [27], if r≠0, the material 

behave anisotropy, and if r-value is dependent on the angle, the material is planar anisotropic. 
For a material with r > 1, the material has a relatively high resistance to thinning that more 
prone to flow in planar direction, while material with r < 1, the material flow easily in 
thickness direction.  

Dr.R.Narayanasamy investigated that an critical aspect of yield anisotropy is texture 
hardening and in plastic deformation, the resistance to yielding increases with increased r-
value[19], imply that high r-value determine to high yield stress.  

However, Srbislav Aleksandrović, Milentije Stefanović,etc. in University of Kragujevac 
draw some conclusion that for sheet material such as Al alloys and stainless steel, the biggest 
r-value is in 45° direction but for DC04 material, the r-valure of at 45° respect to rolling 
direction is minimum. And the formability of DC04 with minimum r-value exhibit less 
property than that in 0 and 90° samples with larger r-value. For Al alloys, r values are very 
small and sheet metal is tend to thinning, but stainless steel didn’t perform well even has 
higher r-value [28]. This test-based study indicated that r-value with different orientation 
make big difference in yield anisotropy but the explicit function for various materials has not 
been determined. 

Due to the difficulty of getting specific conclusion that which direction respect to rolling 
is the best orientation, and how the magnitude of r-value effect on strain and stress during 
deformation, an alternative selection is using hot rolled steel, which has hardly any 
anisotropy. 
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7 Strain rate testing 

The test should be implemented not only in quasi-state but also in dynamic state, which 
corresponds to dynamic crash, the velocity is not a constant in actual crash condition 
therefore, the testing result at high strain rate is of particular importance to crash 
performance and also needed to be take into account in element models. For the currently 
used material, we don’t know if the strain rate is positive or negative for the material’s 
behaviour, we need to test every material before be applied. All specimens described below 
in Chapter 5 should also be tested for different strain rate as well.  

Two major problem for tensile test at dynamic strain rate existing now. One issue is that 
the quality of stress-strain curve will be affected at the severe unstable load condition, the 
oscillation must result in unprediction of tensile properties and failure behaviour. The other 
problem is the limitation of strain measurement devices, which is not accurate and low 
reliable at high strain rate, means that if we use dynamics into experimental procedure, the 
test equipment we need in dynamic should be more stiff than the ordinary test machines, 
and also data collection systems has to be specialized. The measurement devices for high 
strain rate are still in development stage, the strain gage, which can also be used to measure 
stress, should be calibrate carefully to avoid loading measuring errors . 

As a conclusion in study of ArcelorMittal, it draws that strain rate exhibits insignificant 
effect on fracture strain for AHSS but have obvious effect on tensile strength, and tensile 
strength increased with strain rate [29]. High Strain Rate Experts Group of International Iron 
and Steel Institute suggest that positive strain rate sensitivity, i.e. the strength increases offers 
a potential for improved energy absorption during a crash event [30]. 
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8 Sources of errors 

For physical tests, uncertainty of experimental errors is the most factor on experimental 
results during testing process. This uncertainty will results in inaccuracy and lead to waste of 
time and cost. Although errors are inevitable, they can be reduced. Therefore, sources of 
errors should be determined for reducing errors as much as possible. Meanwhile, finding out 
proper methods of minimizing errors from tensile tests is essential before implementing an 
experiment. 

8.1 Uncertainty of test specimen 
Uncertainty from the specimen to be tested is the major source of errors. For example, 
dimensions of specimen should be designed in compliance and specimen should be 
manufactured with accurate size and shape, even a small mismatches dimension would cause 
large errors in specimen performance [31]. Surface finish should meet the requirement of 
drafting. The fracture locus after test cannot be predicted, and the shape of fracture is also 
uncertain. The errors from specimen is direct uncertainty that less likely been avoided.  

8.2 Uncertainty from calibration  and test system 
Calibration in test is always a setting- confirm process and an act of making adjusting, it often 
affect significantly on test condition. Zeroing and alignment commonly used in tensile tests 
are both calibrations. Calibration in real time with zero checking frequently by automatic 
robot system would reduce the uncertainty to a large degree. A good specimen alignment 
can be a critical contributor that offer nice data of mechanical properties[32]. 

Tensile test of the test system consists of a number of experimental devices, each 
experimental device should be kept track on to ensure the exact state. The stiffness of test 
system mostly depend on clamping system, and the stiff clamping system can contribute the 
stability of test system. The devices that measures cross-sectional area of the specimen, and 
the device for measuring gage length, and the device extensometer for measuring the force- 
displacement, will produce errors in the course of the experiment. The positioning, fixed 
location of devices will also introduce uncertainty. The strain rate, stress rate should be set 
during the experiment is good, but in the course of the experiment, the test system cannot 
completely ensure the rate as a constant.  

8.3 Uncertainty of test data 
There is no absolutely accurate test results from physical tests. The results without precision 
would not represented the true properties of material. 

After tensile test, the output of parameters can be divided into two categories,  
measurands and measurements. Measurands cannot be measured directly, they should be 
calculated by the measurements directly. Inaccurate measurement always be a big source of 
error from results, uncertainty in measurement of force and displacement, or the fracture 
area, and then lead errors indirectly to measurands.  

In addition, errors will occurred in individual test system, which induce some unwanted 
errors. Repeatability and reliability of test results are usually emphasis for improving 
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experimental precision. Repeatability is that implementing experiments with same equipment 
and on same setup of samples for multi times, to get more experimental results for reducing 
data’s variation. The term Reproducibility is conducting same levelled experiment with 
different test system or different operator and technician, for exclusion the occasion of 
experimental results [32].  

8.4 Uncertainty of external factors 
Environment is also an important factor which will give rise to errors. Ambient temperature 
and humidity sometimes make interference on measuring system or the properties specimen 
inside itself.  
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9 Conclusion and Discussion 

In the thesis a reasonable experimental procedure for getting the stress strain behaviour of 
AHSS at different stress states has been proposed. The failure and damage behaviours during 
plastic deformation have been discussed and several methods of experiment setups have 
been compared. The equations of damage model and the simulation procedures have been 
introduced briefly. 

9.1 Conclusion  
Literature papers on experimental theory and sets-up for GISSMO failure model have been 
reviewed. After doing several aspects of comparison between different test methods, the 
optimal test setups are suggested to be produced in future experiments. The reference data 
is concluded in Table 3. As the historical research described, the stress triaxiality will be 
constant in one pure stress state, as explained earlier in Chapter 5, and the average triaxiality 
approximately is listed also.   

Table 3. The chosen optimal specimens for practical experiment 
Test 
setup 

Shear Test 
        0°              45°             60° 

Uniaxial 
tension 

Plane 
strain 

tension 

Biaxial 
tension 

Width 30mm 30mm 30mm 20mm 50mm 130mm 
Length 230mm 230mm 230mm 165mm 130mm 130mm 

Thickness 1mm 1mm 1mm 1.5mm 1.5mm 1.5mm 
Radius 3mm 3mm 3mm 5mm (hole) 15mm - 
Waist 3mm 3mm 5mm - 0.9mm - 

Triaxiality 0.000 0.197 0.283 0.333 0.577 0.667 

Conducting more experiments with different shaped specimen will cover wider range of 
stress states and help the GISSMO model to be more accurate. And the test methods play a 
key role for obtaining the accurate data. 

9.2 Discussion  
To be able to have an overview of what the tests results will be like, preliminary simulations 
solved by LS-DYNA have been done with the nearly same geometries that have been 
introduced in Chapter 5. Two equal forces in opposite directions were applied on each of 
the computed specimens. The critical location can be seen in the plotted contour. The results 
of simulations are showed in Appendix [33]. These chosen elements present approximate 
values of stress triaxiality, the location of failure and the effective plastic strain. The 
simulations would offer valuable information and deeper understanding about different 
stress states in a car crash.  

The simulations show that stress triaxiality varies in different locations even in one 
specimen, which indicates the importance of the design of the geometry of the test specimen 
in terms of the prediction of the fracture strain with corresponding triaxiality, otherwise the 
triaxiality-dependent plastic strain will deviate from expectation.  According to the predicted 
values in contours of stress triaxiality and plastic strain in states of pure shear, uniaxial 
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tension, plane strain and biaxial tension, the stress triaxiality of each specimen is almost 
identical with the experiments. While biaxial tension specimen is the only one present a little 
inconformity to triaxiality which lower than 0.67, that is because, as explained earlier, the 
specimen geometry of biaxial tension is much more complicated to manufacture and 
evermore for this cruciform.  

9.3 Future work 
To improve the GISSMO damage model, a set of experiment with various geometries are 
designed, the plastic strain is only subject to stress states exclude other factors in this test 
setup.  

Further experiment can be implement with different r –value which cut sheet in different 
direction to RD. Although preliminary simulation had been done in finite element simulation, 
the computed specimen is just stretched by forces without fracture, thus difficult to 
determine the failure strain when crack happens. In future actual work, the simulation will 
be taken according to the experimental records and more carefully and detailed work on 
mesh size should be conducted when replicate and calibrate the experimental curves, which 
will make difference on the function of stress triaxiality and plastic strain. 
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Appendix: Simulation of specimens 

A.1 Shear test of 0° 

 
A.2 Uniaxial tensile test 
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A.3 Plane strain test 

 
 

A.4 Biaxial tensile test 
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