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Summary
The automotive industry is continuously working on the weight reduction of their
vehicles, while maintaining or even improving the crashworthiness in accordance
with increasing safety demands. This has favored the development of innovative
materials and production processes. The hot stamping process, in which heated
blanks are simultaneously formed and quenched in cooled dies, is one of these
recent innovations. Due to the high cooling rates during quenching, an ultra high
material strength of up to 1500 MPa can be obtained. By locally reducing the
cooling rate during quenching, e.g. by using partially heated dies, regions of lower
strength with increased ductility can be introduced. The resulting, so-called tailor
hardened components are made out of a single sheet of metal and feature precisely
defined zones of varying strength and ductility.
To be able to fully exploit the possibilities of tailor hardened components,
it is important to attain accurate predictive models of their crash response. In
this thesis, a hardness-dependent material model for quench-hardenable, boronalloyed steel 22MnB5 is presented. The material model is able to predict the
material properties both in homogeneous areas of different strengths as well as in
hardness transition zones. The model is designed to provide an accurate prediction
of the deformation behavior of the material up to the point of fracture. Moreover,
it includes a fracture prediction criterion that accounts for the complex loading
paths experienced by the material in the event of a crash.
For calibration of the material model, five hardness grades of 22MnB5 are
considered, covering the full strength-range from 600 MPa in the ferritic/pearlitic
range to 1500 MPa in the fully hardened, martensitic state. Separate plasticity
and fracture models are calibrated for each of the five grades. Strain hardening is
represented by a nonlinear combination of the Swift hardening law and a modified
version of the Voce law. For fitting of the initial stress–strain response, force–
displacement curves of uni-axial tensile tests are used up to the point of necking
initiation. An inverse FEM optimization routine, that takes into account measured
force–displacement curves and strain fields, is used to optimize the strain hardening
parameters in the post-necking regime. The fracture behavior is represented by a
stress triaxiality and Lode angle dependent, strain-based fracture criterion. Five
different fracture tests are used to obtain data at different stress states: a shear
test, notched and central hole tensile tests and bulge tests with two different punch
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diameters. The five calibrated grades form the basis for a hardness-dependent
constitutive model, in which piecewise linear interpolation is applied between the
calibrated strain hardening curves and fracture surfaces based on the material
hardness. The hardness-based model is successfully validated with a specially
designed tapered tensile specimen, which features a hardness transition zone in
the gauge section.
An important aspect that has to be considered when using high strength steels
for crash-relevant structural components is the change in microstructure in the
proximity of thermal joints. During resistance spot welding, thermodynamically
unstable phases of the hot formed material transform into softer microstructures.
In the softened parts of the so-called heat-affected zones, the strength of the material is significantly reduced. When the material is deformed, strains can localize
in these softened heat-affected zones leading to premature fracture initiation. The
hardness-based material model is extended to account for these effects. Based on
the results of hardness measurements, metallographic analyses and tensile tests
on specimens containing a spot weld, a numerical framework for modeling of the
softened heat-affected zone is proposed. Using the spot weld coordinates, the heataffected zone hardness distribution is mapped into the FE-mesh. At the start of
the simulation, the local material properties of the individual elements are initialized from the corresponding hardness values. The presented approach allows for
a fully automatic representation of the heat-affected zone without the need for
manual mesh adaptations. Furthermore, the method is compatible with the shellto-solid remeshing technology, allowing detailed representation of the heat-affected
zone in full-vehicle crash simulations.
For the softened heat-affected zone, additional plasticity and fracture models
are calibrated. Two different approaches are used to identify the model parameters:
a direct and an inverse approach. In the direct approach, the model parameters are
calibrated directly from tempered sheet material. For this purpose, the thermal
cycle experienced by the softened heat-affected zone is reproduced experimentally
on larger specimens. The material models are then calibrated using the same
approach as for the unwelded parent material. In the inverse calibration approach,
three specially designed specimens with actual spot welds in the gauge section are
used. In this case, the material model parameters are obtained from inverse FEM
analysis. Both approaches provide excellent results for the heat-affected zone
plasticity models. For the fracture behavior, on the other hand, only the inverse
approach provides good results.
The proposed hardness-based model is validated using three different types
of welded specimens. One of the specimens features both a hardness transition
zone and a resistance spot weld in the gauge section. Simulations are performed
using different mesh sizes and with shell-to-solid remeshing. The model is found
to provide excellent predictions of the force–displacement curves, strain fields and
fracture locations for all three considered tests, independent of the mesh size used.
Hence, the model can be used in crashworthiness simulations to accurately capture
the fracture behavior of resistance spot welded, tailor hardened 22MnB5.

Samenvatting
De automobielindustrie zoekt continu naar manieren om het gewicht van voertuigen verder te verlagen. Tegelijkertijd moet ook de crashbestendigheid in het kader
van strenger wordende veiligheidseisen steeds verder worden geoptimaliseerd. Dit
heeft geleid tot de ontwikkeling van innovatieve materialen en productieprocessen.
Het warmomvormproces, waarbij verwarmde platen tegelijkertijd worden omgevormd en afgekoeld in een gekoeld omvormgereedschap, is een voorbeeld van zo’n
innovatie. De snelle afkoeling tijdens en na het omvormen heeft tot gevolg dat
het materiaal een extreem hoge treksterkte van tot wel 1500 MPa bereikt. Door
lokaal voor een lagere afkoelsnelheid te zorgen, bijvoorbeeld door het gebruik van
gedeeltelijk verwarmde gereedschappen, kunnen zones met een lagere treksterkte
en hogere duktiliteit worden geïntroduceerd. De resulterende, op maat geharde
componenten zijn vervaardigd uit één stuk metaal en hebben precies gedefinieerde
zones van variërende sterkte en duktiliteit.
Om optimaal van de mogelijkheden van deze op maat geharde componenten te
kunnen profiteren, is het van belang om accurate modellen van het materiaalgedrag
in een crash te verkrijgen. In dit proefschrift wordt een hardheidsafhankelijk model
voor met borium gelegeerd staal 22MnB5 gepresenteerd. Het materiaalmodel is
in staat de materiaaleigenschappen zowel in homogene zones van verschillende
sterkte alsook in hardheidsovergangszones te voorspellen. Het model is ontworpen
om het deformatiegedrag van het materiaal tot het optreden van breuk accuraat
te voorspellen. Bovendien bevat het model een breukcriterium dat rekening houdt
met de complexe spanningspaden die het materiaal ervaart in een crash.
Voor kalibratie van het materiaalmodel worden vijf verschillende hardheidsgraden van 22MnB5 gebruikt. Deze vijf hardheidsgraden dekken het volledige
sterkte-bereik van 22MnB5 af, van een ferritisch-perlitische kristalstructuur met
een treksterkte van 600 MPa tot volledig gehard martensiet met een treksterkte
van 1500 MPa. Voor alle vijf hardheidsgraden worden plasticiteits- en breukmodellen gekalibreerd. De versteviging van het materiaal wordt gemodelleerd met
een niet-lineaire combinatie van het Swift model en een aangepaste versie van
het Voce model. Het verstevigingsgedrag bij kleine rekken wordt bepaald aan de
hand van kracht-weg-diagrammen, waarbij alleen data tot het punt van insnoering worden gebruikt. Het verstevigingsgedrag na het punt van insnoeren wordt
gekalibreerd met behulp van een inverse eindige elementen optimalisatie, die zowel
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rekening houdt met gemeten kracht-weg-diagrammen alsook met rekvelden. Het
breukgedrag wordt afgebeeld met een spanningstoestandsafhankelijk, op rek gebaseerd breukcriterium. Er worden vijf verschillende breuktesten uitgevoerd om het
breukgedrag onder verschillende spanningstoestanden te kalibreren: een afschuifproef, trekproeven met inkepingen en met centrale boring en dieptrekproeven met
twee verschillende stempeldiameters. De vijf gekalibreerde hardheidsgraden vormen de basis voor een hardheidsafhankelijk materiaalmodel, dat gebruik maakt
van stuksgewijze lineaire interpolatie tussen de gekalibreerde verstevigingsmodellen en breukvlakken. Het hardheidsafhankelijke model wordt succesvol gevalideerd
met behulp van een speciaal ontworpen, taps toelopende trekproef met hardheidsovergang.
Bij het gebruik van hogesterktestalen voor crash-relevante componenten is het
van belang rekening te houden met de verandering in kristalstructuur in de omgeving van thermische verbindingen. Tijdens het puntlassen transformeren thermodynamisch instabiele kristalfasen van het warm omgevormde metaal naar zachtere
kristalstructuren. De zachte gedeeltes van de zogenaamde warmte-beïnvloede zone
(WBZ) hebben een aanzienlijk lagere sterkte dan het basismateriaal. Bij plastische vervormingen treedt reklokalisatie op in deze zachte zones, met vervroegd
intreden van breuk tot gevolg. Het hardheidsafhankelijke model wordt uitgebreid
om deze effecten af te kunnen beelden. De modeluitbreiding voor de zachte WBZ
is gebaseerd op resultaten van hardheidsmetingen, een metallografisch onderzoek
en trekproeven met laspunt. Op basis van de coördinaten van het laspunt wordt
de hardheidsverdeling van de WBZ in het eindige elementen model afgebeeld. Bij
de start van de simulatie worden de lokale materiaaleigenschappen elementsgewijs
op basis van de hardheid bepaald. Met het gepresenteerde model kan de WBZ volledig automatisch worden afgebeeld, zonder handmatig aanpassen van het eindige
elementen net. Bovendien is het model compatibel met de zogenaamde ‘shell-tosolid remeshing’ (SSR) technologie, waardoor het gedetailleerde model voor de
WBZ in crashsimulaties van volledige voertuigen kan worden gebruikt.
Voor de WBZ worden aparte plasticiteits- en breukmodellen gekalibreerd. Er
worden twee verschillende methoden gebruikt voor het identificeren van de modelparameters: een directe en een inverse methode. Met de directe methode worden
de parameters direct aan de hand van getemperd materiaal gekalibreerd. Hiervoor
wordt het temperatuurverloop van het lasproces, waardoor de zachte WBZ ontstaat, op grotere proefstukken toegepast. Het materiaalmodel wordt vervolgens
gekalibreerd volgens dezelfde aanpak die ook voor het basismateriaal is gebruikt.
Bij de inverse methode wordt gebruik gemaakt van speciaal ontwikkelde proefstukken met laspunt. Hierbij worden de modelparameters bepaald met behulp
van inverse eindige elementen analyse. Beide methoden leveren goede resultaten
voor het plasticiteitsmodel van de WBZ. Het breukgedrag blijkt alleen met de
inverse methode goed gekalibreerd te kunnen worden.
Het gepresenteerde hardheidsafhankelijke model is gevalideerd met behulp van
drie verschillende proefstukken met laspunt. Eén van de proefstukken heeft zowel
een laspunt alsook een hardheidsovergang. Er zijn simulaties uitgevoerd met ver-
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schillende elementgroottes en met SSR. Het model levert uitstekende voorspellingen voor zowel de kracht-weg-diagrammen, de rekvelden alsook de breuklocaties
voor alle validatietests, onafhankelijk van de gebruikte elementgrootte. Er kan
worden geconcludeerd dat het model geschikt is om het gedrag van gepuntlast, op
maat gehard 22MnB5 in crashsimulaties te voorspellen.

Nomenclature
The symbols used in this thesis are classified in a Greek and Roman category.
Some symbols appear more than once, their specific meaning follows from their
context or from sub- and/or superscripts.
Greek Symbols
αk
αshape
αV
αICHAZ
αSCHAZ
β
βε
βF
βV
γ
ε0,S
ε̄eq
ε̄f
ε̄p
εxx
η
θ
θ̄
λ
λfinal
λinitial
λl
σ
σ̄
σ1 , σ2 , σ3
σij

anisotropy coefficients of the Yld2000-2d model
shape parameter of the exponential mixing law
asymptotic hardening rate of modified Voce
hardening law
hardness gradient in the ICHAZ
hardness gradient in the SCHAZ
weighting factor for overall cost function Y
weighting factor for strain cost function Yε
weighting factor for force cost function YF
exponent in modified Voce hardening law
offset distance to start of ICHAZ
initial strain in Swift hardening law
total equivalent strain
equivalent plastic strain to fracture
true equivalent plastic strain
total strain in x-direction
stress triaxiality
Lode angle
normalized Lode angle
mixing parameter
value of λ for large strains
value of λ for small strains
mixing parameter for mesh size interpolation
true stress
equivalent stress
principal stresses
components of the Cauchy stress tensor

[Pa]
[HV m−1 ]
[HV m−1 ]

[m]

[Pa]
[Pa]
[Pa]
[Pa]

xii

σm
σn
σS
σTS
σV
σy
τ
φ

mean stress
normal stress
true stress in the Swift hardening law
ultimate tensile strength
true stress in the modified Voce hardening law
yield strength
shear stress
yield function

[Pa]
[Pa]
[Pa]
[Pa]
[Pa]
[Pa]
[Pa]
[Pa]

Roman Symbols
a
cθ
c1

c2

c3
c4
d
dn
kS
kV
l
nF
nimg
nmp
nS
r
r
r1 , r2 , r3
rxy /rz
rn
t

Yld2000-2d material parameter
parameter of the modified Mohr–Coulomb
fracture model
friction coefficient in Mohr–Coulomb criterion
and parameter of the modified Mohr–Coulomb
fracture model
shear resistance in Mohr–Coulomb criterion and
parameter of the modified Mohr–Coulomb
fracture model
parameter of the modified Mohr–Coulomb
fracture model
parameter of the modified Mohr–Coulomb
fracture model
displacement
nugget diameter
strength coefficient in Swift hardening law
initial yield stress of modified Voce hardening
law
mesh size
number of sample points on force–displacement
curve
number of strain fields
number of measuring points in a strain field
strain hardening exponent in Swift hardening
law
Lankford coefficient
radial distance to resistance spot weld center
geometric parameters for RSW hardness
distribution
ellipse aspect ratio for hardness mapping
nugget radius
sheet thickness

[Pa]

[m]
[m]
[Pa]
[Pa]
[m]

[m]
[m]
[m]
[m]

xiii

w
xf
xm

width
fixed measuring coordinate
moving measuring coordinate

D
F
HV
HV BM
HV CHAZ
HV N
L0
P
P
QV
Ṫcrit
V
X
Y

damage indicator
force
Vickers hardness
base material hardness
critical heat-affected zone hardness
nugget hardness
initial gauge length
initial coordinates vector of a strain field
RSW coordinate vector
saturation stress in modified Voce hardening law
critical cooling rate for martensite formation
sheet normal vector
hardening parameter vector
overall cost function for strain hardening
parameter optimization
strain cost function for strain hardening
parameter optimization
force cost function for strain hardening
parameter optimization

Yε
YF

Sub/superscripts
BM
CHAZ
exp
ICHAZ
LB
max
N
SCHAZ
sim
UB

base material
critical heat-affected zone
experiment
inter-critical heat-affected zone
lower bound
maximum
nugget
sub-critical heat-affected zone
simulation
upper bound

Abbrevations
A
B
BCC

austenite
bainite
body-centered cubic

[m]
[m]
[m]

[kgf
[kgf
[kgf
[kgf

[N]
mm−2 ]
mm−2 ]
mm−2 ]
mm−2 ]
[m]
[m]
[m]
[Pa]
[◦ C s-1 ]
[m]

xiv

BM
CCT
CGHAZ
CHAZ
DIC
EDM
F
FEM
FGHAZ
HAZ
ICHAZ
M
mMC
MMM
P
RSW
SCHAZ
SD
SSR
TC
VPS

base material
continuous cooling transformation
coarse-grained heat-affected zone
critical heat-affected zone
digital image correlation
electrical discharge machining
ferrite
finite element method
fine-grained heat-affected zone
heat-affected zone
inter-critical heat-affected zone
martensite
modified Mohr–Coulomb
modular material model
pearlite
resistance spot weld
sub-critical heat-affected zone
standard deviation
shell-to-solid remesh
thermocouple
virtual performance solution
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Chapter 1

Introduction
1.1

Motivation

The automotive industry is continuously working on the weight reduction of their
vehicles, while maintaining or even improving the crashworthiness in accordance
with increasing safety demands. As a result, there is a continuous search for new
and innovative materials and manufacturing processes. The hot stamping process,
also known as press hardening process, is one of these recent innovations. In the
conventional hot stamping process, boron steel blanks are heated in a furnace above
900 ◦ C such that a fully austenitic microstructure is obtained. After the heating
process, the hot blanks are transferred to cooled stamping tools in which they are
simultaneously formed and quenched. Due to the high cooling rates during and
directly after the forming process, the austenitic microstructure transforms into
martensite. As a result, the tensile strength of the material increases from an
initial 600 MPa to 1500 MPa in the final state. Typical crash-relevant structural
components made with the hot stamping process are A- and B-pillars, bumper
beams and door intrusion beams. A general overview on current hot stamping
technologies can be found in Karbasian and Tekkaya [47] and Merklein et al. [55],
more in-depth views on the underlying microstructural transformations and on
modeling approaches for simulation of the hot stamping process can be found in
Naderi [57] and Åkerström [2], respectively.
Whereas the increased strength obtained during the hot stamping process allows the use of thinner gauge sheet metal, the reduced ductility and the accompanying likelihood of fracture create new challenges in the car body development
process. For local improvement of the energy absorption capacity, car manufacturers have successfully applied new production methods that allow the introduction
of regions of lower strength with increased ductility. An illustrative application
is the B-pillar shown in Figure 1.1. For optimal performance in a side crash, the
bottom part should show a high energy absorption capacity, whereas the upper
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Engineering stress

Intrusion resistance

Transition zone

Energy absorption

Engineering strain

Figure 1.1

Tailor hardened B-pillar with corresponding exemplary stress–strain curves.

part should ensure a high intrusion resistance [53]. In hot stamping, it is possible to produce parts with such tailored mechanical properties by locally reducing
the in-die cooling rate. This can be achieved by using tool materials with lower
thermal conductivities or by using increased die temperatures. Another method is
to apply differential heating in the furnace, such that certain regions of the blank
are not fully austenitized and thus do not transform to martensite [31]. The resulting tailor hardened components contain mixtures of martensitic, bainitic and
ferritic/pearlitic microstructures, with tensile strengths ranging from 600 MPa in
ferritic/pearlitic zones up to 1500 MPa in the fully hardened, martensitic state.
An important aspect that has to be considered when using hot formed steels
for crash-relevant structural components is the change in mechanical properties
when the material is reheated. The most important sheet metal joining technique
used in the automotive industry is resistance spot welding [65]. Resistance spot
welding is a thermo–electric process, in which heat is generated at the interface
of the parts being welded by passing an electrical current through them under a
controlled pressure. Typically, there are about 3,000–7,000 resistance spot welds
in a modern vehicle [37, 68]. During resistance spot welding, the material in the
proximity of the weld is reheated, causing thermodynamically unstable phases of
the hot formed material to transform into softer microstructures. In the softened
parts of the so-called heat-affected zones, the strength of the material is significantly reduced. Under complex loading conditions, such as the simultaneous
bending and stretching of a B-pillar in a side crash, strains might localize in the
softened heat-affected zones, which ultimately can lead to fracture. As shown in
Figure 1.2, cracks might propagate into the neighboring base material, leading to
loss of structural integrity. Although heat-affected zone softening is most severe
in fully hardened, martensitic microstructures, recent reports have shown that
even in boron steels with a bainitic microstructure and a corresponding interme-
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Resistance spot weld
Fracture in softened
heat-affected zone
Crack propagation
in base material

Figure 1.2

Crack in a hot formed component. Fracture initiated in the softened heataffected zone of a resistance spot weld and a crack propagated into the fully
hardened base material.

diate tensile strength of approximately 950 MPa, a softened zone is found around
resistance spot welds [33].
The possibility of locally adjusting the strength and ductility within a single structural component results in a substantial expansion of the design space.
Several additional factors have to be considered when using tailor hardened boron
steels, such as the position and shape of hardness transition zones and the location
of resistance spot welds with corresponding softened heat-affected zones. Therefore, to be able to fully exploit the possibilities of tailor hardened boron steels, it
is important to attain accurate predictive models of their crash response.

1.2

Objective and scope

The objective of this research project is to develop a material model for tailor
hardened boron steel 22MnB5 that takes into account the softened heat-affected
zone of resistance spot welds. The model will be used in crash simulations and
should thus represent the material properties after hot forming and welding.
Due to the high strength and accompanying low ductility of hot formed steels,
the calibrated model should be able to accurately describe the material response
up to the point of fracture. It is generally known that the strain hardening behavior has a crucial influence on the onset and location of fracture. A small decrease in
the gradient of the strain hardening curve leads to a higher probability of localized
necking, which will ultimately lead to material failure. Before considering the fracture characteristics of tailor hardened 22MnB5, it is thus important to obtain an
appropriate elasto-plastic constitutive model that describes the material behavior
far beyond the point of uniform elongation. The accompanying fracture criterion
should account for the complex loading paths experienced by the material in the
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event of a crash.
For representation of the softened heat-affected zone of resistance spot welds,
additional plasticity and fracture models have to be calibrated. Again, accurate
representation of the plastic response up to high strains is important for a reliable
fracture prediction. In full vehicle crash simulations, a typical mesh consists of shell
elements with a size of 3–5 mm, which is too coarse for an acceptable representation
of the hardness distribution in the heat-affected zone. Therefore, a new modeling
approach has to be developed that allows a fully automatic representation of the
heat-affected zone without the need of manual mesh adaptations.
The main focus of this work is the modeling of tailor hardened boron steel sheet
metal with corresponding softened heat-affected zones for crash simulation. Failure
of the spot weld nugget itself is beyond the scope of this work and is well covered in
the open literature (e.g. [22, 23, 66, 67]). Furthermore, the material hardness will
be considered as given input parameter for the material model. Modeling of the
hot forming and resistance spot welding processes itself with the aim of predicting
the microstructure and material hardness is covered in other research works (e.g.
[1, 31, 41, 84]) and is not considered here.

1.3

Thesis outline

This thesis consists of two main parts. The first part, presented in Chapter 2, aims
at developing a material model for tailor hardened boron steel 22MnB5. In order
to obtain a suitable set of hardness grades for calibration of the model, 12 different
heat treatments have been applied to the material in the as-delivered condition.
Based on the results of a preliminary mechanical investigation, five grades were
selected for detailed characterization that cover the full strength-range of 22MnB5.
For each of the five hardness grades, separate strain hardening and fracture models
are calibrated. Strain hardening is represented by a nonlinear combination of
the Swift hardening law and a modified version of the Voce law. The fracture
behavior is represented by a stress triaxiality and Lode angle dependent, strainbased fracture criterion. The five calibrated grades form the basis of a hardnessdependent constitutive model, in which piecewise linear interpolation is applied
between calibrated strain hardening curves and fracture surfaces based on the
material hardness. To validate the hardness-dependent model, a tapered tensile
test specimen is used that features a hardness transition zone in the gauge section.
The second part of this work, presented in Chapters 3, 4 and 5, is concerned
with modeling of the softened heat-affected zone of resistance spot welds. Chapter
3 gives an overview of the tempering effects associated with the resistance spot
welding of tailor hardened boron steel 22MnB5. The weld area is divided into
different zones based on the temperature history obtained from a process simulation, hardness measurements and metallographic analyses. These zones serve as
a foundation for the extended hardness-based constitutive model that takes the
softened heat-affected zone into account. To determine the influence of the soft-
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ened heat-affected zone on the mechanical properties of the five hardness grades,
a preliminary study on tensile specimens containing resistance spot welds is performed. The results are used to select the grades that have to be considered for
an extensive heat-affected zone material model calibration.
In Chapters 4 and 5, two different approaches for identification of the heataffected zone material model parameters are presented. In Chapter 4, a so-called
direct calibration approach is proposed, in which the model parameters are calibrated directly from tempered sheet material. For this purpose, the thermal cycle
experienced by the softened heat-affected zone is reproduced experimentally on
larger specimens. The material model parameters are then calibrated using the
same approach as used for the tailor hardened base material in Chapter 2. In
Chapter 5, an inverse calibration approach is presented in which three specially
designed specimens with actual spot welds in the gauge section are used. For
determination of the strain hardening parameters, a welded asymmetric uni-axial
tensile test is used. Both force–displacement data and strain fields serve as input
for an inverse FEM optimization algorithm. For characterization of the fracture
behavior, two additional specimens are used: a central hole tensile specimen and a
bending specimen, both featuring a heat-affected zone in which fracture initiates.
In Chapter 6, three specially designed welded specimens are used to validate the
proposed hardness-based model. Validating simulations are performed with solid
elements with different mesh sizes ranging between 0.1 and 0.5 mm. Furthermore,
an extension to the existing shell-to-solid remeshing technology is proposed. Shellto-solid remeshing is used to close the gap between the relatively coarse shell
meshes used in vehicle crash simulations and the element sizes required to represent
the heat-affected zone hardness distribution and strain fields. In the extended
version, the heat-affected zone hardness distribution and material properties are
mapped after remeshing to solid elements.
Chapter 7 concludes this thesis with a summary of the key conclusions and
recommendations for future research.

Chapter 2

Plasticity and fracture
modeling of tailor hardened
boron steel 22MnB5
2.1

Introduction

In the past few years, a lot of research has been done on characterizing the constitutive behavior of fully hardened boron steels. Mohr and Ebnoether [56] used a
planar isotropic version of the Hill [40] yield surface in combination with a piecewise linear hardening equation to model the plastic behavior of fully hardened
22MnB5 under plane stress conditions. The strain hardening function was obtained from a pure shear experiment, which yielded experimental data up to an
engineering shear strain of 0.28. Although the model provided excellent results
for specimens with the same geometry under different loading angles, the stress
level of the uni-axial tensile test was overestimated by 10%. A stress triaxiality
dependent, piecewise linear fracture envelope was calibrated using different biaxial fracture tests and a punch test. Bardelcik et al. [11] investigated specimens of
22MnB5 that were quenched with compressed air at low and high flow rates, in
a heated oil bath (85 ◦ C) and a water bath (22 ◦ C), with resulting cooling rates
ranging from 25 to 2200 ◦ C s-1 . Except for the samples quenched with compressed
air at a low flow rate, which had small amounts of bainite (5%), all samples had a
fully martensitic microstructure. The strain hardening behavior was investigated
at different strain rates and approximated with the Hollomon [44] equation, no
fracture models were calibrated.
In contrast to the large amount of literature to be found on the modeling of fully
hardened boron steels, only a small part has dealt with crash-relevant modeling
of partially hardened components. In particular the modeling of transition zones
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between harder and softer regions seems to be a challenging task. Hochholdinger
et al. [42] used the Hockett–Sherby [43] yield curve approximation to model the
plastic response of 22MnB5 in dependence of the cooling history. They defined
the Hockett–Sherby parameters as a function of a characteristic cooling rate and
the final phase fractions, which they determined with the help of the continuous
cooling transformation (CCT) diagram. Bardelcik et al. [13] used the Voce hardening model with an additional multiplicative strain rate sensitive term to capture
the strain hardening behavior of 22MnB5 in dependence of strain rate and Vickers
hardness. They used a forced air quenching apparatus to quench blanks with cooling rates between 14 and 50 ◦ C s-1 , resulting in Vickers hardness values between 268
and 466 HV, respectively. A microscopic analysis of the fracture surfaces revealed
that the specimens quenched at 14 ◦ C s-1 behaved in a ductile fracture mode, while
the specimens quenched at 50 ◦ C s-1 displayed shear dominated fracture behavior.
Fracture was only investigated under uni-axial tension and no fracture models were
calibrated. Ten Kortenaar et al. [79] quenched 22MnB5 samples to fully martensitic and fully bainitic microstructures in order to determine the fracture strains
under different stress triaxialities using tensile specimens with different notch geometries. Their piecewise linear hardening model was calibrated using flow stress
curves from uni-axial tensile tests up to diffuse necking, after which extrapolation was applied based on the apparent hardening rate at this point. When using
the calibrated model to simulate the notched tensile tests, it was found that the
stresses were overestimated and that the extrapolation of post-uniform hardening
behavior is critical to the accuracy of the model. They showed that the local
failure strain for the bainitic condition was significantly higher than the failure
strain of the martensitic condition. With increasing stress triaxiality from uniaxial tension toward plane strain tension, failure strains reduced from 1.1 to 0.6
for the bainitic condition. For the martensitic material, the failure strains reduced
from 0.8 (uni-axial tension) to 0.3 (plane strain tension). Östlund et al. [61] calibrated the localization and failure behavior of three grades of 22MnB5 with yield
strengths of 400, 550 and 800 MPa. They used a digital image correlation system
to perform full field measurements of tensile tests and calibrated piecewise linear
flow curves with these data. The full field measurements allowed for evaluation
of mechanical properties at different analysis lengths, providing parameters for
a model which accounts for shell element size. The objective of their work was
not to model the phenomenon of localized necking, but rather its effect on load
response and subsequent rupture, which is why no direct comparisons of measured
and simulated strain fields are shown.
In this chapter, plasticity and fracture models are calibrated for five different
hardness grades of 22MnB5. These grades will form the cornerstones of a hardnessdependent constitutive model. The model presented in this chapter is an improved
version of the 3-grade hardness-dependent model for 22MnB5 presented in Eller
et al. [28]. The two additional hardness grades used in the model presented in this
thesis allow for a better resolution of the hardness-dependent heat-affected zone
extension, as presented in Chapters 3–5. Furthermore, both the experiments and
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calibration procedures for plasticity and fracture have been significantly improved.
Instead of using a microstructure-based modeling approach, as proposed by e.g.
Östlund and Oldenburg [60] and Bardelcik et al. [12], the material hardness is
preferred as driving model parameter because it allows a two-way data input for the
final model: either via hardness measurements on actual components in case the
real cooling history of the component is unknown, or via a hot forming simulation
in which the temperature-time evolution within the component is used to predict
phase fractions and hardness values. In the proposed model, the strain hardening is
represented by a nonlinear combination of the Swift hardening law and a modified
version of the Voce law. For representation of the fracture response, a stress
triaxiality and Lode angle dependent, strain-based fracture model will be used.
For fitting of the initial stress–strain response, force–displacement curves of
uni-axial tensile tests are used up to the point of necking initiation. The plasticity
model should be able to accurately represent the strain fields under different loading conditions up to the onset of fracture, which for the uni-axial case is far beyond
the point of uniform elongation. For this purpose, full field strain measurements
are performed using a 3D digital image correlation (DIC) system. These measurements are used as input for an inverse FEM optimization routine that optimizes
the strain hardening parameters in the post-necking regime. The uni-axial tensile
test is not suited for this purpose, because localization may occur anywhere in
the relatively long gauge section and often initiates outside the DIC measuring
window. Therefore, strain fields of notched tensile tests are used, which have a
very well defined strain distribution. For calibration up to even higher strains
than obtained from the notched tensile tests, a bulge test is used. The fracture
model will be calibrated using a hybrid experimental/numerical approach. Five
different fracture tests are used to obtain data at different stress states: a shear
test, notched and central hole tensile tests and bulge tests with two different punch
diameters. An out-of-plane bending test is used to validate the calibrated fracture
models of the individual grades. To validate the hardness-dependent modeling
approach, a tapered tensile test specimen featuring a hardness transition zone in
the gauge section is used.

2.2

Material preparation

Section 2.2.1 gives a brief description of the material used in this study. In order
to obtain a suitable set of material hardness grades for calibration of the hardnessdependent constitutive model, 12 different heat treatments have been applied to
the material in the as-delivered condition, the results are presented in Section
2.2.2. Based on the results of hardness measurements and uni-axial tensile tests,
a total of five grades that cover the full strength-range of 22MnB5 are selected for
further mechanical characterization in Section 2.2.3.
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Table 2.1

Chemical composition of the 22MnB5 used in this work (wt. %) [4].

C
Mn
P
S
Si
Al
Ti
B

2.2.1

0.2 − 0.25
1.1 − 1.4
≤ 0.025
≤ 0.008
0.15 − 0.35
≥ 0.015
0.02 − 0.05
0.002 − 0.005

Material description

The material used in this work is the manganese–boron steel 22MnB5, commercially available under the name Usibor® 1500 P. To protect the metal against
oxidation and decarburization during the press hardening process, ArcelorMittal
has provided the 22MnB5 steel grade with an aluminum–silicon coating [5]. In
the as-delivered state 22MnB5 has a ferritic/pearlitic microstructure, an ultimate
tensile strength of 600 MPa, and a uniform elongation of 0.22. After quenching
in cooled stamping tools, a fully martensitic microstructure is obtained resulting
in an ultimate tensile strength of 1500 MPa and a uniform elongation of 0.06.
The sheets used in this work have a thickness of 1.5 mm and a two-sided 150 g m-2
aluminum–silicon coating; the chemical composition is given in Table 2.1.

2.2.2

Heat treatment

In order to create material samples with different hardnesses, the as-delivered
sheets were first fully austenitized in a furnace at 950 ◦ C for approximately 6
minutes, after which they were subjected to carefully controlled cooling processes
in cooled and heated stamping tools. After opening the furnace and taking the
sheets out, transfer from furnace to tool took on average 4 seconds, after which
another 6 seconds passed until full closure of the tool. During the total transfer
time of 10 seconds, the sheets cooled down to approximately 700 ◦ C. The press,
which applied a holding pressure of 12.5 MPa, was solely used to ensure good
contact between tool surface and sheet, no plastic deformation was applied. Sheet
temperatures during the holding phase were measured using surface probes.
The first set of sheets was transferred to a stamping tool that was cooled
to a constant temperature of 25 ◦ C. After a holding time of 15 seconds, the
sheets were removed and left to cool down to room temperature in air. The
holding time is defined as the time between full closure and reopening of the tool.
A measured cooling curve is superimposed on the CCT diagram of 22MnB5 in
Figure 2.1 (‘Cooled tool’). It can be seen that the achieved cooling rates clearly
exceed the critical cooling rate for martensite formation (Ṫcrit = −30 ◦ C s-1 when
no plastic deformations are applied [90]). At the martensite start temperature
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Measured cooling curves of the 12 heat treatments superimposed on the CCT
diagram of 22MnB5.

of approximately 400 ◦ C [3], a small change in gradient can be observed in the
cooling curve, which is caused by the latent heat released during the martensite
transformation.
For the second set of sheets, a heated tool was used that was held at constant
temperatures of 350 ◦ C, 425 ◦ C and 500 ◦ C. The holding times were varied according to Table 2.2. Again, no plastic deformation was applied. Looking at the
measured temperature curves in Figure 2.1, it can be seen that the cooling rates
increase quickly after tool closure at approximately 10 seconds. The latent heat of
the bainitic transformation causes the sheets to approach a constant temperature
at approximately 50 ◦ C above the respective tool temperatures and even leads to
a slight reheating. Reheating of the sheets is the most severe when using a holding
time of 10 seconds, because the press opens before the bainitic transformation is
completed and the latent heat cannot be transferred to the tool anymore. For all
holding times, the sheets were removed and left to cool down to room temperature
in air before they had reached the respective tool temperatures. From the CCT
diagram in Figure 2.1, the material grades from the heated tool are expected to
have a mainly bainitic microstructure.
The final set of sheets was left inside the furnace to cool down, with the furnace
turned off and the door slightly opened. The resulting cooling rate of approximately 2 ◦ C s-1 is significantly lower than the cooling rate of normal air cooling
(approximately 19 ◦ C s-1 at 750 ◦ C), see also Figure 2.2.
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Preliminary mechanical investigation

In order to get a first estimate of the mechanical properties of the 12 resulting
22MnB5 grades, hardness measurements and uni-axial tensile tests have been performed. The results are summarized in Table 2.2. The hardness measurements
have been carried out on a Duramin microhardness tester. A Vickers pyramid has
been used in combination with a 0.1 kg load and 15 seconds of holding time. All
specimens used for hardness measurements were first mounted in epoxy resin, after
which they have been subjected to several grinding and polishing steps. A total of
50 measurements have been taken on the cross section of each grade, the average
of these measurements will be considered as representative hardness value. The
sheets that were quenched in the water-cooled stamping tool have a hardness of
497 HV0.1, which corresponds to the manufacturer specifications of fully hardened
22MnB5. The heated tool sheets have intermediate hardnesses between 244 HV0.1
and 413 HV0.1, see Table 2.2. The sheets that cooled down in the opened furnace
have similar hardness values as the material in the as-delivered state: 181 HV0.1
and 183 HV0.1, respectively.
The measured tensile strengths are plotted as a function of material hardness
in Figure 2.3. It reveals a clear linear relation with a slope of approximately
3 MPa HV−1 . Whereas tool temperature has a significant influence on the final
mechanical properties, holding time seems to be a less important factor in the
investigated domain. This confirms the findings in [29]. From each cluster in Fig-
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Table 2.2

Thermal
history
As-delivered
Open
furnace

Overview of heat treatments including measured hardness values and tensile
strengths.
Tool
temperature

Holding
time [s]

-

-

Average
hardness
[HV0.1]
183

-

-

181

-

500 ◦ C

10
20
10
20
30
60
10
20
30
60
15

244
252
307
320
320
317
399
413
404
412
497

756
742
916
934
956
941
1162
1237
1231
1250
1504

425 ◦ C
Heated tool

350 ◦ C
Cooled tool

13

25 ◦ C

Average tensile
strength [MPa]

Hardness
grade

587

1

2

3

4
5

ure 2.3, one grade is selected for further mechanical characterization. Because of
the relatively unstable conditions during the cooling process in the open furnace
and the accompanying warping of the sheets, the material in the as-delivered state
will be used for further investigations and will be denoted as hardness grade 1 in
the remainder of this work. To validate whether the as-delivered material has the
same mechanical properties as the material from the open furnace process, force–
displacement curves of notched tensile tests and optical micrographs are compared
in Appendix A. The selected sheets from the 500 ◦ C, 425 ◦ C and 350 ◦ C heated
tools and from the 25 ◦ C cooled tool will be denoted hardness grade 2–5, see Table 2.2; the corresponding cooling curves are shown in Figure 2.2. These grades
will form the basis of the hardness-dependent constitutive model presented in this
chapter. They cover the full strength-range of 22MnB5 with an even spacing between their tensile strengths and Vickers hardnesses, and thus provide an excellent
base for the model.

2.3

Metallographic analysis

In Figure 2.4, optical micrographs of the five selected material hardness grades are
presented. After grinding and polishing, hardness grade 1 was etched with a 2%
nital solution and hardness grades 2–5 with a solution of 2 g picric acid and 1 ml
HNO3 in 200 ml ethanol. Of each hardness grade, up to 10 micrographs have been
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taken to ensure that the graphs presented here are representative for the material
set.
The micrograph of hardness grade 1 shows a fully ferritic/pearlitic microstructure. The pearlite is found to be located both at the grain boundaries and in the
form of granular pearlite in the ferrite matrix. Hardness grade 2 has an upper
bainitic microstructure, which can be recognized by the characteristic carbides
that are dispersed throughout the ferrite matrix and oriented along a common direction in each grain [16]. The optical micrographs of hardness grades 3 and 4 show
very similar microstructures that may both be described as lower bainite, characterized by the typical plate-like morphology. The bainite in hardness grades 2, 3
and 4 has been formed almost isothermally during the holding phase in the heated
tool (see Figure 2.2), resulting in clearly distinguishable upper and lower bainitic
microstructures [57]. For hardness grade 4 a tool temperature of 350 ◦ C was used,
which might result in some traces of martensite when considering the martensite
start temperature of 400 ◦ C. However, during a SEM-analysis of the samples of
both hardness grades 3 and 4, no martensite was found. The optical micrograph of
hardness grade 5 reveals a typical needle-like martensitic microstructure without
clearly recognizable grain boundaries.
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Optical micrographs of the five material hardness grades of 22MnB5.
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Table 2.3

Overview of the mechanical tests used for calibration of the plasticity and
fracture models.

Mechanical test
Uni-axial tensile test
Notched tensile test

Plasticity
r-values, yield stresses,
strain hardening at small
strains
strain hardening at medium
strains

Central hole tensile test

-

Bulge test, 20 mm punch

-

Bulge test, 60 mm punch

strain hardening at large
strains

Shear test
Bending test

2.4

validation

Fracture
plane strain tension
uni-axial tension
equibiaxial
tension/bending
equibiaxial tension
shear
validation

Mechanical tests

This section presents the results of the mechanical tests that will be used for calibration of the plasticity and fracture models of the five 22MnB5 hardness grades.
Uni-axial tensile specimens have been extracted at 0°, 45° and 90° relative to the
rolling direction and used to obtain the r-values, yield stresses and strain hardening curves up to the point of uniform elongation. Five additional tests will
be performed to collect data for the stress triaxiality and Lode angle dependent
fracture criterion to be calibrated. Each of these five tests is designed such that
fracture occurs at a location with a well-defined stress state throughout the experiment. Notched and central hole tensile tests will be used to determine the fracture
strain under plane strain and uni-axial tension, respectively. For fracture model
calibration, the central hole test is preferred above the standard uni-axial tensile
test, because it has a well-defined fracture location due to the geometrical setup.
For calibration of the fracture criterion under equibiaxial tension, bulge tests are
performed with two punch diameters: 20 and 60 mm. A custom-designed shear
specimen will be used to determine the fracture strains under simple shear. Finally, a plate bending test is performed for validation of the plasticity and fracture
models. An overview of the tests is presented in Table 2.3.

2.4.1

Uni-axial tensile tests

Standard uni-axial tensile tests according to DIN 50125 have been performed with
specimens from all five hardness grades extracted at 0°, 45° and 90° relative to
the rolling direction. The specimen geometry is shown in Figure B.1. The tests
have been carried out on a Zwick Roell universal material testing machine which is
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able to apply a maximum force of 250 kN (force measurement inaccuracy of 0.5%
starting from 0.5 kN). The extensions were measured using a macro extensometer,
which is a high accuracy (±1 µm) extensometer operating on the contact principle.
An initial measuring length of L0 = 50 mm has been used. A small preforce of
60 N was applied to minimize the effects of specimen curvature and initial grip
misalignments on the extensometer output. All tensile tests have been performed
with a crosshead speed of 0.1 mm s−1 , which results in a quasi-static strain rate of
0.002 s−1 .
The measured force–displacement curves of the uni-axial tensile tests have been
converted to true stress–true plastic strain curves, see Figure 2.5. Note that this
conversion is only valid up to the point of maximum uniform elongation, which
is the strain at which diffuse necking begins. For hardness grades 1 and 5, the
curves could be evaluated up to strains of 0.135 and 0.039, respectively. A DIC
system was used to measure the axial and width strains during the experiments,
from which, under the assumption of plastic incompressibility, the thickness strains
and the r-values can be calculated. The resulting r-values and the yield stresses,
extracted from Figure 2.5, are summarized in Table 2.4.

2.4.2

Notched tensile tests

The geometry of the notched tensile specimen is shown in Figure B.2; testing
equipment and machine settings were the same as for the standard tensile tests
described in Section 2.4.1. Figure 2.6a presents the force–displacement curves of all
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Table 2.4

R-values and yield stresses of the 5 hardness grades measured from uniaxial tensile tests, mean values and standard deviations (SD) from 5 repeat
experiments.

Grade
1
2
3
4
5

Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD

r0 [-]
0.980
0.034
0.763
0.018
0.834
0.018
0.826
0.013
0.839
0.038

r45 [-]
0.890
0.011
0.934
0.024
0.906
0.005
0.818
0.031
0.834
0.035

r90 [-]
0.749
0.006
0.766
0.006
0.840
0.025
0.820
0.032
0.785
0.013

σy,0 [MPa]
439
0.9
537
6.8
722
9.0
966
5.8
964
17.3

σy,45 [MPa]
427
1.4
517
2.8
725
4.2
965
4.1
990
9.6

σy,90 [MPa]
400
2.0
538
3.6
712
7.1
971
5.5
953
12.6

five hardness grades. It can be seen that there is a slight reduction in displacement
to fracture for hardness grade 4 in comparison to hardness grade 5. An explanation
for this apparent drop of ductility is given in Section 2.5.
In the notch area, full field strain measurements have been performed using
a 3D DIC system. The DIC system, equipped with two cameras, each with a
resolution of 2448 x 2050 pixels, was connected to the material testing machine
and able to receive both force and displacement signals, such that every measured
strain field can be linked to a point on the corresponding force–displacement curve.
Figure 2.7 shows the measured surface strains in x-direction (εxx ) along the longitudinal axis of symmetry of the specimens of hardness grade 5 at displacements of
0.5 mm and 0.7 mm. At a displacement of 0.5 mm, which is approximately at the
force maximum, a bell-shaped strain distribution is found with maximum strains
of 0.05. At 0.7 mm displacement, two strain peaks are found on the specimen
surface, corresponding to the two tips of an X-shaped through-thickness necking
zone, see the illustration in Figure 2.7.
Figure 2.8 shows the measured strains of all five hardness grades at approximately 85% of the fracture displacement during through-thickness necking; the
exact displacements are listed in the legend on the left. In the strain fields of
grades 3, 4 and 5, two strain peaks are found, whereas grades 1 and 2 show a
bell-shaped strain distribution. It should be noted that due to the smaller fracture displacement of grade 4 relative to grade 5, the strain field is also taken at a
smaller displacement (0.6 mm for grade 4 and 0.7 mm for grade 5). Remarkably,
the maximum strains measured in the necking area of grade 4 at 0.6 mm displacement are higher than the strains of grade 5 at 0.7 mm displacement. Grade 4 thus
seems to exhibit stronger strain localization than grade 5, resulting in a smaller
fracture displacement at a higher fracture strain.
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Central hole tensile tests

The geometry of the central hole tensile specimen is shown in Figure B.3. Again,
testing equipment and procedures were the same as for the uni-axial tensile test
described in Section 2.4.1. The resulting force–displacement curves are presented
in Figure 2.6b. The presence of a central hole in the specimen creates a strain
concentration which favors fracture initiation at the center line of the hole. As a
result, the specimen fractures under a well-defined uni-axial stress state.

2.4.4

Bulge tests

An Erichsen-like cupping test is used for calibration of the fracture model under
equibiaxial tension and for optimization of the strain hardening model up to even
higher strains than obtained from the notched tensile tests. Two different punch
diameters of 20 mm and 60 mm have been used, with corresponding die diameters
of 33 mm and 90 mm, respectively. For the tests with large punch, square 127 x
127 mm2 specimens have been used, for the small punch tests the specimen size
was 80 x 80 mm2 . The experiments have been carried out with a custom-designed
specimen clamp and punch which were fitted in a standard material testing machine. An overview of the test setup with large punch is shown in Figure 2.10a.
Quasi-static testing conditions were created with a testing velocity of 0.1 mm s−1 .
To minimize friction forces between punch and specimen, a tribological system was
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applied, consisting of two layers of 0.17 mm thick PTFE film and lubricant. The
resulting force–displacement curves are presented in Figure 2.9. Displacements
were measured locally with a 2D DIC system to avoid influences from elastic deformations of the clamping tool and the material testing machine. The punch
displacement is defined as the relative vertical displacement between punch and
specimen clamp, see Figure 2.10a.
A second DIC system is used to obtain full field 3D strain field measurements of
the top surface of the specimens, see Figure 2.10b. Figure 2.11 shows the measured
strains of all hardness grades extracted along the x-axis at approximately 90% of
the fracture displacement. The strain fields of hardness grades 3, 4 and 5 are taken
at similar punch displacements (19, 18 and 19 mm, respectively) and show similar
strain distributions along the x-axis. Although the strain field of hardness grade
4 is taken at a smaller displacement than the strain field of grade 5, the average
maximum strain of grade 4 is slightly higher (0.57 for grade 4 and 0.55 for grade
5). This confirms the findings of Section 2.4.2, where it was concluded that grade
4 exhibits stronger strain localization than grade 5, resulting in a lower fracture
displacement at a higher fracture strain. The strain fields of hardness grades 1
and 2 are taken at significantly larger punch displacements and show much wider
strain distributions, which is an indication for a higher strain hardening gradient.
Remarkably, the measured strain fields do not feature a dip in strain at the punch
center, which is normally seen in punch tests subjected to friction. This was found
to be caused by an eccentricity of the punch of approximately 2.7 mm. To account
for this eccentricity, the coordinate system for strain evaluation in Figure 2.10b
has been shifted with respect to the die and placed in the punch center. The
simulations of the bulge tests will also be performed with an eccentric punch.
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Shear tests

A special shear test specimen developed by Greve [34] was used to determine the
fracture strains at a state of simple shear. A schematic overview of the test is shown
in Figure 2.12a, a detailed drawing of the test specimen can be found in Figure
B.4. During the test, the outer parts of the specimen were fixed and the inner
part was moved downwards with a velocity of 0.1 mm s−1 . The specimens were
clamped and shape-locked in a custom-made tool which was fitted in a universal
material testing machine. To prevent the measurements from being influenced by
play in the shape lock and elastic deformations of the experimental setup, the
displacements were measured locally using a DIC system. The displacement is
defined as the relative vertical movement between the measuring points xf and
xm , located on the fixed and moving sides of the gauge section, see Figure 2.12a.
The resulting force–displacement curves are presented in Figure 2.13a.

2.4.6

Bending tests

Bending tests have been performed according to the VDA 238-100 standard. An
overview of the test setup is shown in Figure 2.12b. Square 60 x 60 mm2 specimens
have been used. Supporting rollers with a diameter of 30 mm have been used,
which were mounted on roller bearings to minimize friction influences. The punch
radius and the distance between the rollers were chosen in accordance to VDA 238100: 0.4 mm and 3.5 mm, respectively. The resulting force–displacement curves are
presented in Figure 2.13b. Hardness grade 1 shows a different behavior than grades
2–5: at displacements larger than 5 mm, the gradient of the force–displacement
curves is higher than what would be expected from the trend seen in the curves
of grades 2–5. In FE-simulations of the bending test of hardness grade 1, it was
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found that at a displacement of 5 mm, the strain in the outer fiber is approximately
0.13. This equals the strain at maximum uniform elongation found in the uni-axial
tensile tests. At a displacement of 10 mm, the strains in the outer fiber are clearly
higher: up to 0.45. Therefore, this deviating behavior is not seen in the measured
true stress–strain curves presented in Figure 2.5.

2.5

Plasticity model calibration

Because the plasticity model will be used in combination with a strain-based fracture criterion, it is important to accurately predict the elasto-plastic response of
the material in the post-necking regime up to the onset of fracture. The main
focus of this section will thus be on calibration of the strain hardening behavior
in the frame of large plastic deformations. First, in Section 2.5.1, some model
assumptions are made based on the findings in Section 2.4. In Section 2.5.2, Swift
and modified Voce strain hardening equations are fitted to the experimental data
from the uni-axial tensile tests. In Section 2.5.3, these models are used as lower
and upper bounds in the parameter optimization routine that optimizes the strain
hardening model parameters, taking into account the measured strain fields of
notched tensile and bulge tests. Finally, in Section 2.5.4, the plasticity models of
all five 22MnB5 hardness grades are calibrated.

2.5.1

Model assumptions

The Yld2000–2d yield function (Barlat et al. [15]) will be used with an extension
for general three-dimensional stress states, because it will be used for simulations with 3D solid elements. Barlat et al. [14] proposed two yield functions for
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general stress states, but the computations for identification of the model parameters and solution of the constitutive equations are far more complicated than
with the Yld2000–2d model. Dunand et al. [25] proposed a simple extension of
the Yld2000–2d yield function from plane stress to general stress states. In the
extension of Dunand et al. [25], the same anisotropy coefficients as the original
Yld2000–2d model (α1 , . . . , α8 ) are used, plus four new parameters (α9 , . . . , α12 )
that are associated with out-of-plane shear stresses.
The experimental results presented in Section 2.4.1 reveal that all five considered hardness grades show only minor anisotropy of the stress–strain response,
and that all r-values are in the range 0.75 < r < 1. Therefore, all anisotropy
coefficients are set equal to unity (αk = 1). In this special case, the extended
Yld2000–2d yield function reduces to [25]:

where

φ00 =

φ = φ0 + φ00 = 2σ̄ a

(2.1)


 a2
2
2
2
2
φ0 = (σ11 − σ22 ) + 4 σ12
+ σ23
+ σ13

(2.2)
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2



(2.3)

in which σ̄ is the effective stress, a is a material parameter and σij are components
of the Cauchy stress tensor. Material parameter a is set to 6, which is a common
assumption for BCC materials. Equations (2.1)–(2.3) reduce to the isotropic version of the Yld2000–2d function for plane stress. As pointed out by Dunand et al.
[25], a key disadvantage of the model is that it only reduces to an isotropic model
for αk = 1 in the case of plane stress (σ33 = 0). When αk = 1 and σ33 6= 0, the
model is only in-plane isotropic. As sheet metals accommodate most deformation
under plane stress, and 3D-stress states are only found during through-thickness
necking prior to fracture, the model is expected to provide satisfactory results.
The (in-plane) isotropic assumption will be validated by comparing simulated and
measured full strain fields of the notched tensile tests and bulge tests.

2.5.2

Lower and upper bounds

The average (σ–ε̄p )-curve for the 0°-direction of hardness grade 5 is plotted again
in Figures 2.14a and b. Because the conversion from engineering stresses and
strains to true stresses and true plastic strains is only valid up to the strain at
which necking begins, experimental data only reach up to a strain of approximately
0.035. The strain field measurements of the bulge tests in Figure 2.11, however,
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show local strains of almost 0.60, which means that extrapolation of the (σ–ε̄p )curve is required. For this purpose, both the classical Swift [77] power law:
σS (ε̄p ) = kS (ε̄p + ε0,S )

nS

(2.4)

and a modified Voce [85] law:

σV (ε̄p ) = kV + QV 1 − e−βV ε̄p + αV ε̄p

(2.5)

are fitted to the experimental data from the uni-axial tensile tests, see Figure 2.14.
Instead of using the classical Voce saturation law, a modified Voce function with
an asymptotic hardening rate αV for large strains, similar to the one introduced
by Tome et al. [80], is used. When Equation (2.5) is fitted to experimental data
without using the additional linear term αV ε̄p , the strain hardening rate will vanish
at strains not far outside the experimental range. It has, however, often been
reported that strain hardening persists up to very high strains (e.g. Gil Sevillano
et al. [32], Van Liempt [83]). This is known as stage IV hardening, where there
is a breakdown of the linear decrease of the hardening rate and the hardening
rate becomes constant at a very low value (e.g. Nes [58]). Although the hardening
rate at these stages is difficult to measure experimentally, some typical values can
be found in the open literature. According to Poole et al. [63], the rate of work
hardening in stage IV is usually below 100 MPa. Rollett et al. [70, 71] propose
a hardening rate of 3 · 10−4 of the shear modulus for stage IV (24 MPa for the
22MnB5 used in this work). Gil Sevillano et al. [32] found stage IV hardening
rates for steel between 36 and 150 MPa, depending on the deformation mode.
Based on these findings, an intermediate value of 50 MPa is used for αV . The
remaining parameters of the modified Voce law (kV , QV and βV ) are used for
fitting.
From Figures 2.14a and b, it can be seen that both the modified Voce and
Swift laws provide acceptable fits for small strains, but behave very differently
in the extrapolated area. Assuming that the true strain hardening curve lies
somewhere in-between these lower (modified Voce) and upper (Swift) bounds, a
strain hardening model is introduced that can capture both extreme cases as well
as intermediate kinds of strain hardening. Similar to the approaches used by Sung
et al. [76] and Roth and Mohr [72], the modified Voce and Swift hardening laws
are combined:
σy (ε̄p ) = (1 − λ) σS (ε̄p ) + λσV (ε̄p )
(2.6)
Instead of using a linear mixing approach with constant λ as proposed by Sung
et al. [76] and Roth and Mohr [72], a new exponential mixing law is introduced
in which mixing parameter λ becomes a function of the equivalent plastic strain
(ε̄p ):
λ = λ (ε̄p ) = λfinal + (λinitial − λfinal ) e−αshape ε̄p
(2.7)
where λinitial represents the Voce-influence for small strains, λfinal represents the
Voce-influence for large strains and αshape is a shape parameter. The parameters
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of the Swift (σS ) and modified Voce (σV ) laws have been determined from fitting
to uni-axial tensile test data up to the uniform strain; the remaining model parameters (λinitial , λfinal , αshape ) will be determined from inverse FEM optimization.
In some cases, when λinitial is close to 0 and λfinal close to 1 (Swift-dominated at
small strains and Voce-dominated at large strains), the overall strain hardening
curve σy (ε̄p ) (Equation (2.6)) might have a negative gradient. To avoid this, and
to ensure monotonicity of σy (ε̄p ), a condition is applied on the gradient of the
overall strain hardening curve:


dσy
dσS dσV
≥ min
,
(2.8)
dε̄p
dε̄p dε̄p
This condition ensures that at each strain, the gradient of the overall strain hardening curve σy is at least equal to the smallest gradient of its two components σS
and σV . It thus avoids a dip in the strain hardening curve in case Equation (2.6)
has a negative gradient. Equation (2.8) is applied on Equation (2.6) in each step
of the optimization cycle, after determination of the parameters λinitial , λfinal and
αshape for the current cycle. This means that Equation (2.6) is not directly used
as input for the simulations: first the condition in Equation (2.8) is applied for
each value of ε̄p . After correction of σy (ε̄p ), the strain hardening curve is stored
as lookup table in the material model.

2.5.3

Parameter optimization

To identify the three free model parameters of Equation (2.7) in the frame of large
plastic deformations, an inverse FEM optimization scheme is set up that takes
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into account the measured force–displacement curves of the uni-axial and notched
tensile tests and the strain fields of the notched tensile tests and bulge tests. The
force–displacement curves of the bulge tests are not included in the optimization,
because it was found that they are relatively insensitive to changes in the strain
hardening curve. Furthermore, uncertainties in the experimental setup, such as the
punch eccentricity, were found to mainly influence the force-response and not the
resulting strain fields. Similar to the approach used by Haddadi and Belhabib [36],
the overall cost function Y to be minimized is defined by a weighted least-squares
deviation between simulated and measured forces and strains:
(2.9)

Y (X) = βYF (X) + (1 − β) Yε (X)

in which Y (X), YF (X) and Yε (X) are the overall, force and strain field cost
functions, respectively, and X = (λinitial , λfinal , αshape ) is the hardening parameter vector. Weighting factor β can be used to adjust the influence of the force–
displacement curves and strain fields on the cost function. YF contains the force–
displacement curves of both the uni-axial and notched tensile tests:
(2.10)

YF (X) = βF YF,uni (X) + (1 − βF ) YF,notched (X)
in which βF is a weighting factor and YF,uni is defined as:
nF
1 X
YF,uni (X) =
nF i=1

Fsim (di , X) − Fexp (di )
PnF
1
j=1 Fexp (dj )
nF

!2
(2.11)

where nF is the number of sample points on the force–displacement curve and
F (di ) is the force at sample displacement di . The cost function containing the
force–displacement curves of the notched tensile test YF,notched is defined likewise.
The strain field cost function Yε contains the strain fields of the notched tensile
test and the bulge test:
(2.12)

Yε (X) = βε Yε,notched (X) + (1 − βε ) Yε,bulge (X)
in which βε is a weighting factor and Yε,notched is defined as:
Yε,notched (X) =

1
nimg

nimg

X
i=1

nmp
1 X

nmp

j=1

εxx,sim (di , P j , X) − εxx,exp (di , P j )
Pnmp
1
k=1 εxx,exp (di , P k )
nmp

!2
(2.13)

where nimg and nmp are the numbers of strain fields and measuring points in each
strain field, respectively, and εxx (di , P j ) is the strain in the major direction (xx)
at global displacement di on position P j . The cost function containing the strain
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fields of the bulge test Yε,bulge is defined likewise. In this chapter, all weighting
factors (β, βF and βε ) are set to 0.5. In Chapters 4 and 5, other values will be
used. The displacement di can be related to the corresponding strain field because
of the data connection between the DIC system and the material testing machine.
The position on the specimen surface at which the strain is evaluated is defined
by P j , which represents the initial coordinates vector of the jth measuring point.
The strain field of the notched tensile test is taken at two instances of time during
the experiment: at the force-maximum and during through-thickness necking (see
Figure 2.7), such that nimg equals 2. The same is done for the strain field of
the bulge test, which is taken at approximately 70% and 90% of the fracture
displacement. On all strain fields and force–displacement curves, 40 sample points
are defined at which the deviation between experimental and simulated value is
evaluated (nF = nmp = 40).
For the optimization procedure, Equations (2.4)–(2.8) are implemented in the
modular material model (MMM) framework [34] for the explicit FEM code Virtual
Performance Solution (VPS). As stated in Section 2.5.1, the Yld2000–2d yield function [15] with an extension for general three-dimensional stress states by Dunand
et al. [25] is used with αk = 1 and material parameter a = 6 for BCC materials.
Under-integrated 8-node solid elements with one integration point are used. It was
found that the predicted strain field of the notched tensile test is very sensitive to
mesh size. For the optimization routine presented here, a mesh size of 0.1 mm will
be used, resulting in 15 elements in thickness direction. The strain field prediction
of the bulge test was found to be virtually mesh size independent due to the large
punch diameter and the resulting small strain gradients. A mesh size of 0.5 mm
will be used for this test, which can be considered as converged [28]. The artificial
stiffness method given in [30] is used to control the hourglass modes of the elements [86]. Because of the tribological system that was applied in the bulge tests,
see Section 2.4.4, friction between punch and sheet is neglected in the simulations.
A trust-region-reflective algorithm [19] is used to minimize the cost function with
[λinitial , λfinal , αshape ] = [0.5, 0.5, 1] as initial values.
Figure 2.15 shows the experimental force–displacement results and the measured strain fields of the notched tensile tests of hardness grade 5, together with
several simulation results. The used mesh size of 0.1 mm ensures that the geometry of the necking area and the strain localization can be accurately represented
by the model. The curves marked with ‘∗’ and ‘+’ are simulation results with the
Modified Voce and Swift lower and upper bounds, as they have been presented in
Figure 2.14. The Swift law clearly overestimates the strain hardening rate, leading
to overestimation of the forces. Furthermore, there is virtually no strain localization, leading to an underestimation of the strains of almost 50% at d = 0.7 mm.
The modified Voce law underestimates the strain hardening rate, and thus also the
forces, and clearly overestimates the strains. It should be emphasized that both
laws were fitted to the available experimental data from the tensile test, which is
still a commonly used method in many applications.
Looking at the simulation results in Figure 2.15a, it can be seen that up to the
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Force–displacement curves (a) and strain fields (b) of the notched tensile tests of hardness grade 5: experimental data and simulations results
obtained with lower (modified Voce) and upper bounds (Swift) and with
exponential mixing law with optimized parameters.
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force-maximum, all three simulation variants provide very similar results. This
can be explained when looking at Figure 2.14: up to a strain of 0.04, the Swift
and modified Voce laws are intentionally very similar, meaning that mixing them
will not change much in the final result. At higher strains, e.g. after initiation
of through-thickness necking (d = 0.7 mm in Figure 2.15b), the lower and upper
bounds diverge, leading to an increased influence of the mixing law. After a total
of 16 iterations the algorithm has converged for a predefined threshold. When
comparing the simulation results obtained with the Swift and modified Voce laws to
the simulation results from the exponential mixing law with optimized parameters,
it is clear that both the predictions of force–displacement curves and of strain fields
have greatly improved.
To check whether the used mesh size of 0.1 mm provides a converged solution,
Figure 2.16 shows a comparison of the predicted strains obtained from simulations
with mesh sizes of 0.05 mm, 0.1 mm, 0.2 mm and 0.5 mm. It can be seen that
the 0.2 mm and 0.5 mm meshes are not able to represent the details found in the
measured strain fields from Figure 2.15b. From the simulations with 0.05 mm and
0.1 mm meshes, it can be concluded that the 0.1 mm mesh provides a virtually converged solution. Figure 2.17a shows a comparison of the measured and simulated
full strain fields of the notched tensile test. It can be seen that the model is able to
provide an accurate representation of both the axial and lateral strains, including
the characteristic double strain peak that appears during through-thickness necking. The strain field of the bulge test, see Figure 2.17b, is also represented with
excellent accuracy.
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Comparison of measured and simulated strain fields of hardness grade 5,
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Table 2.5

Optimized strain hardening model parameters of the five selected 22MnB5
hardness grades.
Hardness grade
kS [GPa]
ε0,S [-]
nS [-]
kV [GPa]
QV [GPa]
βV [-]
λinitial [-]
λfinal [-]
αshape [-]
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1
1.0210
0.0073
0.2029
0.3858
0.3070
19.51
0.2882
0.2576
1.1594

2
1.1358
0.0028
0.1258
0.5642
0.2449
43.54
0.5366
0.7021
0.9783

3
1.2561
0.0002
0.0703
0.7480
0.2258
134.0
0.1771
0.8592
4.2459

4
1.5376
0.0002
0.0515
1.0493
0.2276
139.9
0.5260
0.8717
8.0304

5
2.2116
0.0002
0.0971
1.0318
0.5222
153.9
0.5576
0.9702
3.6340

Calibration of remaining hardness grades

The calibration procedure presented in the previous section will be used to obtain the strain hardening parameters of all five 22MnB5 hardness grades. Figure
2.18a shows the fitted lower and upper bounds together with the optimized strain
hardening curves, the corresponding parameters are presented in Table 2.5. The
value of λfinal , which represents the Voce-influence on the gradient of the strain
hardening curve at large strains, increases with material hardness. The softer material grades thus approach their upper bound at large strains, whereas the harder
grades approach their lower bound at large strains, see Figure 2.18a. Parameter
αshape can be used to control the curvature of the strain hardening curve at small
strains (ε̄p < 0.2): hardness grades 3, 4 and 5 have a relatively high value and
thus a higher curvature than grades 1 and 2. The simulation results of the uniaxial tensile tests are presented in Figure 2.18b. It can be seen that the calibrated
model predicts the experimental force–displacement curves with good accuracy.
Even the early necking initiation of hardness grade 4 compared to hardness grade
5 is represented by the model.
The predicted force–displacement curves and strain fields of the notched tensile
and bulge tests are included in Appendix C. Again, it is seen that the model provides an excellent prediction of the experimental results for all hardness grades.
The force–displacement curves of the uni-axial and notched tensile tests reveal
that hardness grade 4 has a lower ductility than hardness grade 5 when considering the global displacements to fracture. On a local scale, however, strain field
measurements show that the local strains just before fracture initiation of hardness
grade 4 are higher than those of hardness grade 5. The results presented in this
section show that the calibrated material model is able to represent and indicate
this behavior by the high value of αshape , leading to a strong curvature of the
strain hardening curve towards the lower bound at a relatively small strain, see
Figure 2.18a.
To further illustrate this effect, the Considère criterion [20] is applied to the op-
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timized hardening curves from Figure 2.18a. According to the Considère criterion,
necking initiates when the strain hardening rate equals the stress: dσy /dε̄p = σy .
Figure 2.19 shows plots of the calibrated strain hardening curves σy (ε̄p ) and
their corresponding derivatives dσy /dε̄p . According to the Considère criterion, the
strains at which these curves intersect are the strains at which necking initiates.
The intersection points of the bainitic grades (hardness grades 2, 3 and 4) seem
to follow a certain trend. Hardness grades 1 and 5, which have ferritic/pearlitic
and martensitic microstructures, respectively, do not follow this trend. It thus
seems that the strain hardening and necking behavior are directly related to the
microstructure of the material. The hardest bainitic grade (hardness grade 4)
reaches its point of instability at a smaller strain than the martensitic grade (hardness grade 5). As a result, necking and strain localization occur earlier for hardness
grade 4, leading to higher local strains at the same global displacement compared
to hardness grade 5.

2.6

Fracture model calibration

The high strength of boron steel comes with a significant reduction of the material
ductility. Therefore, when trying to optimize the crashworthiness of a vehicle using
this steel grade, it is important to have accurate predictive models of its fracture
behavior. Section 2.6.1 gives a brief overview of the strain-based fracture model
applied to the five 22MnB5 hardness grades considered in this work. Section
2.6.2 describes the parameter optimization procedure used to obtain the model
parameters. In Section 2.6.3, a mesh size adaptation rule is proposed that makes
the model suitable for use with arbitrary mesh sizes between 0.05 and 0.75 mm.

2.6.1

Model description

There exists a wealth of models that have been developed to predict ductile fracture
in sheet metal. Many of them are based on the assumption that ductile fracture
is the result of nucleation, growth and coalescence of voids. Early studies by
McClintock [54] and Rice and Tracey [69] on growth of cylindrical and spherical
voids in a ductile matrix have set the foundation for many micromechanical models
associated with void growth, the most prominent of which is by Gurson [35]. Other
approaches include continuum damage mechanics models based on the work of
Lemaitre [51], and homogenization models that define the onset of fracture through
a limit load [18].
Particularly popular in engineering practice are phenomenological and empirical models that use a damage indicator framework, in which, unlike from the models described above, the evolution of plasticity and damage is uncoupled. Most
of these uncoupled damage models are defined in the space of stress triaxiality
η, Lode angle θ and equivalent plastic strain ε̄p [7, 27]. The same holds for the
fracture model used in this study, which was developed by Bai and Wierzbicki [8].
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It is a modified version of the classical Mohr–Coulomb criterion, which says that
fracture occurs when the combined normal stress (σn ) and shear stress (τ ) reach
a critical value:
(τ + c1 σn )f = c2
(2.14)
where c1 and c2 are material dependent parameters that are often referred to
as friction coefficient and shear resistance, respectively. Bai and Wierzbicki [8]
transformed this stress-based form of the Mohr–Coulomb criterion to a strainbased form, presented in the ε̄p η, θ̄ -space:
(
ε̄f (η, θ̄)

=

#
"
√   

3
kS
π
√ sec
θ̄ − 1
(2.15)
c3 + (cθ − c3 )
c2
6
2− 3
#)
"r

π 
 π  −1/nS
1 + c21
1
cos
θ̄ + c1 η + sin
θ̄
·
3
6
3
6

where

(
cθ =

1
c4

for
for

θ̄ ≥ 0
θ̄ < 0

(2.16)

and kS and nS are the parameters of the classical Swift law, obtained from fitting
to the experimental strain hardening curves. The free model parameters c1−4 have
to be calibrated from the fracture experiments. This transformation to a strainbased formulation enhances the resolution of the model, because in the plastic
region small changes in stress are accompanied by large changes in strain. In
Equation (2.15), the stress triaxiality is defined as the ratio between the mean
stress (σm ) and the equivalent Von Mises stress (σ̄):
η=

σm
σ̄

(2.17)

and the Lode angle (θ) is normalized by:
θ̄ = 1 −

π
6θ
,0≤θ≤
π
3

such that −1 ≤ θ̄ ≤ 1. The Lode angle itself can be calculated from:
cos (3θ) =

27 (σ1 − σm ) (σ2 − σm ) (σ3 − σm )
2
σ̄ 3

where σ1−3 are the principal stresses. For a detailed overview of the transformation
steps, the reader is referred to the work of Bai [6]. Wierzbicki and Xue [87]
showed that the plane stress condition uniquely relates the stress triaxiality and
the normalized Lode angle parameter through:


π

27
1
2
cos
1 − θ̄ = − η η −
(2.18)
2
2
3
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Figure 2.20 shows the calibrated mMC fracture surface of hardness grade 5,
together with the corresponding plane stress fracture curve. Besides the fracture
surface, the damage evolution rule is a second integral part of the fracture prediction model. Bai and Wierzbicki [8] proposed a linear incremental relation between
the damage indicator D and the equivalent plastic strain:
ˆε̄p
D (ε̄p ) =
0

1
 dε̄p
ε̄f η, θ̄

(2.19)

where the stress state parameters η and θ̄ are functions of the equivalent plastic
strain. It is assumed that fracture will initiate when the damage indicator D
exceeds a critical value: D = 1.

2.6.2

Parameter optimization

The mMC fracture model is calibrated using a hybrid experimental/numerical
approach. The first step of the calibration procedure is to perform numerical
simulations of the fracture tests up to the fracture displacement identified in the
experiments, using the plasticity models calibrated in Section 2.5. The equivalent
plastic strain ε̄p , stress triaxiality η, and normalized Lode angle parameter θ̄ are
evaluated for every finite element as a function of time. As it is not known in which
element fracture initiates, a few candidate elements are selected from the area in
which fracture initiation was observed in the experiments. Parameters c1−4 are
then optimized such that the damage indicator D of one of the candidate elements
reaches the critical value of 1 exactly at the fracture displacement identified in the
experiments. In every cycle of the optimization algorithm, the candidate element
that reaches the highest value of D for the current set of parameters is selected
as the fracture element, after which c1−4 are optimized such that D = 1 for all
fracture tests. Using a carefully selected set of candidate elements greatly reduces
calculation times and improves the accuracy of the calibration: it avoids having to
evaluate the value D for all elements of all tests during every optimization step,
and it is more accurate than just selecting a single fracture element for each test
in which fracture is assumed to occur, as is usually done (e.g. [8, 9, 26]).
For hardness grade 5, the so-called stress state traces ε̄p η, θ̄ of the elements
in which fracture initiates are plotted in Figure 2.20. They visualize the evolution
of ε̄p , η and θ̄ during the simulations up to the fracture displacements identified
in the experiments. It can be
 seen that the trace from the shear test stays close to
its analytical value of η, θ̄ = (0, 0). The traces from the bulge test simulations
show some scatter at low strains, which might be caused by friction and some initial bending deformations. The tests with small and large punch provide virtually
identical traces,
 both regarding the stress state and the fracture strain (equibiaxial
tension, η, θ̄ = (2/3, −1)). The trace of the bending test starts at a triaxiality
of 0.5, which corresponds to a plane strain state along a free edge in the elastic
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regime
before taking a linear path towards fracture under plastic plane strain:
 [52], √
η, θ̄ = 1/ 3, 0 . The notched and central hole fracture tests show larger devia√ 


tions from their analytical stress states of η, θ̄ = 1/ 3, 0 and η, θ̄ = (1/3, 1),
respectively. This is caused by the change in geometry due to necking, which is
still quite severe for the used sheet thickness of 1.5 mm. The resulting 3D stress
state causes the traces to deviate from the plane stress curve, see Figure 2.20a.
With the hybrid experimental/numerical calibration approach used in this work,
deviations from the target stress states are accounted for by considering the full
load history paths in the optimization procedure.
The calibrated mMC fracture surface of hardness grade 5 is shown in Figure 2.20a, together with the corresponding plane stress fracture curve (Equation
(2.18)). The calibrated model is seen to be a monotonic function of the stress
triaxiality and an asymmetric function with respect to the Lode angle parameter.
Figure 2.21 shows the calibrated plane stress fracture curves for all five hardness
grades. It can be seen that there are no intersections between the curves in the
calibrated range, and that the fracture strains of grade 4 are higher than those of
grade 5, which confirms the findings of Section 2.5.4. It should be noted that the
bending tests, just as the uni-axial tensile tests, will solely be used for validation
of the fracture model.
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2.6.3

Mesh size dependency

The strain-based fracture model calibrated in this work is related to a specific
mesh size. Especially in necking zones, where high strain gradients are found, the
calculated strain field and thus the predicted fracture strains are highly mesh size
dependent. The fracture surface shown in Figure 2.20 has been calibrated to a
mesh size of 0.1 mm, which allows for detailed analyses such as crack propagation
and virtual testing of joints. For use in vehicle crash simulations, the fracture
model has also been calibrated for mesh sizes of 0.2 and 0.5 mm. The resulting
plane stress fracture curves of hardness grade 5 are presented in Figure 2.21. It
can be seen that the fracture strains under equibiaxial tension (η = 2/3) are
virtually mesh size independent, because the equibiaxial tension stress state does
not lead to strain localization or necking. The same holds for the shear stress state.
For the shear test, a mesh size of 0.1 mm was used for calibration of all fracture
surfaces. This was done because the notch in thickness direction of the shear
specimen cannot be represented accurately with larger mesh sizes. Any mesh size
dependency found would be the result of a poor approximation of the specimen
geometry. In the area in-between equibiaxial tension and shear (0<η<2/3), there
is a clear mesh size dependency, which is caused by strain localization due to
necking.
To validate the calibrated fracture model, the uni-axial tensile tests are simulated with activated fracture criterion: elements that reach the fracture criterion
(D = 1) are eliminated from the simulation. The results for mesh sizes 0.1, 0.2 and
0.5 mm are presented in Figure 2.22a, which can be considered as actual model
predictions because the uni-axial tensile tests were not used for calibration. It can
be seen that fracture initiation is predicted with excellent accuracy in all three
mesh sizes. The bending tests in Figure 2.22b, which have not been used for
calibration either, are predicted with excellent accuracy in mesh sizes of 0.1 and
0.2 mm. With a mesh size of 0.5 mm, fracture initiation is predicted slightly too
early for hardness grades 1–4. The simulation results of the tests that were used
for calibration of the fracture model (notched and central hole tensile tests, bulge
and shear tests) can be found in Appendix D, together with the optimized model
parameters. In Figures D.1–D.5 it can be seen that all tests are represented with
excellent accuracy in all mesh sizes.
In order to obtain a fracture model that can be used for arbitrary mesh sizes,
linear interpolation between the calibrated supporting point models (l = 0.1, 0.2
and 0.5 mm) is applied:



ε̄f η, θ̄, l = λl · ε̄f,lLB η, θ̄ + (1 − λl ) · ε̄f,lUB η, θ̄
(2.20)
in which ε̄f is the fracture surface of intermediate mesh size l, and ε̄f,lLB and ε̄f,lUB
are the fracture surfaces of the corresponding calibrated lower and upper mesh
size bounds. Mixing parameter λl is linearly related to the mesh size:
λl =

lUB − l
− lLB

lUB

(2.21)
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Simulation results of the uni-axial tensile (a) and bending (b) tests for
mesh sizes 0.1, 0.2 and 0.5 mm.

42

Chapter 2. Plasticity and fracture modeling of tailor hardened boron steel 22MnB5

25

Force,[kN]

20
Experiments
Sim.,,l =,0.05,mm
Sim.,,l =,0.1,mm
Sim.,,l =,0.15,mm
Sim.,,l =,0.2,mm
Sim.,,l =,0.35,mm
Sim.,,l =,0.5,mm
Sim.,,l =,0.75,mm

22

15

20
10
18
5
0

16

0

0.5

Figure 2.23

3

3.2
1

3.4

1.5
2
2.5
Displacement,[mm]

3.6
3

3.5

Simulation results of the uni-axial tensile tests of hardness grade 5 for
several calibrated, interpolated and extrapolated mesh sizes.

where l is the actual initial mesh size and lLB and lUB are the mesh sizes of the
corresponding lower and upper supporting point models. In order to validate this
linear mesh size interpolation approach based on mixing parameter λl , the tensile
tests of hardness grade 5 are simulated with different mesh sizes. The tensile test
has a varying stress state throughout the experiment and the predicted strains in
the localization area are highly mesh size dependent, making it very suitable as a
validation example. Both interpolation (l = 0.15 and 0.35 mm) and extrapolation
(l = 0.05 and 0.75 mm) is applied, the results are presented in Figure 2.23. It
can be seen that the moment of fracture initiation is predicted with excellent
accuracy for all mesh sizes. Remarkably, even linear extrapolation to smaller and
larger mesh sizes provides good results. For the 0.05 mm mesh, the predicted
fracture displacement is slightly overestimated, because the simulated strain field
has virtually converged in this mesh size range.

2.7

Hardness-based interpolation approach

By applying piecewise linear interpolation between the five calibrated hardness
grades, a model is created that can be used to approximate the behavior of arbitrary grades. Interpolation will take place separately for the calibrated strain
hardening equations and the calibrated fracture criteria. The material hardness
will be used as driving parameter for the 5-grade constitutive model. The advantage of such a hardness-based constitutive model is that it allows two-way data
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input: either via hardness measurements on actual components in case the real
cooling history of the component is unknown, or via a hot forming simulation in
which the temperature–time evolution within the component is used to predict
phase fractions and hardness values. A drawback of a hardness-based approach is
that the mechanical properties are not uniquely defined by material hardness when
plastic deformations occur during hot forming. Bardelcik [10] compared the mechanical behavior of specimens with and without preliminary plastic deformation
during quenching. For specimens with the same hardness (300 HV) he found uniform elongations of 0.055 and 0.08 for non-prestrained and prestrained material,
respectively, caused by deformation-induced ferrite transformations. At this point,
it should be noted that the presented hardness-dependent material model was calibrated with specimens without preliminary plastic deformations. The hardness
values mentioned in this work thus correspond to the non-deformed material.
In the hardness-based model, the strain hardening behavior is calculated from:

σy (ε̄p , λ) = λBM · σyLB (ε̄p ) + 1 − λBM · σyUB (ε̄p )
(2.22)
in which σyLB and σyUB are the closest calibrated supporting curves to σy and
mixing parameter λBM is linearly related to the hardness through:
λBM (HV ) =

HV UB − HV
HV UB − HV LB

(2.23)

where HV is the material hardness and HV LB and HV UB are the hardness values
of the corresponding lower and upper supporting point models. The superscript
of λBM is used to be able to distinguish between the mixing parameter used for
the unwelded base material (BM) presented here, and the mixing parameters used
for the heat-affected zone in the upcoming chapters. For the fracture model, first
the mesh size adaptation rule (Equation (2.20)) is applied, after which the final
fracture surface ε̄f for an arbitrary base material hardness HV and mesh size l is
calculated as follows:




ε̄f η, θ̄, l, λBM = λBM · ε̄LB
η, θ̄, l + 1 − λBM · ε̄UB
η, θ̄, l
(2.24)
f
f
in which ε̄LB
and ε̄UB
are the closest calibrated supporting points to ε̄f , calculated
f
f
from Equation (2.20). As a first validation of the implemented material model,
tensile tests are simulated with interpolated hardness values, see Figure 2.24. The
results look plausible, the approach of separately interpolating between calibrated
strain hardening and fracture models seems to work well.

2.8

Model validation

In order to validate the proposed hardness-dependent constitutive model, a tapered
tensile test specimen with hardness transition zone in the gauge section is designed
and tested. The experimental results are compared to numerical simulations with
the newly developed material model.
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Specimen preparation

As-delivered sheets of 22MnB5 have first been fully austenitized in a furnace at
950 ◦ C, after which they were formed to top hat sections in a tailored tool (see
Figure 2.25 for an illustration of the top hat section and corresponding tool temperatures). The sheets remained in the furnace for 6 minutes, transfer to the tool
took on average 3.2 seconds and an additional 5.5 seconds elapsed before forming
started. The tailored tool consisted of two tool halves separated by an air gap of
0.7 mm: one tool half was made of GTCS-550 tool steel and was heated to 500 ◦ C,
the other tool half was made of X38CrMoV5-3 tool steel and was actively cooled
to a temperature of 30 ◦ C by applying a cooling water flow of 13 l min−1 . A press
speed of 50 mm s−1 was applied, the press force after closing was 2000 kN. After
a holding time of 20 seconds, the top hat sections were ejected and cooled down
to room temperature in air. Hardness measurements taken along the longitudinal
axes of the top hat sections show a steep transition from 500 HV to 250 HV over
a range of 150 mm, see Figure 2.25.
Tapered tensile specimens, of which a detailed drawing is presented in Figure
B.5, are extracted from the top hat sections such that the hardness transition
zone lies in the middle of the 100 mm wide gauge section, see Figure 2.25. If
width w would be equal to the width at the left-hand side of the gauge section (28
mm), the tapered tensile specimen would reduce to a standard uni-axial tensile
specimen. With a hardness transition zone in the gauge section of a standard
uni-axial tensile specimen, the specimen would always neck and fail in the softest
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area. To avoid this trivial solution, width w at the right-hand side of the gauge
section is reduced: the smaller the width w, the further the necking zone moves
to the right [28]. Using some preliminary simulations, three values of w have been
chosen: 13, 13.5 and 14 mm. Based on the simulation results, it is expected that
a shift in the necking area from the narrow to the wide side of the gauge section
can be observed between w = 13.5 and w = 14 mm.

2.8.2

Results

The experiments have been performed using the same experimental setup as used
for the uni-axial tensile tests presented in Section 2.4.1. DIC images of the tapered
tensile tests with w = 13.5 and 14 mm are presented in Figure 2.26, the corresponding force–displacement curves are plotted in Figure 2.27. For the 13 mm variant,
three repeat experiments have been performed and for the 13.5 and 14 mm variants two repeat experiments, confirming excellent repeatability considering both
the fracture location and the force–displacement curves.
The simulation results are presented in Figures 2.26 and 2.27 as well. The
fitted hardness curve shown in Figure 2.25 was used to map the material hardness
along the longitudinal axis of the specimen. The material data was then initialized
from the hardness according to Equations (2.22) and (2.24). For all simulations,
0.5 mm solid elements have been used. Looking at the strain fields of the 13.5 mm
variant, it can be seen that at a displacement of 2 mm there are two competing
localization areas. This is because the linear taper does not fully compensate the s-
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shaped hardness distribution, resulting in two local strength-minima. At 3.75 mm
displacement, which is shortly before fracture initiation, it is clear that fracture
will occur in the narrow, hard section of the specimen. By increasing width w
by 0.5 mm, the fracture location shifts to the softer area of the specimen. The
material model is able to represent this behavior with excellent accuracy.
The force–displacement curves are predicted with good accuracy as well. It can
be seen that there is a clear increase in displacement to fracture for the increasing
value of w. When considering the energy absorption capacity per unit weight of
the specimens, the widest variant (w = 14 mm) seems to be the most favorable
one: compared to the 13.5 mm variant it only has a 0.51% higher weight with at
the same time a 54% higher energy absorption.

2.9

Closure

Five hardness grades of quench-hardenable boron steel 22MnB5 have been used
to calibrate a hardness-dependent constitutive model. In the proposed model, a
nonlinear combination of the Swift hardening law and a modified Voce law are used
to represent the strain hardening behavior in combination with an isotropic version
of the Yld2000–2d yield function. Initial fits of the two classical strain hardening
equations were constructed based on experimental data from uni-axial tensile tests
up to the point of diffuse necking. The strain hardening response beyond the point
of diffuse necking was determined from a 3D strain field analysis of notched tensile
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and bulge tests in combination with an inverse FE optimization routine. For the
hardest material grade, strains of the notched tensile tests reached up to 0.15 and
of the bulge tests up to 0.55, thus providing a profound experimental basis for the
parameter identification routine.
Five fracture tests were used to calibrate the strain-based mMC fracture criterion at different stress states. The resulting fracture surfaces of the five 22MnB5
grades showed no intersections in the calibrated range. By applying linear interpolation between the calibrated mesh sizes of 0.1, 0.2 and 0.5 mm, a model was
obtained that can predict fracture for all intermediate mesh sizes. The calibrated
fracture models were successfully validated using an out-of-plane bending test and
uni-axial tensile tests.
By linear combination of the separate strain hardening and fracture models,
a hardness-driven material model was introduced that is able to approximate the
behavior of arbitrary hardness grades. Simulations of standard tensile tests with
some interpolated hardness values showed that the model provides plausible results. For further validation, a newly developed tapered tensile test specimen was
used featuring a hardness transition in the gauge section. Both the measured
strain fields and force–displacement curves were predicted with excellent accuracy.

Chapter 3

Tempering effects in resistance
spot welding
3.1

Introduction

Resistance spot welding is the most important joining technique in steel-based automotive production, with on average 3,000–7,000 spot welds in a body-in-white
[37, 68]. It is a thermo–electric process, in which heat is generated at the interface
of the sheets by passing an electrical current through them under a controlled
pressure. Cooled copper electrodes are used to apply the required current and
pressure, to remove the surface heat during the weld cycle and accelerate solidification afterwards. It is generally known that the heat input in the weld area causes
thermodynamically unstable phases, such as bainite and martensite, to decompose
into softer microstructures. This results in a softened zone around the weld, which
is part of the so-called heat-affected zone. Heat-affected zone softening has been reported in several high strength steel grades, including dual phase steels DP780 [89]
and DP980 [64] and tailor hardened boron steels with bainitic [33] and martensitic
[73] microstructures. In the remainder of this work, the term heat-affected zone
(HAZ) will be used to denote the softened part of the heat-affected zone. Under
complex loading conditions, such as the simultaneous bending and stretching of a
spot welded B-pillar in a side crash, strains localize in the softened HAZs, making
them potential areas for fracture initiation. The cracks might propagate into the
neighboring base material and lead to loss of structural integrity. Therefore, the
HAZs have to be considered in the simulation of the crashworthiness of a vehicle.
This chapter gives an overview of the tempering effects associated with the
resistance spot welding of tailor hardened boron steel 22MnB5. First, a set of fixed
welding parameters is defined that will be used for all calibration and validation
cases throughout this work. Based on the temperature history obtained from a
process simulation, hardness measurements and metallographic analyses, the weld
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area is divided into different zones. These zones serve as a foundation for the
extended hardness-based constitutive model that takes into account the HAZ. A
preliminary study using welded tensile tests is performed to determine which of
the five hardness grades (introduced in the previous chapter) are affected by HAZs
of resistance spot welds (RSWs).
The hardness-based constitutive model introduced in Chapter 2 was calibrated
using material samples obtained from a hot forming-like process. The material in
the weld area is subjected to a second heat treatment, in which the hot formed
material is tempered. In Section 3.8, the results of a preliminary investigation are
presented in which the hardness-based model calibrated in Chapter 2 is used for
predictions in the HAZ. From the results of this analysis, it is concluded that new
plasticity and fracture models have to be calibrated for the HAZ, which will be
the topic of Chapters 4 and 5.

3.2

Welding parameters

A set of fixed welding parameters is defined that was applied for all RSWs in this
work. All welds have been made by joining two sheets of 22MnB5 with a thickness
of 1.5 mm. A NIMAK C-type servo spot weld gun combined with an HWH control
system has been used. A constant electrode force of 3 kN was applied with squeeze
and hold times of 2000 ms and 200 ms, respectively. The squeeze time is used to
ensure that the required electrode force has been reached at the start of the heat
cycle. When the contact force between electrode face and outer surface of the sheet
is too low, the electrical resistance and thus the heat generation will be excessively
high leading to material expulsion, voids in the weld and electrode damage. The
hold time is the time that pressure is maintained after the heat cycle and it allows
the molten material to solidify before releasing the welded sheets. Two weld pulses
of 100 ms and 500 ms with welding currents of 3.0 kA and 5.7 kA, respectively,
were applied with a 20 ms interval. An overview of the welding cycle is shown in
Figure 3.1. The diameters of the resulting weld nuggets (dn ) were measured under
a microscope on polished cross sections of the spot welds, see Figure 3.6. The
diameters were found to be approximately 5.4 mm for all hardness grades.

3.3

Temperature history in heat-affected zone

In order to obtain the temperature history of the material in the weld area, the
welding process was simulated using the welding parameters and sheet thicknesses
described in the previous section. The resistance spot welding process simulation
tool SORPAS® was used for this purpose. The SORPAS® material database contains the required material data for 22MnB5 including aluminum–silicon coating
in hot stamped condition. An extensive validation of the temperature prediction in SORPAS® can be found in Klages [49], where optical radiation measure-
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ments taken from a sectioned spot welding process are compared to SORPAS® predictions. Figure 3.2a shows a contour plot of the predicted peak temperatures
in the weld area, the temperature curves in Figure 3.2b correspond to the positions
indicated in the contour plot. SORPAS® predicts a nugget diameter of 5.41 mm,
which corresponds perfectly to the measured nugget diameters of approximately
5.4 mm. In the nugget area (temperature curves 1–3), the predicted heating rates
clearly exceed 10,000 ◦ Cs-1 , and temperatures of over 2000 ◦ C are reached. During
the delay time after the first weld pulse (between 100 ms and 120 ms), a slight decrease in temperature can be observed. The material corresponding to points 4–6
is (partially) austenitized and subsequently hardened due to rapid cooling. The
curves corresponding to points 7–11 correspond to the area in which a decrease
in hardness is expected. The material in this area has undergone a very short
tempering cycle below the austenitization temperature Ac1 , which is the temperature at which austenite begins to form upon heating (approximately 720 ◦ C for the
22MnB5 used in this work [57]). The most severe decrease in hardness is expected
where temperatures have been the closest to Ac1 , approximately 4 mm from the
spot weld center (critical HAZ temperature curve in Figure 3.2b).

3.4

Hardness measurements

In order to determine the location and geometry of the heat-affected zone corresponding to the welding parameters and sheet thicknesses used in this work,
both in-plane and cross-sectional surface hardness measurements were made of
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spot welds in all five base material hardness grades. For this purpose, small
samples were cut from the welded sheets and mounted in epoxy resin. For the
cross-sectional measurements, the spot welds were carefully cut along a symmetry
plane. For the in-plane measurements, 15 x 15 mm2 samples with the entire spot
welds were used. The in-plane samples were ground until full removal of the electrode print; the hardness measurements were taken approximately 0.3 mm from
the specimen surface (z = 1.2 mm in Figure 3.2a). After grinding and polishing up
to 4000 grid SiC paper, Vickers hardness measurements were taken with a 0.5 kg
load. For the cross-sectional measurements a grid spacing of 0.15 mm was used,
resulting in approximately 1800 HV0.5 measuring points per spot weld. For the
in-plane measurement the grid spacing was 0.3 mm, resulting in 2500 measuring
points per spot weld. The resulting hardness maps are shown in Figure 3.3 (note
that the same scale has been used for the colorbar in all plots).
The in-plane measurements show that the HAZ has a circular geometry in the
x-y plane; the cross-sectional measurements in the y-z plane reveal an elliptic shape
of the hardness distribution. For all base material hardness grades, the material of
the weld nugget (i.e. fusion zone), which was heated above the melting point and
rapidly cooled down, shows a material hardness similar to that of fully hardened
base material (hardness grade 5). Some lower hardness values were found in a few
nuggets (e.g. the in-plane measurement of hardness grade 2), which might be a
measuring artifact caused by voids in the weld.
Figure 3.4 shows the hardness values extracted from the in-plane measurements
at y = 0 mm. Clearly, the severity of the hardness drop in the HAZ depends on the
hardness of the base material: where hardness grade 5 has a hardness reduction of
more than 200 HV, hardness grade 2 shows a reduction of approximately 20 HV.
Hardness grade 1 does not feature a zone of reduced hardness at all. It can be
seen that the position of the heat-affected zone is virtually independent of base
material hardness: for grades 2–5, the softest point is found at approximately
4.0 mm from the spot weld center. Furthermore, the lowest hardness value found
in the HAZ seems to decrease as parent material hardness decreases: whereas
the HAZ in fully hardened parent material (497 HV) reaches a lowest hardness of
276 HV, the lowest HAZ-hardness of parent material grade 2 is 230 HV. Table 3.1
provides an overview of the base material hardness values and the corresponding
lowest HAZ-hardnesses found in the in-plane and cross-sectional measurements of
Figure 3.3.

3.5

Metallographic analysis and weld-zone nomenclature

In Figure 3.4, the predicted peak temperatures extracted from Figure 3.2a at
z = 1.2 mm are superimposed on the hardness measurements. The material in
the weld area consists of several regions which have been subjected to thermal
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Table 3.1

Base material hardnesses and corresponding lowest hardness values found in
the HAZ (so-called critical heat-affected zone hardness HV CHAZ ).

Grade
Grade
Grade
Grade
Grade

1
2
3
4
5

Base material
hardness HV BM [HV]
183
252
320
404
497

CHAZ hardness
HV CHAZ [HV]
230
248
266
276

Hardness reduction
HV BM − HV CHAZ [HV]
22
72
138
221
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cycles with progressively decreasing peak temperature as the distance from the
weld nugget increases. The intersections of the peak temperature-curve with the
Ac1 - (720 ◦ C [57]) and Ac3 -temperatures (950 ◦ C for a heating rate of 300 ◦ C s-1
[59]) allow some conclusions to be drawn regarding the underlying microstructural
transformations that have taken place.
Figure 3.5 shows a schematic overview of the hardness distribution around a
RSW in 22MnB5, based on the hardness measurements from Figure 3.4. In Figure 3.6, corresponding micrographs of a RSW in fully hardened base material are
presented. The Vickers imprints visible in the overview micrograph correspond to
the cross-sectional hardness measurements in base material grade 5, presented in
Figure 3.3. The material of the weld nugget (r < rn ) has been heated to temperatures above the melting point and has cooled down rapidly afterwards, resulting
in a fully martensitic microstructure. The material just outside the weld nugget
(rn < r < r1 ) was heated above the Ac3 -temperature, which is the temperature at
which transformation of ferrite into austenite is completed upon heating. Due to
the high cooling rates at the end of the welding process, intensified by the cooled
electrodes, the austenite transforms to martensite, resulting in a high material
hardness. In the optical micrographs, a clear change in grain size can be observed
in this area. In the so-called fine-grained heat-affected zone (FGHAZ), the short
time above Ac3 limits austenite grain growth, resulting in a fine martensitic microstructure upon cooling. In the coarse-grained heat-affected zone (CGHAZ),
temperatures well above Ac3 have been reached, and growth of austenite grains is
facilitated by the extended time spent at elevated temperatures, see Figure 3.2b
[48, 50]. Subsequent rapid cooling transforms the austenite into a coarse martensitic microstructure.
The material in the so-called inter-critical heat-affected zone (ICHAZ, r1 < r <
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r2 ) was heated to temperatures between Ac3 and Ac1 . The elevated temperatures
thus cause the base material (BM) to partially transform into austenite and some
stable ferrite [46]. The high post-weld cooling rates result in transformation of
the inter-critically austenitized grains back into martensite. The fraction of the
material that did not transform into austenite or ferrite during the heating phase
remains as a tempered variant of the initial base material.
In the so-called sub-critical heat-affected zone (SCHAZ, r2 < r < r3 ), temperatures have not exceeded Ac1 , resulting in a tempered microstructure. The amount
of tempering, and thus the reduction in hardness, mainly depends on how close
temperatures have been to the Ac1 -temperature. When comparing the micrographs of the unaffected base material and the SCHAZ, see Figure 3.6, it is seen
that the SCHAZ features much more pronounced grain boundaries: during the
tempering process, carbon segregates from the martensitic phase and accumulates
in the form of carbides at the boundaries of the martensite plates. On the contrary,
the base material reveals a typical needle-like martensitic microstructure without
clearly recognizable grain boundaries, which corresponds to the findings in Section
2.3. The point of lowest hardness, where maximum temperatures have been the
closest to Ac1 , is denoted critical heat-affected zone (CHAZ). At r > r3 , there has
been no significant influence of the welding process on the material hardness.
As already mentioned in Section 3.4, the hardness of the CHAZ depends on
base material hardness: the martensitic microstructure of hardness grade 5 has
the most severe decrease in hardness, whereas the upper bainitic microstructure
of hardness grade 2 only shows a minor decrease (see Figure 3.4). It can thus be
concluded that, although tempering is a term historically associated with martensite, the bainite found in hardness grades 2, 3 and 4 is also a metastable phase
which undergoes changes in microstructure and mechanical properties at elevated
temperatures in the range of Ac1 . The rate of change of the microstructure and
properties during tempering scales with the degree to which the parent material
deviates from equilibrium. During a hot forming operation, bainite forms at much
higher temperatures than martensite, which means that the extent of so-called autotempering (self-recovery during transformation) for bainite is much larger than
for martensite. Consequently, when bainite is exposed to a tempering treatment
(e.g. resistance spot welding), the amount of recovery is much smaller than for
martensite [16]. This effect has been illustrated in Figure 3.7, where the CHAZ
hardness is plotted as function of base material hardness. The fitted curve is
defined as:

HV CHAZ = HV BM − 0.81 HV BM − 229 , HV BM ≥ 229

(3.1)

in which HV CHAZ is the CHAZ hardness and HV BM is the base material hardness.
Equation (3.1) suggests that there is no hardness reduction around RSWs in base
materials softer than 229 HV.

3.6. Preliminary mechanical investigation
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Preliminary mechanical investigation

Coupon tensile tests have been performed with specimens extracted from all five
base material hardness grades. The geometry of the specimen is shown in Appendix B, Figure B.9. The measured force–displacement curves are presented in
Figure 3.8, together with corresponding representative force–displacement curves
of unwelded uni-axial tensile tests. Separate y-axes have been introduced to compensate for the different specimens widths: the uni-axial tensile specimens had a
width of 10 mm and the coupon specimens a width of 20 mm. For both tests, an
initial gauge length of L0 = 50 mm was used. To ensure quasi-static strain rates
in the localization area, a crosshead speed of 0.01 mm s−1 was used. The hardest
material grades 4 and 5 clearly show the most severe reduction of displacement to
fracture. Whereas the unwelded uni-axial tensile tests of grade 5 have a fracture
displacement of more than 3 mm, the RSW in the gauge section of the coupon tests
causes fracture to initiate at a displacement of 0.8 mm. For hardness grade 3 the
effect is clearly less severe, and for hardness grades 1 and 2 the force–displacement
curves with and without RSW are virtually identical.
Figure 3.9 shows measured strain fields of the coupon tensile tests just before
fracture initiation. The strain field of hardness grade 5 hardly shows any strains
in the base material (<0.02), all strains are localized in the HAZ. Looking at the
strain fields of hardness grades 3 and 4, it can be seen that the amount of strain in
the base material increases as base material hardness decreases. In grades 3, 4 and
5, fracture initiates in the HAZ. In grade 2, hardness measurements indicated a
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Measured force–displacement curves of the welded coupon tests compared to
results of corresponding unwelded uni-axial tensile tests.

hardness decrease in the HAZ of only 22 HV, see Table 3.1. Due to the stabilizing
effect of the hard nugget, strains do not localize in the HAZ, but in the unaffected
base material relatively far away from the RSW. As a result, virtually no negative
influence of the RSW on the ‘global’ ductility (based on L0 = 50 mm) was observed
in the force–displacement curves. The same is seen in the strain field of hardness
grade 1, see Figure 3.9a. Note that the measuring volume of the DIC system was
enlarged to be able to capture both the nugget and the localization area.
In Figure 3.10a, the measured hardness values from Figure 3.4 and the strains
along the longitudinal axis of symmetry of the coupon specimen of hardness grade 5
are plotted. The initial x-coordinates are used to plot the strains in order to match
the coordinates of the hardness measurements, which were taken from undeformed
specimens. It can be clearly seen how the hardness relates to the resulting strains:
the highest strain peaks coincide exactly with the lowest hardness values of the
heat-affected zone. The secondary, lower strain peaks are the result of a throughthickness intersecting shear band, as will be explained in Section 5.2.1. There is
a competition between the two main strain peaks on opposite sides of the nugget,
ultimately leading to fracture initiation in the CHAZ on one side of the RSW, see
Figure 3.10b.

3.6. Preliminary mechanical investigation
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Figure 3.9

Measured strain fields of the coupon tensile tests just before fracture initiation: hardness grade 1 (a) and hardness grades 2–5 (b).
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Measured hardness values and strains along the longitudinal axis of symmetry of the coupon specimen of hardness grade 5 (a) and in-situ picture
of cracked specimen (b).

Numerical framework for hardness-dependent
HAZ modeling

In this section, a numerical framework is introduced that extends the hardnessdependent modeling approach used for the base material to the heat-affected zone.
First, the hardness distribution in the weld area is parametrized inspired by the
hardness measurements presented in Figure 3.4. Using the linear relation found
between base material and critical heat-affected zone hardness, see Equation (3.1),
the post-welded hardness is defined solely as a function of nugget radius rn and
base material hardness HV BM . The material behavior in the two transition zones
SCHAZ and ICHAZ is approximated by linear interpolation between calibrated
BM and CHAZ material models, as described in Sections 3.7.3 and 3.7.4.

3.7.1

Parametrization of the heat-affected zone hardness
distribution

Figure 3.11a shows a schematic overview of a HAZ hardness distribution in an
arbitrary base material grade. Radius r1 defines where the reduction in hardness
of the ICHAZ starts:
r1 = rn + γ
(3.2)

HV N
rn

γ

αICHAZ
HV BM
αSCHAZ

HV CHAZ
r1
r2
r3
RadialZdistanceZfromZRSWZcenterZrZ[mm]
(a)

Figure 3.11
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RadialZdistanceZfromZRSWZcenterZrZ[mm]
(b)

Parametrization of the heat-affected zone hardness distribution, inspired
by the hardness measurements in Figure 3.4 (a) and model representations of hardness distributions (b). Different base material grades are
represented by different line styles.

in which rn is the nugget radius and γ is an offset distance. Radius r2 is defined
as:

HV N − HV CHAZ


r1 +
if HV BM ≥ 229


αICHAZ
r2 =
(3.3)

N
BM


HV
−
HV
r +
if HV BM < 229
1
αICHAZ
in which αICHAZ is the hardness gradient in the ICHAZ. HV N is the hardness
of the nugget material, assumed to be equal to the hardness of the martensitic
base material (497 HV). From Equation (3.1) it was concluded that there exists
no CHAZ when HV BM < 229, which is why HV BM is used for determination of
r2 in that case. Radius r3 is defined as:

HV BM − HV CHAZ

r2 +
if HV BM ≥ 229
r3 =
(3.4)
αSCHAZ
r
if HV BM < 229
2

in which αSCHAZ is the hardness gradient in the SCHAZ. The post-welded hardness
HV can now be defined as follows:

HV N ,
r ≤ r1



HV N − αICHAZ (r − r ) ,
r 1 < r < r2
1
HV (r) =
(3.5)
CHAZ
SCHAZ

HV
+
α
(r
−
r
)
,
r
≤
r
<
r
2
2
3



HV BM
r ≥ r3
From Figure 3.4 it can be concluded that the geometrical parameters γ, αICHAZ
and αSCHAZ are virtually independent of base material hardness. To determine the
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Heat-affected zone hardness distributions in fully hardened base material
for different nugget diameters, obtained by changing the current of the
main weld pulse.

influence of welding parameters, resistance spot welds with different nugget radii
rn have been created in hardness grade 5 by varying the welding current of the
second weld pulse, see Section 3.2. Besides the standard weld current of 5.7 kA,
which results in a nugget diameter of 5.4 mm, weld currents of 5.5 kA, 5.0 kA and
4.5 kA have been applied, resulting in nugget diameters of 5.2 mm, 4.9 mm and
4.7 mm. The corresponding hardness measurements are presented in Figure 3.12.
The hardness gradients αICHAZ and αSCHAZ seem to be independent of nugget
size. Furthermore, the shift of the CHAZ is virtually equivalent to the shift of the
nugget boundary, meaning that γ is constant as well. It should be noted that the
hardness distribution may also depend on sheet thickness combination and other
welding parameters such as duration and number of the weld pulses, which are
not considered here.
From the measurements presented in Figures 3.4 and 3.12, average values for
γ, αICHAZ and αSCHAZ of 0.9 mm, 593 HV mm−1 and 133 HV mm−1 were determined. When these values are chosen fixed in the model, the post-welded hardness
distribution HV (Equation (3.5)) solely depends on base material hardness HV BM
and nugget radius rn , two values generally available in vehicle crash simulations.
Figure 3.11b shows model representations of hardness distributions in different
parent material grades. Based on Equation (3.5), rotational symmetric mapping
of the hardness distribution into the FE-mesh can be applied, see Figure 3.13. The
position of the HAZ is defined by the RSW coordinate vector P and the sheet normal vector V . The elliptic shape of the hardness distribution is represented by an
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Mapped hardness distribution in FE-model of the coupon test (hardness
grade 5, mesh size l = 0 .1 mm).

oblate spheroid with z as the symmetry axis:
x2 + y 2
z2
+
=1
2
rxy
rz2

(3.6)

in which the aspect ratio rxy /rz is estimated from the hardness measurements in
Figure 3.3 and has been set to 1.3.
At the start of the simulation, the local material properties of the individual
elements can be initialized from the corresponding hardness values. It should
be emphasized that the zone in which the element is located, see Equation 3.5,
must be taken into account when assigning the material properties: when a local
hardness of e.g. 350 HV is found, this may correspond to an intermediate base
material hardness or a heat-affected zone. In the remainder of this section, the
interpolation rules are introduced that define how the strain hardening and fracture
models are calculated in the different zones of the weld area.

3.7.2

Modeling of the critical heat-affected zone

In Section 3.4 it was shown that the hardness of the CHAZ depends on base
material hardness. It is thus likely that also the plasticity and fracture behavior
of the CHAZ changes depending on the parent material grade. In Chapters 4
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and 5, CHAZ material models are calibrated that correspond to the base material
grades considered in this work. Analogous to the approach used for the base
material in Chapter 2, it is assumed that the behavior of a CHAZ found in an
arbitrary base material grade can be approximated by applying piecewise linear
interpolation between the calibrated supporting point models. Because of the
linear relation between HV CHAZ and HV BM , see Equation (3.1), mixing parameter
λBM (Equation (2.23)) can be used for the CHAZ as well. For the strain hardening
of the CHAZ (σyCHAZ ) this yields:

σyCHAZ ε̄p , λBM = λBM · σyCHAZ,LB (ε̄p )

+ 1 − λBM · σyCHAZ,UB (ε̄p )

(3.7)

in which σyCHAZ,LB and σyCHAZ,UB are the closest calibrated CHAZ supporting
curves to σyCHAZ (lower bound σyCHAZ,LB and upper bound σyCHAZ,UB ). For a RSW
in a parent material with hardness 450 HV, the strain hardening of the CHAZ is
obtained by mixing the closest calibrated CHAZ curves according to Equation
(3.7). In this case, the calibrated CHAZ strain hardening curve of hardness grade
4 would be the lower bound, and the one from hardness grade 5 the upper bound,
see Table 3.1. The same approach is used for the CHAZ fracture models (ε̄CHAZ
):
f


ε̄CHAZ
η, θ̄, λBM = λBM · ε̄fCHAZ,LB η, θ̄
f


+ 1 − λBM · ε̄CHAZ,UB
η, θ̄
f

3.7.3

(3.8)

Modeling of the sub-critical heat-affected zone

The SCHAZ is the transition zone between unaffected base material and the point
of lowest hardness found in the heat-affected zone, see Figure 3.5a. It is assumed
that the material behavior in this zone can be approximated by applying linear
interpolation between the corresponding BM and CHAZ models. For calculation
of the SCHAZ strain hardening model (σySCHAZ ) of a certain integration point at
distance r2 < r < r3 from the RSW center, first the strain hardening curves of
the BM and CHAZ are determined based on the local pre-welded base material
hardness HV BM . σySCHAZ can then be calculated as follows:


σySCHAZ ε̄p , λBM , λSCHAZ = λSCHAZ · σyBM ε̄p , λBM


+ 1 − λSCHAZ · σyCHAZ ε̄p , λBM

(3.9)

in which mixing parameter λSCHAZ is defined as:
λ

SCHAZ

HV

BM

HV CHAZ − HV HV BM , r
,r =
HV CHAZ − HV BM




(3.10)

where HV BM and HV CHAZ are linearly related through Equation (3.1) and the
post-welded local hardness HV was defined in Equation (3.5). The fracture model
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of the SCHAZ is defined likewise:


ε̄SCHAZ
η, θ̄, λBM , λSCHAZ = λSCHAZ · ε̄BM
η, θ̄, λBM
f
f


+ 1 − λSCHAZ · ε̄CHAZ
η, θ̄, λBM
f

3.7.4

(3.11)

Modeling of the inter-critical heat-affected zone

The ICHAZ is the transition zone between the weld nugget and the point of lowest
hardness found in the heat-affected zone. The coupon tests showed that there
are hardly any plastic strains in the nugget. Therefore, for in-plane load cases,
detailed modeling of the nugget material is not required. The base material model
of hardness grade 5 will be used to approximate the material behavior in this area
of the RSWs (r ≤ r1 , see Figure 3.11). Analogous to the approach used for the
SCHAZ, the ICHAZ strain hardening and fracture models are defined as follows:

σyICHAZ ε̄p , λBM , λICHAZ = λICHAZ · σyN (ε̄p )


+ 1 − λICHAZ · σyCHAZ ε̄p , λBM

(3.12)



ε̄ICHAZ
η, θ̄, λBM , λICHAZ = λICHAZ · ε̄N
f
f η, θ̄


+ 1 − λICHAZ · ε̄CHAZ
η, θ̄, λBM
f

(3.13)

in which σyN and ε̄N
f are the nugget strain hardening and fracture models, and
λICHAZ is defined as:

 HV CHAZ − HV HV BM , r
ICHAZ
BM
(3.14)
λ
HV
,r =
HV CHAZ − HV N

3.8

Preliminary simulations

A preliminary investigation is performed in which the base material model calibrated in Chapter 2 is used for predictions in the HAZ. The coupon test with
resistance spot weld of hardness grade 5, presented in Section 3.6, is used for this
analysis. The simulations are performed with a mesh size of l = 0.1 mm. The
hardness distribution of the HAZ is mapped into the FE-mesh according to the
equations presented in Section 3.7.1. The corresponding material properties are
initialized based on the equations presented in Section 2.7, such that the HAZ is
represented by the material model for tailor hardened base material.
Figure 3.14 shows the experimental results of the coupon tests with RSW of
hardness grade 5, together with the simulated curve. When using the base material model for predictions in the HAZ, the forces are slightly underestimated
and fracture is predicted clearly too late. This might be caused by the different
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Measured and simulated force–displacement curves of the coupon test with
RSW of hardness grade 5. The simulation has been performed with the
material model for tailor hardened base material. A mesh size of l =
0 .1 mm has been used.

microstructures of the material: the base material model was calibrated using material samples obtained from a hot forming-like process. The material in the weld
area is subjected to a second heat treatment, in which the hot formed material
is tempered. Furthermore, in the HAZ there can be residual stresses and damage
initiated by the welding process, which are not present in the base material. Finally, the effect of the high gradient in the material properties of the HAZ is not
included in the base material model. It can be concluded that the base material
model cannot be used for predictions in the HAZ. Therefore, in Chapters 4 and 5,
new models will be calibrated for the HAZ.

3.9

Closure

The hardness-based modeling approach presented in Chapter 2 has been extended
to incorporate the HAZ of RSWs. In-plane and cross-sectional hardness measurements of RSWs revealed that in the four hardest of five considered grades a zone
of reduced hardness is found in the HAZ. A linear relation between the CHAZ
hardness and the corresponding base material hardness was found, indicating that
there exists no CHAZ in parent materials softer than approximately 230 HV. Preliminary mechanical investigations with welded coupon tensile tests showed that
only in the three hardest grades the CHAZ leads to deterioration of the mechan-

3.9. Closure

69

ical properties under tensile loading. For the fully hardened parent material the
reduction of displacement to fracture was the most severe, leading to a reduction
of the energy absorption capacity of the specimens by more than 75% compared to
the unwelded case. The fracture location was found to coincide exactly with the
CHAZ, making it the primary focus for fracture model calibration in the upcoming
chapters.
Based on the results of a metallographic analysis, hardness measurements and
preliminary mechanical investigations, a numerical framework for modeling of the
HAZ was proposed. The HAZ hardness distribution in an arbitrary parent material
grade was defined solely as a function of parent material hardness and nugget
radius, which are parameters both generally available in vehicle crash simulations.
A mapping algorithm was presented that uses the RSW coordinate vector and the
corresponding sheet normal vector to apply rotational symmetric mapping of the
hardness distribution into FE-meshes. Combined with the proposed interpolation
rules for BM, CHAZ, SCHAZ and ICHAZ material model parameters, the local
material properties can be initialized from the mapped hardness.
The presented modeling approach and numerical framework are the result of an
extensive experimental investigation. The CHAZ material model parameters are
the only remaining unknowns, which will be determined in the remainder of this
will be
work. Two different approaches for characterization of σyCHAZ and ε̄CHAZ
f
compared. In Chapter 4, a direct approach will be presented in which the CHAZ
models are calibrated directly from tempered sheet material. Chapter 5 presents
an inverse approach, in which the parameters are obtained from specimens with
actual spot welds.

Chapter 4

Heat-affected zone plasticity
and fracture model calibration:
direct approach
4.1

Introduction

In the literature, several different approaches for the identification of HAZ material
parameters can be found. Some authors have used an instrumented indentation
test, where local mechanical properties of fusion zone and surrounding HAZ are
obtained from measured force–indentation depth curves. Material parameters can
be identified from various measurement methods, e.g. using representative stresses
and strains that depend on the indenter shape, using the method of artificial neural
networks or by inverse FEM-modeling [75, 82, 88]. Although it is possible to
obtain the basic mechanical properties of the HAZ material, including the elastic
modulus, yield stress and the hardening behavior up to relatively high strains,
this method does not allow for calibration of the fracture characteristics of the
material. Another method for fusion zone and HAZ parameter identification is to
use miniature specimens taken from actual RSWs [78, 81]. As the specimen width
in the gauge section is generally in the sub-millimeter range, this method requires
specialized testing equipment and careful specimen preparation to avoid scatter in
the experimental results. Furthermore, when there are steep gradients in material
properties, even a very small specimen may not exhibit homogeneous properties.
A popular direct characterization method is to use a Gleeble thermo–mechanical
simulator, which is able to simulate the HAZ temperature history on larger specimens (e.g. [17, 24]). In this chapter, the CHAZ models are calibrated using this
approach, i.e. directly from tempered sheet material. For this purpose, the thermal
cycle experienced by the CHAZ is reproduced experimentally on larger specimens.
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The material model parameters are then calibrated using the same approach as
has been used for the base material model in Chapter 2. Several authors have
used this direct calibration approach to characterize different zones of resistance
spot welds, including the weld nugget and the CHAZ. Dancette et al. [24] used
a Gleeble® 3500 thermo–mechanical simulator to reproduce critical heat-affected
zone and coarse-grained heat-affected zone (CGHAZ) heat treatments on rectangular specimens of DP450 and DP980. A 20 mm long homogeneous area was
obtained on 12 mm wide coupons, heating rates in the order of 2000 ◦ C s-1 were
achieved. The stress–strain data obtained from the heat treated material was successfully used to simulate the mechanical behavior of resistance spot welds under
various loading modes [21]. Sommer et al. [74] used a similar experimental setup
to reproduce CHAZ heat treatments in fully hardened 22MnB5. They calibrated
a stress triaxiality dependent fracture criterion using uni-axial and notched tensile
tests and a shear test.
In this chapter, coupon specimens extracted from hardness grades 2–5 (see
Table 2.2) are subjected to CHAZ-like tempering treatments using a Gleeble®
3500 thermo–mechanical simulator. The coupons are dimensioned such that the
same specimens can be extracted from them as have been used for calibration of
the base material in Chapter 2 (see Appendix B). Hardness values and micrographs
of the Gleeble® -treated specimens are compared to results obtained from actual
RSWs to verify whether the obtained material is representative for the CHAZ. The
CHAZ plasticity and fracture models are calibrated using experimental data from
uni-axial, notched and central hole tensile, shear and bending tests. Afterwards,
the models are validated using the welded coupon tests, which were presented in
Section 3.6.

4.2

Specimen preparation using thermo–mechanical
simulator

In Section 3.4 it was found that during spot welding the material in the CHAZ
is subjected to temperatures close to Ac1 . The welding process simulation in
Section 3.3 showed that in the CHAZ, the Ac1 -temperature of 720 ◦ C is reached
within approximately 0.7 s. This means that during the resistance spot welding
process, the local heating rate in the CHAZ is approximately 1000 ◦ C s-1 . In
this section, a Gleeble® 3500 thermo-mechanical simulator is used to apply a
CHAZ tempering treatment to coupon specimens extracted from the hardest four
of five base material grades (see Table 2.2). The main objective of the tempering
treatments is to obtain homogeneous specimens with CHAZ-like material that can
be used for identification of the CHAZ material model parameters.

4.2. Specimen preparation using thermo–mechanical simulator
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4.2.1

Experimental setup of the Gleeble® 3500 thermo–mechanical simulator (a)
and specimen geometry used for the CHAZ heat treatments (b).

Experimental setup

Figure 4.1a shows the experimental setup of the Gleeble® 3500 thermo–mechanical
simulator used for the CHAZ heat treatments, the specimen geometry is shown
in Figure 4.1b. The specimens were placed between two sets of copper clamps.
A current that passed through the specimens caused them to heat resistively,
compressed-air nozzles and the water cooled copper clamps were used for cooling.
Three thermocouples (type K) have been used to measure the temperatures. The
thermocouple at the center (TCcenter ) was used in a feedback loop to monitor the
temperature and control the current. The other two thermocouples (TCleft and
TCright ) have been used to verify whether the specimens were heated and cooled
homogeneously in the 80 mm wide gauge section.
Rectangular 165 x 20 mm coupons have been used to ensure homogeneous
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material properties in the specimen gauge sections. Conventional dogbone-shaped
specimens have a higher electrical resistance in the narrow specimen center, which
would result in an inhomogeneous temperature field. The coupons are dimensioned
such that they allow extraction of the same specimens as have been used for
calibration of the base material models. Preliminary investigations showed that
the repeatability of the heat treatments improved significantly after removing the
aluminum–silicon coating, due to better contact conditions between specimen and
copper clamps. Therefore, a layer of 0.1 mm was ground from the specimens on
both sides before applying the tempering treatment, resulting in a final specimen
thickness of 1.3 mm.

4.2.2

Tempering treatment

A comprehensive trial-and-error study was performed to identify the optimum settings of the thermo–mechanical simulator. It was found that due to the relatively
large specimen size, the maximum power output of the Gleeble® was required
to obtain the CHAZ heating rate of 1000 ◦ C s-1 . A piecewise linear target temperature curve was defined, see Figure 4.2, that was found to provide the best
results: heat to 700 ◦ C in 0.1 s, hold this temperature for 0.7 s, cool down to room
temperature in 0.1 s. The resulting measured temperature curves (TCleft , TCcenter
and TCright ) are plotted in Figure 4.2 as well, together with the CHAZ temperature curve obtained from the welding process simulation. For the target curve,
a maximum temperature of 700 ◦ C was selected to account for possible overshoot
of the temperature and to avoid the material from being heated to temperatures
above Ac1 . The short heating and cooling phases of 0.1 s were used to ensure that
the specimens were heated and cooled at the highest achievable rates. During the
tempering treatments, the mechanical system of the Gleeble® was used in forcecontrol mode and set to apply a constant tensile load of 1.5 kN on the coupons,
resulting in a tensile stress of approximately 58 MPa. This is well below the yield
point of 22MnB5 at a temperature of 700 ◦ C [38] and sufficient to avoid the specimens from being deformed due to rapid thermal expansion combined with lag in
the mechanical control system.
A total of 120 coupons have been heat-treated using the same settings, such
that 30 specimens are available for each of the four material grades. Excellent
repeatability was observed both in the cooling and the heating phase. The measured temperature curves in Figure 4.2 indicate that the specimens were heated
and cooled very homogeneously in the 80 mm wide gauge section between TCleft
and TCright . Clearly, the available setup with compressed-air cooling could not
obtain the cooling rates predicted by the welding process simulation. It has, however, often been reported that for such short, non-isothermal tempering cycles, the
bulk of tempering occurs near the peak temperature and mainly depends on the
maximum temperature reached [24, 45, 84]. It is thus assumed that the tempered
material is representative for the CHAZ of actual RSWs, which will be validated
by a comparison of hardness values and microstructures in Section 4.2.3.
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Gleeble® target and exemplary measured temperature curves (TCleft ,
TCcenter and TCright ) superimposed on the CHAZ temperature curve obtained from a welding process simulation (see Figure 3.2b).

Metallographic analysis and hardness measurements

To compare the hardness of the tempered material obtained from the thermo–
mechanical simulator to the CHAZ-hardness of actual RSWs, and in order to
check the homogeneity of the tempered coupons, hardness measurements have
been taken in 5 mm steps along the longitudinal axis of symmetry of the specimens,
see Figure 4.3. For each parent material grade, 5 specimens have been used for
hardness measurements, each marker in Figure 4.3 thus represents an average
of five measurements. As expected from the measured temperature curves in
Figure 4.2, an 80 mm wide homogeneous area is found between TCleft and TCright
(−40 mm ≤ x ≤ 40 mm). The material hardness values found in the clamping
area of the specimens (x ≤ −60 mm and x ≥ 60 mm) correspond to the hardnesses
of the base materials before tempering. The average hardnesses of the tempered
zones, in the range −40 mm ≤ x ≤ 40 mm, correspond perfectly to the CHAZ
hardnesses found in actual RSWs, see Table 4.1.
Figure 4.4 presents optical and SEM micrographs of the base material, the
CHAZ of an actual RSW and the Gleeble® -treated material of hardness grade
5. Hardness grade 5 was selected for this investigation because the tempering
effect on the microstructure is the most severe. The optical micrograph of the
base material, which was already shown in Chapter 2, reveals a typical needle-like
martensitic microstructure without clearly recognizable grain boundaries. Both
the CHAZ of the actual RSW and the Gleeble® -treated material have much more
pronounced grain boundaries, because during the tempering process, carbon has
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Hardness measurements taken along the longitudinal axis of the tempered
coupons. Each marker represents an average value of five measurements.

Table 4.1

Comparison of hardness values and tensile strengths (σTS ) of base material, Gleeble® -treated material and CHAZ of actual RSWs (SD = standard
deviation).

Grade
Grade
Grade
Grade
Grade

1
2
3
4
5

Base material
Hardness
σTS
[HV]
[MPa]
183
587
252
742
320
956
404
1231
497
1504

Gleeble® -treated material
Hardness (SD)
σTS (SD)
[HV]
[MPa]
224 (4.3)
677 (0.8)
246 (5.4)
782 (0.1)
270 (4.9)
840 (3.1)
281 (5.4)
870 (2.4)

Actual RSW
CHAZ hardness
[HV]
230
248
266
276

4.3. Mechanical tests

77

segregated from the martensitic phase and accumulated in the form of carbides at
the boundaries of the martensite plates (see also Section 3.5). Both the optical
and the SEM micrographs confirm that the Gleeble® -treated material has a very
similar microstructure to the CHAZ of an actual RSW.

4.3

Mechanical tests

From the results of the hardness measurements and metallographic analysis in
Section 4.2.3, it is expected that the tempered material obtained from the thermo–
mechanical simulator is representative for the CHAZ of the actual RSWs. In this
section, the results of the mechanical tests required for calibration of the CHAZ
plasticity and fracture models are presented. Figure 4.5 shows the untreated and
treated coupons and the five different specimens that will be used for calibration:
uni-axial, notched and central hole tensile test specimens, a bending and a shear
specimen. The dark colored oxide layer indicates the area where the material has
been tempered. Apart from some minor modifications, the same specimen geometries are used as have been used for calibration of the base material models. The
width of 20 mm of the tempered coupons does not allow for bulge test specimens
to be extracted. Furthermore, the width of the bending test specimen is reduced
from 60 mm to 15 mm. The uni-axial, notched and central hole tensile specimens
have a reduced total length of 165 mm. By reducing the grip area of these specimens, the same initial gauge length of L0 = 50 mm could be used as has been used
for base material calibration.
A summary of the experimental results is presented in Figure 4.6. For all tests,
testing equipment and procedures were the same as for the corresponding tests of
the base material, see Section 2.4. The force–displacement curves of the uni-axial
tensile tests are shown in Figure 4.6a. Five tests were done per grade, of which only
the ones that fractured inside the range of the extensometer are plotted here. For
hardness grade 3 only two valid curves are available, corresponding to specimens
which both fractured outside the gauge section. As a result, these curves cannot
be used for optimization of the post-necking hardening behavior, but solely for
extraction of the true stress–strain curves up to the point of necking initiation
(Fmax ). The resulting tensile strengths are listed in Table 4.1. As expected from
the hardness values, grades 4 and 5 have a very similar mechanical response.
The difference in tensile strength between these two grades is only 30 MPa. The
force–displacement curves of the central hole tensile tests, Figure 4.6b, show a
similar tendency of the maximum forces reached as the uni-axial tensile tests in
Figure 4.6a. The scatter of the experimental results is very low, especially when
considering that the specimens have subsequently received a hot stamping-like
hardening treatment and a tempering treatment.
The force–displacement curves of the notched tensile tests are presented in
Figure 4.6c. Again, five tests have been performed per hardness grade and excellent
repeatability was observed. Figure 4.6d shows the measured surface strains in
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Figure 4.4

Optical (left) and SEM (right) micrographs of the base material (a), the
CHAZ of an actual RSW (b) and the Gleeble® -treated material (c). The
base material has a needle-like martensitic microstructure without clearly
recognizable grain boundaries (a). The CHAZ of the actual RSW and
the Gleeble® -treated material have very similar microstructures with much
more pronounced grain boundaries (b and c).
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(f)

(a)
Figure 4.5

(b)

(c)

(d)

(g)

(e)

Untreated (a) and tempered (b) coupons and five different specimens for
mechanical characterization: uni-axial (c), notched (d) and central hole
(e) tensile specimens, bending (f ) and shear (g) specimens.

x-direction (εxx ) along the longitudinal axis of symmetry of the specimens, the
corresponding displacements d are listed in the legend. Hardness grades 3, 4 and 5
have very similar displacements to fracture, which is why their corresponding strain
fields were taken at the same displacement of d = 0.95 mm. All four considered
grades show a bell-shaped distribution of the strains, which corresponds to the
measurements of the two softest base material grades in Figure 2.8 on page 20.
The force–displacement curves of the bending and shear tests are shown in
Figures 4.6e and 4.6f. For the bending tests, the distance between the rollers was
changed to 3.1 mm to account for the reduced specimen thickness of t = 1.3 mm.
This is in accordance with the VDA 238-100 standard, which states that for steels
the roller distance should equal 2t + 0.5. A shut-off criterion for a maximum
punch stroke of 15 mm was defined to avoid collision between punch and roller
supports. The force–displacement curves of hardness grade 5 reach their forcemaximum clearly before the shut-off criterion is activated at a punch stroke of
12 mm. Grades 2, 3 and 4 reach the force-maximum at approximately 13.5 mm.
Again, excellent repeatability is observed in the measurements.

4.4

CHAZ model calibration

With the available experimental data, the four CHAZ hardness grades considered
in this chapter can be calibrated and modeled using virtually the same approach
as has been used for the base material grades in Chapter 2. This section briefly
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Experimental and simulation results (l = 0 .1 mm) of the tempered specimens: force–displacement curves of uni-axial (a), central hole (b) and
notched tensile tests (c), strains along longitudinal axis of symmetry of the
notched tensile tests (d) and force–displacement curves of shear (e) and
bending tests (f ).
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describes the calibration procedure used for the CHAZ strain hardening and fracture models, with special focus on the aspects that differ from the approach used
in Chapter 2.

4.4.1

Strain hardening model calibration

Figure 4.7 shows the average true stress–strain curve of tempered hardness grade
5, extracted from the force–displacement curves of the uni-axial tensile tests in
Figure 4.6a and evaluated up to the point of necking initiation. Looking at the
force–displacement response of hardness grade 5 in Figure 4.6a, it can be seen
that after the yield point up to a displacement of almost 1 mm, the specimens
elongate with no significant increase in load. The sudden change in gradient at
approximately 1 mm displacement indicates the point where the material starts to
harden. In the true stress–strain curve of Figure 4.7a, this behavior causes the
gradient to suddenly increase at a strain of approximately 0.01. As a consequence,
it was found difficult to obtain acceptable fits for the Swift and modified Voce
laws (Equations (2.4) and (2.5), respectively). To be able to accurately capture
both the strain hardening response at low strains (ε̄p < 0.02) and the gradient at
the point where extrapolation starts, a slightly modified approach from the one
introduced in Chapter 2 is used. The Swift and modified Voce laws are fitted
only to the last 20% of the available experimental data, see Figure 4.7a. This
ensures a good approximation of the gradient at the point where extrapolation
starts. Up to the point where the fitted curves intersect, the experimental data is
used directly as input for the material model. At higher strains, a nonlinear mix
of the fitted upper (Swift) and lower (modified Voce) bounds is used according to
Equations (2.6) and (2.7). Because the gradients of the lower and upper bounds are
intentionally very similar at the point where extrapolation starts, there will always
be a smooth transition between experimental data and extrapolation, independent
of the values of λinitial , λfinal and αshape .
To identify the values of λinitial , λfinal and αshape in the frame of large plastic
deformations, the inverse FEM optimization scheme introduced in Chapter 2 is
used. Because no bulge tests were performed with the tempered material grades,
weighting factor βε is set to 1 in the strain field cost function Yε (Equation (2.12)).
For hardness grade 3 there was no valid force–displacement data in the postnecking regime of the uni-axial tensile tests, because fracture occurred outside
the gauge section during all tests. Therefore, for this grade, βF is set to 0 in
the cost function of the force–displacement curves YF (Equation (2.10)). On the
measured force–displacement curves and strain fields of the notched tensile tests
(Figures 4.6c and d) and the force–displacement curves of the uni-axial tensile
tests (Figure 4.6a), 40 sample points are defined at which the deviation between
experimental and simulated value is evaluated (nF = nmp = 40, see Equations
(2.11) and (2.13)). The strain fields are taken at two instances of time during the
experiment: at the force-maximum and during through-thickness necking, such
that nimg equals 2 (see Equation (2.13)). The displacements d used for evaluation
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Average experimental true stress–strain curve of tempered hardness grade 5,
fitted lower (modified Voce) and upper (Swift) bounds and optimized strain
hardening extrapolation curve for small (a) and large (b) strains.

of the strains in the necking regime are listed in the legend of Figure 4.6d. A trustregion-reflective algorithm [19] is used to minimize the cost function (Equation
(2.9)) with [λinitial , λfinal , αshape ]= [0.5, 0.5, 1] as initial values. The same nonquadratic yield function, as has been used for the base material model in Chapter
2, is used. Under-integrated 8-node solid elements with one integration point are
used combined with the artificial stiffness method given in [30], which controls the
hourglass modes of the elements. A mesh size of 0.1 mm is used for all simulations,
which was shown to provide a converged solution, see Section 2.5.3.
The optimized strain hardening curves of all four tempered grades are presented
in Figure 4.8a, the corresponding model parameters can be found in Table 4.2.
Looking at Figures 4.6a, c and d, it can be seen that the optimized models provide
an excellent representation of both the measured force–displacement curves and
strain fields used in the cost function. The simulated force–displacement curves of
the central hole tensile tests, bending tests and shear tests, which were not used for
calibration, correspond perfectly to the experimental results as well. The predicted
force–displacement response in the post-necking regime of the uni-axial tensile
test of hardness grade 3, for which no valid experimental data was available, looks
plausible. Figure 4.8b shows the optimized CHAZ strain hardening curves together
with the ones from the corresponding base material grades, the corresponding
hardness values of BM and CHAZ are listed in Table 4.1. As expected from
the hardness measurements, the decrease in strength is clearly the most severe for
hardness grade 5. Whereas the reduction in initial yield strength is relatively small
(approximately 150 MPa), the low hardening rate causes a 700 MPa gap between
BM and CHAZ at higher strains (ε̄p > 0.05). Hardness grades 2 and 3, which
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Optimized CHAZ strain hardening curves of hardness grades 2–5 (a) and
comparison of optimized CHAZ and BM strain hardening curves (b).

have hardness reductions of only 28 and 74 HV in the CHAZ, respectively, show
corresponding moderate shifts of the stress–strain curves. The calibrated CHAZ
strain hardening models will be validated in Section 4.5.

4.4.2

Fracture model calibration

The modified Mohr–Coulomb fracture model is calibrated using the same hybrid
experimental/numerical approach as has been used for the base material in Section
2.6.2. The notched and central hole tensile tests and the shear tests will be used for
calibration, the uni-axial tensile and bending tests will solely be used for validation.
Numerical simulations of the three calibration tests have been performed up to the
fracture displacements identified in the experiments, using the plasticity models
calibrated in Section 4.4.1. The equivalent plastic strain ε̄p , stress triaxiality η,
and normalized Lode angle parameter θ̄ are evaluated for every finite element as
a function of time. A number of candidate elements are selected from the area in
which fracture initiation was observed in the experiments. As it was not possible
to extract bulge test specimens from the Gleeble® -treated
coupons, no data is

available for the equibiaxial tension stress state ( η, θ̄ = (2/3, −1)). Therefore,
parameter c4 , which controls the fracture strains in the range θ̄ < 0, is set to
unity. The remaining model parameters c1 –c3 are optimized such that the damage
indicator D of one of the candidate elements reaches the critical value of 1 exactly
at the fracture displacements identified in the experiments.

For tempered hardness grade 5, the stress state traces ε̄p η, θ̄ of the elements
in which fracture initiates are plotted in Figure 4.9, together with the corresponding calibrated mMC fracture surface and the plane stress fracture curve (Equation
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Table 4.2

Strain hardening and fracture model parameters obtained from the direct
calibration approach.
Hardness grade
kS [GPa]
ε0,S [-]
nS [-]
kV [GPa]
QV [GPa]
βV [-]
λinitial [-]
λfinal [-]
αshape [-]
c1 [-]
c2 [GPa]
c3 [-]
c4 [-]

2
0.9920
0.0000
0.1165
0.4300
0.3151
38.47
0.3715
0.1080
5.3429
0.0266
0.5384
0.9184

1

3
1.1100
0.0000
0.1000
0.5341
0.3117
49.82
0.0007
0.1043
3.2114
0.0207
0.5931
0.9113
1

4
1.1900
0.0126
0.1069
0.4887
0.4125
62.41
0.5102
0.3763
6.8700
0.0089
0.6263
0.9122
1

5
1.4490
0.0927
0.2516
0.6503
0.2843
53.72
0.5775
0.8306
2.0951
0.0290
0.8492
0.9847
1

(2.18)). It can be seen that the shear, notched and central hole tensile tests provide three distinct calibration points for the fracture surface. Similar to what was
found for the base material in Chapter 2, the trace from the shear test stays close
to its analytical value of η, θ̄ = (0, 0), whereas the notched and central hole tests
√ 

show larger deviations from their analytical stress states of η, θ̄ = 1/ 3, 0 and
η, θ̄ = (1/3, 1), respectively. This is caused by the pronounced neck in the strain
localization areas of the specimens, resulting in a 3D stress state. The optimized
fracture model parameters of all four tempered grades are presented in Table 4.2.
Figure 4.6 shows simulation results of the fracture tests with calibrated fracture
criterion. Both the tests which were used for calibration (Figures 4.6b, c and e) and
the validation tests (Figures 4.6a and f) are represented with excellent accuracy.

4.5

Model validation

The welded coupon tests, which were presented in Section 3.6, are used for validation of the calibrated CHAZ models. Figure 4.10 shows the measured force–
displacement curves and simulation results obtained with a 0.1 mm mesh. Up to
the point of fracture observed in the experiments, all force–displacement curves
are predicted with excellent accuracy. The point of fracture initiation, on the other
hand, is clearly overestimated for grades 3, 4 and 5. Taking, e.g., the coupon test
of hardness grade 5, fracture is predicted at a displacement of 1.62 mm, whereas
in the experiments it initiates at approximately 0.8 mm displacement. Fracture in
the coupon test of hardness grade 2 is predicted with good accuracy, because both
in the experiments and the simulations it initiates in the unaffected base material.

4.5. Model validation
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been obtained from simulations with the plasticity model calibrated in Section 4.4.1 and are plotted up to the fracture displacements identified in the
experiments.
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Figure 4.9 shows the stress state trace of the coupon test with RSW of hardness grade 5, plotted up to the point of fracture identified in the experiments.
The fracture surface clearly overestimates the fracture strains, resulting in overestimation of the fracture displacements as shown in Figure 4.10. Apparently, the
fracture models calibrated from the homogeneous tempered specimens cannot be
used to predict fracture in the specimens with an actual RSW. To check whether
this is caused by potential material defects, leading to premature brittle fracture
in the HAZ of welded specimens, a detailed investigation with sectioned, welded
uni-axial tensile specimens was performed. Figure 4.11a shows the measured force–
displacement curves and a schematic overview of the test. A detailed drawing of
the full specimen is presented in Appendix B, Figure B.6. The extended specimen
shoulder causes strain localization to occur only on one side of the HAZ, resulting
in a well-defined strain field suited for comparison with simulation results. To
allow observation of the cross section in the area of the HAZ, the specimens have
been cut along their longitudinal axis of symmetry before testing. Hardness grade
5 was used for this investigation. Figure 4.11b shows in-situ pictures of unpainted
specimens, measured and predicted strain fields at displacements of d1 = 0.40 mm
and d2 = 0.43 mm. The mesh size of 0.1 mm used in the simulation matches
the grid size used for strain evaluation in the measurements. The pictures and
measurements at d2 correspond to the last recorded DIC frame before fracture
initiation. From the pictures of the unpainted specimens, it can be seen that fracture in the HAZ is accompanied by a pronounced local neck and significant plastic
deformation, which means that it can be regarded as ductile fracture. Further-
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more, the local strains just before fracture initiation are predicted with excellent
accuracy, which confirms that the calibrated strain hardening models are valid.
In the investigation presented in Figure 4.11b, no evidence was found for the
assumption that material defects lead to premature brittle fracture in the welded
specimens. The Gleeble® -treated specimens were shown to be very homogeneous,
whereas in the spot welded case high gradients are found in the material hardness
and corresponding mechanical properties. This may have triggered initial stresses
and strains that influence the fracture behavior. Furthermore, the high temperature gradients, which are intrinsic to the welding process, may have caused initial
damage in the material that is not captured with the direct calibration approach.
Finally, the difference in cooling rates between the actual welding process and
the Gleeble® -treatments, see Figure 4.2, might have an influence on the fracture
characteristics of the material.

4.6

Closure

A direct calibration approach for the CHAZ model parameters has been presented.
In this approach, the CHAZ material models were calibrated from tempered sheet
material. The coupons used for the tempering heat treatments were dimensioned
such that regular size specimens could be extracted from them. The tempered
material was found to have a very similar material hardness and microstructure
as the material in the CHAZ of actual RSWs.
The strain hardening behavior of the CHAZ was calibrated using the same
inverse FEM optimization scheme as has been used for the base material grades in
Chapter 2. The resulting hardening curves provided excellent results in simulations
with welded specimens. Unlike what was found in Sommer et al. [74], the CHAZ
fracture surfaces obtained from the direct approach could not be used to predict
fracture in spot welded specimens. From a detailed investigation with a welded,
sectioned tensile specimen, it was concluded that this was not caused by material
defects leading to premature brittle fracture. The deviations might be caused by
initial stresses, strains or damage present in the welds, which are not present in
the homogeneous tempered specimens. Another reason could be the insufficient
cooling rate of the Gleeble® -treatments. In order to find suitable CHAZ model
parameters, an inverse calibration approach will be presented in Chapter 5. In this
approach, specimens with actual RSWs are used in combination with an inverse
FEM optimization algorithm.
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Measured force–displacement curves (a) and in-situ pictures and measured
and predicted strain fields (b) of the sectioned asymmetric uni-axial tensile
specimens. Simulations have been performed with a mesh size of l =
0 .1 mm.

Chapter 5

Heat-affected zone plasticity
and fracture model calibration:
inverse approach
5.1

Introduction

As an alternative to the direct calibration approach for the critical heat-affected
zone (CHAZ) presented in Chapter 4, in which the material models were calibrated
directly from tempered sheet material, this chapter presents an inverse calibration
approach in which larger specimens with actual RSWs in the gauge section are
used. For calibration of the HAZ strain hardening behavior, an asymmetric uniaxial tensile test is used. High resolution strain field measurements combined with
force–displacement data serve as input for a similar inverse FEM optimization algorithm as has been used for the base material. For characterization of the fracture
behavior, two additional specimens are used: a central hole tensile specimen and
a bending specimen, both featuring a HAZ in which fracture initiates. For validation of the calibrated HAZ models, the coupon tensile tests with RSW presented
in Section 3.6 are used.

5.2

Mechanical tests

In the inverse approach for HAZ parameter identification presented in this chapter,
specially designed specimens will be used featuring HAZs of actual RSWs. For this
purpose, sacrificial plates have been spot welded onto 220 x 30 x 1.5 mm coupons
using the welding parameters described in Section 3.2. The welded sacrificial plates
were then carefully separated by wire EDM, which is a very suitable method
for this application, as the thin wire can get in-between the two welded sheets
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(a)

Figure 5.1

(b)

(c)

(d)

Asymmetric uni-axial tensile (a), central hole tensile (b), bending (c) and
coupon (d) specimens for inverse HAZ calibration and validation.

and cut through the hard nugget without damaging the surrounding HAZ. The
specimen contours were also cut using wire EDM to ensure a high surface quality
and to prevent the material from being heated. Figure 5.1 shows an overview of
the produced specimens, the corresponding technical drawings can be found in
Appendix B, Figures B.6–B.9.
The asymmetric uni-axial tensile specimen, see Figure 5.1a, will be used for
calibration of the strain hardening and fracture behavior of the CHAZ. The extended specimen shoulder causes strain localization to occur only on one side of
the HAZ, resulting in a well-defined strain field suited for comparison with simulation results. In the central hole tensile specimen the nugget was completely
removed with wire EDM, see Figure 5.1b. The specimen features a HAZ at the
edge of the hole, where fracture is expected to occur under uni-axial tension. The
width of the bending specimen (Figure 5.1c) was chosen such that most of the deformation, and eventually fracture initiation, takes place in the HAZ. As a result,
effects of the base material are excluded from the force-signal. The punch will be
located exactly above the CHAZ, see also Figure 5.5. The coupon test, of which
the experimental results have already been presented in Section 3.6, will solely be
used for validation of the calibrated models.
In Chapter 3 a softened zone was found around resistance spot welds in the
hardest four of five base material grades that were investigated. The coupon tests
showed that fracture initiates only in the three hardest grades in this zone under
tensile loading. Because the inverse calibration approach presented here requires
fracture to initiate in the HAZ, the calibration will only be performed for hardness
grades 3, 4 and 5.

5.2. Mechanical tests
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Asymmetric uni-axial tensile tests

The measured force–displacement curves of the asymmetric uni-axial tensile tests
are presented in Figure 5.2. The extensions have been measured using a high
accuracy macro extensometer with a measuring accuracy of ±1 µm. A measuring
length of L0 = 50 mm has been used; the specimen was positioned such that
the spot weld was in the middle of the gauge section, see Figure B.6. A small
preforce of 60 N was applied to minimize effects of specimen curvature and initial
grip misalignments on the extensometer output. A constant crosshead speed of
0.01 mm s−1 was used to ensure quasi-static strain rates in the localization area.
In the area of the spot weld, full field strain measurements have been performed
using a 3D DIC system, which was connected to the material testing machine and
was able to receive both force and displacement signals, such that every measured
strain field can be linked to a point on the corresponding force–displacement curve.
A facet size of 0.1 x 0.1 mm (10 x 10 pixels) was used to evaluate the strains.
In the measured force–displacement curves in Figure 5.2, hardness grades 4
and 5 show a clearly lower displacement to fracture than hardness grade 3, which
confirms the results of the coupon tests presented in Section 3.6. Figure 5.3a shows
the measured surface strains in x-direction (εxx ) along the longitudinal axis of the
specimens. Note that the same x-coordinate is used as in the hardness maps in
Figure 3.3 on page 54. The strain fields of hardness grade 5 have been taken just
before fracture initiation at a displacement of 0.4 mm, a corresponding measured
full strain field is presented in Figure 5.3b. Similar to what was observed in the
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grade 5 at a displacement of d = 0 .4 mm (b).
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coupon tests, see Figure 3.10, two strain peaks are found on the specimen surface.
They correspond to a through-thickness intersecting shear band, as shown in the
illustration in Figure 5.3b. The primary shear band follows the elliptic shape of the
soft zone, causing one of the two strain peaks to be clearly higher. The strain fields
of hardness grades 3 and 4 have been taken at displacements of 0.4 mm and 0.9 mm,
respectively, and show similar strain distributions as those of hardness grade 5.
Both the measured force–displacement curves and strain fields show relatively low
scatter, especially when considering the many processing steps required to produce
the specimens.

5.2.2

Central hole tensile tests

The force–displacement curves of the central hole tensile tests are presented in
Figure 5.4. Testing equipment and procedures were the same as for the asymmetric
uni-axial tensile tests described in Section 5.2.1. Whereas the central hole tests
of grade 5 show a very sudden decrease of the force after fracture initiation (d =
0.97 mm), the specimens of grades 3 and 4 retain most of their load-carrying
capacity after the first cracks are observed. In grade 4, the first cracks have been
observed at the edge of the hole at a displacement of approximately 0.78 mm, as
can be seen in the pictures on the right of Figure 5.4. In the force–displacement
curves, these first cracks only cause a small distortion in the force-signal. The
same was found for hardness grade 3, where the first cracks were observed at a
displacement of 0.9 mm. Just as with the asymmetric uni-axial tensile tests, the
experiments show good repeatability.

5.2.3

Bending tests

Just as the bending tests of the base material, the HAZ bending tests have been
performed with an experimental setup according to the VDA 238-100 standard.
The samples were bent in the test device on pivoted rollers, which were mounted
on roller bearings to avoid friction influences. The rollers had a diameter of 30 mm,
the punch radius and the distance between the rollers were chosen in accordance
with VDA 238-100: 0.4 mm and 3.5 mm, respectively. Using the results of the
hardness measurements presented in Figure 3.3, the punch was located above the
CHAZ at 4 mm from the RSW center. The resulting force–displacement curves
are presented in Figure 5.5. The differences in displacement to fracture between
the different grades are relatively small compared to the coupon and asymmetric
tensile tests. There is somewhat more scatter in the experimental results, which
might be caused by some uncertainty in the positioning of the specimens.
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CHAZ model calibration

The material in the area of a RSW is inhomogeneous, featuring a weld nugget,
a CHAZ, base material and two corresponding transition zones: the inter-critical
and sub-critical heat-affected zones. As a result, the calibration procedures developed for the base material cannot be directly adopted for the HAZ. When
considering, for example, the strain hardening behavior, it is not possible to obtain the stress–strain response of the CHAZ by simple conversion of measured
force–displacement curves. However, with the base material model parameters
and the hardness distribution known, the CHAZ parameters are the only remaining unknowns in the numerical framework presented in Section 3.7. With this in
mind, a modified inverse FEM optimization strategy is proposed in Section 5.3.1
that allows identification of the CHAZ strain hardening model parameters using
the measured force–displacement curves and strain fields of the asymmetric uniaxial tensile tests. The CHAZ fracture behavior will be represented by the same
fracture criterion as used for the base material, with a slightly modified calibration
approach, as described in Section 5.3.2.

5.3.1

Strain hardening model calibration

In the base material model, strain hardening is represented by a nonlinear combination of the Swift hardening law and a modified version of the Voce law. Stress–
strain data from uni-axial tensile tests was used to obtain initial fits of these two
classical hardening laws, leaving the three parameters of the exponential mixing
law (λinitial , λfinal and αshape , see Equation (2.7)) as the only unknowns to be
obtained from inverse FEM optimization. As it is not possible to obtain initial fits
for the CHAZ from the inhomogeneous asymmetric uni-axial tensile specimens,
there would be 9 free model parameters to be optimized. To reduce the number
of free parameters, the classical Swift law will be used for the CHAZ, which was
found to provide good results for softer material grades:
σyCHAZ = kSCHAZ ε̄p + εCHAZ
0,S

nCHAZ
S

(5.1)

in which kSCHAZ , εCHAZ
and nCHAZ
are to be determined. To identify the three
0,S
S
free model parameters in the frame of large plastic deformations, the inverse FEM
optimization scheme presented in Section 2.5.3 is adapted to take into account
the measured force–displacement curves and the strain fields of the asymmetric
uni-axial tensile tests. Analogous to the approach used for the base material, the
overall cost function Y to be minimized is defined by a weighted least-squares
deviation between simulated and measured forces and strains:
Y (X ) = YF (X ) + Yε (X )

(5.2)

in which Y (X ), YF (X ) and Yε (X ) are the overall, the force and the strain
field cost functions, respectively, and X = (kSCHAZ , εCHAZ
, nCHAZ
) is the hardening
0,S
S
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parameter vector. YF (X ) and Yε (X ) have already been defined in Chapter 2
(Equations (2.10) and (2.12)), and now contain 40 sample points on the force–
displacement curves and strain fields of the asymmetric uni-axial tensile tests,
respectively. The strain fields are taken at the displacements indicated in the
legend of Figure 5.3a.
For the optimization procedure, the numerical framework presented in Section
3.7 is implemented in the modular material model (MMM) framework [34]. 8node solid elements with one integration point are used in combination with the
artificial stiffness method given in Flanagan and Belytschko [30], which controls
the hourglass modes of the elements [86]. The same non-quadratic yield function
as has been used for the base material will be used for the CHAZ, see Section
2.5.3. A mesh size of 0.1 mm is used to ensure an accurate representation of the
hardness distribution and the resulting strain fields, and to match the facet size
used in the DIC measurements. Rotational symmetric mapping of the hardness
distribution into the FE-model is applied according to Equation (3.5). At the
start of the simulation, the material properties of the individual elements are
initialized from the corresponding hardness values, taking into account the four
different zones: nugget, ICHAZ, SCHAZ and BM. As mentioned in Section 3.7.4,
the material behavior of the nugget will be represented by the material model of
the fully hardened base material. A trust-region-reflective
 algorithm [19] is used
CHAZ
,
n
= [1, 0.002, 0.07] as the
to minimize the cost function with kSCHAZ , εCHAZ
S
0,S
initial values.
Figure 5.6 shows the experimental force–displacement results and the measured strain fields of the asymmetric uni-axial tensile tests, together with the
simulation results with optimized parameters. For all three hardness grades, the
model provides a good fit to the measured force–displacement curves. The model
also provides a good representation of the strain fields of grades 3 and 4. In the
strain field of hardness grade 5, the strains in-between the two strain peaks are
overestimated. Figure 5.7 shows the resulting optimized strain hardening curves,
together with the ones obtained from the direct calibration approach in Chapter
4. At strains below approximately 0.05, the curves from the direct approach have
been obtained by direct conversion of the measured force–displacement responses,
whereas the curves from the inverse approach satisfy the Swift hardening law. This
explains the differences in the shape of the curves at low strains. At intermediate
strains (0.05 < ε̄p < 0.2) both approaches provide similar results, with maximum
deviations of approximately 30 MPa. At strains larger than 0.2, which is outside
the calibrated range for the inverse approach, the curves start to diverge. The
optimized parameters can be found in Table 5.1.
As a first validation of the calibrated CHAZ strain hardening curves, the Considère criterion [20] is used to find approximations of the corresponding hardness
values. These can then be compared to the measured hardness values. According
to the Considère criterion, necking initiates when the strain hardening rate equals
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Optimized strain hardening and fracture model parameters of the CHAZ obtained from inverse calibration approach and CHAZ hardness values obtained
from Considère criterion.
Hardness grade:
kSCHAZ [GPa]
εCHAZ
[-]
0,S
[-]
nCHAZ
S

Strain hardening

CHAZ hardness
Fracture

the stress:

3
1.0330
0.0037
0.0777

4
1.1510
0.0221
0.1060

5
1.1890
0.0453
0.1068

Actual RSW [HV]
Considère [HV]

248
261

266
277

276
292

c2 [GPa]

0.59887
0.57718
0.57901

0.76577
0.75895
0.76530

1.0959
1.0709
1.0665

l = 0.1 mm
l = 0.2 mm
l = 0.5 mm

dσy
= σy
dε̄p

(5.3)

This is also the point at which the ultimate tensile strength is reached in the tensile
test. For the Swift law, see Equation (5.1), this yields:
kS nS (ε̄p + ε0,S )

nS −1

nS

= kS (ε̄p + ε0,S )

(5.4)

Solving for ε̄p gives the strain at which necking initiates:
ε̄p,necking = nS − ε0,S

(5.5)

The corresponding stress on the true stress–strain curve is found by substituting
Equation (5.5) in Equation (5.1):
σy,necking = kS nnS S

(5.6)

Converting to engineering stress gives the ultimate tensile strength (σTS ):
σTS = kS nnS S exp (ε0,S − nS )

(5.7)

The linear relation between tensile strength and material hardness found in Figure
2.3 can now be used to calculate hardness values for the CHAZ. The results are
presented in Table 5.1, together with the CHAZ hardness values measured from
actual RSWs. The calculated hardness values match the experimental results well.

5.3.2

Fracture model calibration

The fracture behavior of the CHAZ will be represented by the same strain-based
mMC fracture criterion as has been used for the base material in Chapter 2. With
this strategy, interpolation can be applied between the nugget, BM and CHAZ
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Force–displacement curves and strain fields of the asymmetric uni-axial
tensile tests: experimental data and simulation results.
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BM
fracture surfaces (ε̄N
and ε̄CHAZ
, respectively) to approximate the material
f , ε̄f
f
behavior in the transition zones, see Section
3.7. Each finite element is assigned

an interpolated fracture surface ε̄f η, θ̄ based on the post-welded local hardness,
which is used in the damage accumulation rule presented in Equation (2.19).
The first step of the calibration procedure is to perform numerical simulations
of the CHAZ fracture tests up to the fracture displacements identified in the experiments. A few candidate elements are selected from the area in the HAZ where
fracture initiation was observed in the experiments. Figure 5.8 shows the stress
state traces of the candidate elements of hardness grade 5, obtained from simulations with a 0.1 mm mesh and plotted up to the moment of fracture determined
in the experiments. Note that the coupon tests, for which the stress state traces
are plotted in Figure 5.8 as well, will solely be used for validation of the calibrated
models. From Figure 5.8a it can be seen that the CHAZ is subjected to a relatively high stress triaxiality: for the bending, tensile and coupons tests, virtually
all traces are in the range 0.6 < η < 1. This is caused by the boundary condition
imposed by the elements surrounding the CHAZ, which have a clearly higher material hardness and strength. In the central hole tensile test, fracture initiates at
the edge of the hole, as shown in Figure 5.4. In this area, the hardness gradient is
perpendicular to the loading direction. As a result, the candidate
elements have

lower stress triaxialities (close to uni-axial tension, η, θ̄ = (1/3, 1)) and reach
clearly higher strains.
From Figure 5.8 it was concluded that the CHAZ fracture specimens only
provide data for higher stress triaxialities (η > 1/3), which means that the mMC
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model cannot be calibrated in the lower triaxiality range towards the shear stress
state (η = 0). The base material fracture model, however, was calibrated in the
lower triaxiality-range by means of a shear specimen. To avoid inconsistencies
between the fracture surfaces of BM and CHAZ in the lower triaxiality-range, it is
assumed that the CHAZ fracture surface is a scaled version of the corresponding
BM fracture surface. To accomplish this, all parameters, except c2 (see Equation
(2.15)), are kept unchanged. Parameter c2 of the CHAZ fracture model is now
optimized such that the damage indicator D of one of the candidate elements
reaches the critical value of 1 exactly at the fracture displacement identified in the
experiments. In every cycle of the optimization algorithm, the candidate element
that reaches the highest value of D for the current set of parameters is selected as
the fracture element, after which c2 is optimized such that D = 1 for all fracture
tests. The resulting calibrated CHAZ fracture surface of hardness grade 5 is shown
in Figure 5.9, including the traces of the elements in which fracture initiates.
Figures 5.8a and b show a 2D representation of the fracture surfaces of BM and
CHAZ using contour lines at constant η and θ̄ and the plane stress curve (Equation
(2.18)), together with the stress state traces from all candidate elements. Because
only parameter c2 was changed, the shape of the fracture surface is preserved: the
CHAZ fracture surface is a scaled version of the BM fracture surface.
The simulated force–displacement curves of the CHAZ tests are shown in Ap-
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pendix E, together with the experimental results. The corresponding model parameters are presented in Table 5.1. It can be seen that the simulated fracture
displacements of the asymmetric uni-axial and central hole tensile tests correspond
perfectly to the experimental results. The model is able to represent the different
fracture types found in the central hole tensile tests: a gradual decrease of the
force for grades 3 and 4, and a sudden drop at fracture initiation for hardness
grade 5. In the bending test simulations, a relatively large reduction of the force
is observed at fracture initiation due to elimination of the elements in the outer
fiber, whereas in the experiments there is a more gradual decrease. In general, all
tests are represented with good accuracy.

5.3.3

Mesh size dependency

The strain-based fracture model calibrated in this work is related to a specific mesh
size. Especially in the heat-affected zone, where high hardness and strain gradients are found, the calculated strain field and thus the predicted fracture strains
are highly mesh size dependent. This effect is visualized in Figure 5.12, where
the measured strain field of the coupon test of hardness grade 5 is compared to
predictions with 0.1 mm, 0.2 mm and 0.5 mm meshes. The simulation with 0.1 mm
mesh predicts a local strain of more than 0.2 in the HAZ, which compares well
with the measurement because of the matching measuring grid. The simulation
with 0.5 mm mesh underestimates this local strain by more than 50%.
The fracture surface shown in Figure 5.9 has been calibrated to a mesh size
of 0.1 mm, which allows for detailed analyses such as crack propagation and virtual testing, e.g. for calibration of HAZ substitute models using a reduced set of
experiments. For detailed analyses in full vehicle crash simulations, the 0.5 mm
mesh shown in Figure 5.12 is more appropriate. To account for the influence of
mesh size, the fracture models have also been calibrated for mesh sizes of 0.2 mm
and 0.5 mm using the same approach as for the 0.1 mm mesh: adaptation of the
corresponding base material fracture models using parameter c2 , calibrated with
the asymmetric uni-axial tensile, central hole tensile and bending tests in the corresponding mesh sizes. The resulting CHAZ fracture models of hardness grade
5, presented in Figure 5.10, confirm the strong mesh size dependency of the results. The calibrated values of c2 are presented in Table 5.1. The models will be
validated in Section 5.4.

5.4

Model validation

To validate the calibrated plasticity and fracture models, the coupon tests of hardness grades 3, 4 and 5 are simulated with mesh sizes of 0.1, 0.2 and 0.5 mm with
the corresponding model parameters. The resulting force–displacement curves are
presented in Figure 5.11a. The fracture displacements of grades 3 and 5 are slightly
overestimated with all three mesh sizes, which can be explained when looking at
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Figure 5.8: the asymmetric uni-axial tensile test has a similar evolution of the
stress state as the coupon test, but slightly higher fracture strains. This might be
caused by some uncertainty in the experimental results: a slight deviation in the
measured fracture displacement, defined as the average from all repeated tests, has
a relatively large influence on the resulting fracture strains. When calibrating the
fracture model to the asymmetric uni-axial tensile test, fracture in the coupon tests
will initiate too late. Another small discrepancy is seen in the maximum forces of
hardness grade 3, which are overestimated by approximately 2%. This might be
due to a deviation in the base material hardness, because the coupon specimens
were extracted from a different sheet to the specimens used for calibration of the
BM and CHAZ models.
Figure 5.11b shows simulation results of the coupon test of hardness grade 5
for extrapolated and interpolated mesh sizes. Analogous to the approach used for
the base material, linear interpolation and extrapolation based on the calibrated
supporting point models (l = 0.1 mm, 0.2 mm and 0.5 mm) has been applied to
obtain a fracture model that can be used with arbitrary mesh sizes, see Equation
(2.20). From Figure 5.11b it can be seen that interpolation in the calibrated
range provides good results. Extrapolation to smaller mesh sizes leads to a slight
reduction of the predicted displacement to fracture. Apparently, when applying
linear extrapolation, the shift of the fracture surface towards higher strains is
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underestimated. Larger mesh sizes than the 0.5 mm upper bound have not been
considered, as this leads to a poor representation of the hardness distribution.
The effect of element size on the resulting force-levels is relatively small, because
fracture initiates before a pronounced geometric neck can evolve. Overall, the
models provide a good prediction of the experimental results.
Figure 5.12 shows a comparison of the measured and simulated strain fields
of all three considered grades. In Section 5.3.3 it was concluded that the predicted strains strongly depend on mesh size. As stated in Section 5.2.1, a facet
size of 0.1 mm x 0.1 mm was used in the measurements to evaluate the strains.
The simulation results obtained with a 0.1 mm mesh correspond perfectly to the
experimental results. Just as in the measurements, the amount of strain in the
base material shortly before fracture initiation increases as base material hardness
decreases. In the experiments, there is a competition between the two strain peaks
on opposite sides of the nugget; the simulated strain fields are always symmetric,
resulting in strain peaks of equal magnitude. With larger elements, the strains in
the HAZ are underestimated, which requires recalibration of the fracture models
to the corresponding mesh size.

5.5

Closure

An inverse calibration approach for the CHAZ model parameters has been presented. Three specially designed specimens have been used: an asymmetric uniaxial tensile specimen, a central hole tensile specimen and a bending specimen,
all featuring a HAZ of an actual RSW. The asymmetric uni-axial tensile test was
used in combination with an inverse FEM optimization procedure to calibrate the
CHAZ strain hardening model. An extended specimen shoulder caused strain localization to occur only on one side of the HAZ, resulting in a well-defined strain
field. By using the numerical framework presented in Chapter 3, where a linear relation between strain hardening and hardness is assumed, the CHAZ strain
hardening parameters were optimized by minimizing the deviation between simulated and measured force–displacement curves and strains. For calibration of the
strain-based modified Mohr–Coulomb fracture criterion, all three test specimens
were used. Just as with the strain hardening model, a linear relation between
fracture strains and material hardness was assumed. To account for the influence
of mesh size, the model was successfully calibrated for 0.1 mm, 0.2 mm and 0.5 mm
meshes. Analogous to the approach used for the base material model, interpolation
between calibrated mesh sizes was applied, which provided good results.
To validate the calibrated models, predicted force–displacement curves and
strain fields of the welded coupon tests were compared to experimental results.
The calibrated model was shown to provide excellent results for all three considered
hardness grades. Besides a good representation of the force–displacement curves,
the model is able to accurately capture both the magnitude and the shape of the
measured strain fields.
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Simulation results of the coupon tests obtained with calibrated mesh sizes
of 0 .1 mm, 0 .2 mm and 0 .5 mm for all considered hardness grades (a)
and simulation results with interpolated and extrapolated mesh sizes for
hardness grade 5 (b).
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Chapter 6

Model validation and
application
6.1

Introduction

In the previous chapters, a material model for tailor hardened 22MnB5 was presented that takes the heat-affected zone of resistance spot welds into account.
Plasticity and fracture models have been calibrated for five different base material
hardness grades and a hardness-based interpolation approach was presented to approximate the behavior of arbitrary grades. For the three hardest grades, fracture
was found to initiate in the CHAZ under in-plane loading, leading to a severe reduction of the global ductility. Therefore, a numerical framework was proposed in
which the hardness-based model was extended to take the softened heat-affected
zone into account. In this chapter, the proposed model will be validated using
three specially designed welded tensile specimens: an asymmetric notched tensile
specimen, an s-shaped specimen and a tapered tensile specimen with hardness
transition zone. First, in Section 6.2, a shell-to-solid remesh (SSR) strategy is
introduced that can be used to apply the proposed model in full vehicle crash
simulations. In Section 6.3, a detailed overview of the three considered validation
tests and the specimen preparation is given. In Sections 6.4, 6.5 and 6.6, comparisons between experimental results and model predictions are presented. All three
validation tests are simulated with 0.5 mm solid elements and with SSR. Additionally, the notched and s-shaped specimens are simulated with the calibrated mesh
sizes 0.1 and 0.2 mm, respectively, and the tapered tensile test with an interpolated mesh size of 0.35 mm. For the HAZ, the models obtained from the inverse
calibration approach presented in Chapter 5 are used.
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Shell-to-solid remeshing: application in vehicle
crash simulations

The fracture models for the tailor hardened base material and corresponding heataffected zones have been calibrated for mesh sizes in the range l = 0.1– 0.5 mm.
The 0.1 mm mesh is suited for detailed analyses such as crack propagation and
virtual testing of joints, as it is able to represent virtually all details found in
strain fields around a RSW. For simulations with coarser meshes, separate fracture
surfaces have been identified for l = 0.2 and 0.5 mm. A mesh size interpolation rule
was presented that can be used for simulations with intermediate mesh sizes. In full
vehicle crash simulations, a typical mesh consists of 3–5 mm shell elements, which
is too coarse for an acceptable representation of the HAZ hardness distribution.
One possible solution would be to use substitute models (e.g. [39, 74]), that can be
calibrated by performing virtual tests with the calibrated models for solid elements.
Here, a newly developed method for representation of the HAZ in vehicle crash
simulations is proposed. The proposed method is based on the existing shell-tosolid remeshing technology (SSR, [62]) available as prototype for the explicit FEM
code Virtual Performance Solution (VPS).
In vehicle crash simulations, spot welds are usually represented by beam elements that transmit moments and forces, see Figure 6.1. The nodes inside the
radius of influence are connected to the beam elements using a multi-point kinematic constraint [86]. Calibrated rupture criteria can be used to eliminate the
beams in case certain loading limits are exceeded. In order to capture the deteriorating effect of the HAZ in case of in-plane loading, the shell elements in the
proximity of the RSW can be selected for remeshing. When a criterion (explained
below) is reached in the selected shell elements, remeshing is initiated and each
identified shell element is replaced by a specified number of solid elements. Information such as the material hardness, stresses, strains and damage is mapped
from the old shells to the new solids. Nodal constraints are imposed to connect
the solids to the surrounding shells [62, 86], and a multi-point kinematic constraint
is used to connect the beam element to the new solids. Based on the base material hardness obtained from the shell elements, the RSW coordinate vector P and
the sheet normal vector V , the HAZ hardness distribution and the corresponding
material properties can be mapped into the fine solid mesh. Figure 6.1 shows a
schematic overview of the remeshing procedure.
The validation tests presented in this chapter will be simulated with different
calibrated and interpolated solid meshes (l = 0.1, 0.2, 0.35 and 0.5 mm) and with
SSR. In the simulations with SSR, an initial shell element size of l = 4 mm is used.
Remeshing is initiated when the equivalent stress in the shell elements exceeds the
yield stress of the CHAZ, which depends on base material hardness (see Figure 5.7).
Each remeshed shell element is replaced by a total of 400 solids: 10 x 10 elements
in-plane and 4 elements in through-thickness direction. In reality, the HAZ has
a spheroidal shape. In the available SSR prototype, the normal distance between
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Schematic overview of a remeshing procedure with heat-affected zone.

sheet and RSW center is not provided to the user material (MMM, [34]). As a
result, spheroidal mapping of the hardness distribution, as was shown in Figure
3.13, is not possible. Instead, cylindrical mapping of the hardness distribution is
applied, see Figure 6.1.

6.3

Specimen design and preparation

Figure 6.2 shows an overview of the three validation specimens. The asymmetric
notched tensile specimen, Figure 6.2a, has an initial gauge length of L0 = 50 mm
containing a one-sided notch and a resistance spot weld. The distance between the
notch and the RSW is varied in steps of 5 mm through parameter xRSW in order
to obtain different fracture modes in the specimen. When the RSW is relatively
far away from the notch, a crack is expected to initiate at the notch and propagate
through the unaffected base material. With increasing value of xRSW , the weld is
moved towards the notch and subjected to higher in-plane stresses and strains. At
a certain point, fracture is expected to initiate in the CHAZ and propagate both
towards the notch and the closest edge of the specimen. This specimen can thus
be used to validate both the base material and the CHAZ fracture models. The
fully hardened base material (hardness grade 5) is used for the investigations with
the asymmetric notched tensile test.
The s-shape specimen, Figure 6.2b, is designed to have a high strain gradient at
the location of the resistance spot weld caused by an in-plane bending deformation.
In the gauge section, which has an initial length of L0 = 50 mm, one side of the
specimen has a notch while on the other side the width is increased by 10 mm.
The RSW is positioned such that fracture initiates in the HAZ under a combined
tensile and in-plane bending load. This load case is significantly different from
what was used for model calibration and is thus very suitable as a validation
example. Hardness grade 5 will be used for the investigation with the s-shape
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Technical drawings of the test specimens used for model validation: asymmetric notched tensile specimen (a), s-shape specimen (b) and tapered tensile specimen (c) (dimensions in mm).
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Measured hardness distribution along the longitudinal axis of the tapered
tensile test specimen. Hardness measurements were taken on the material cross section in 5 mm steps, three repeat measurements have been performed.

specimen.
The gauge section of the tapered tensile test, Figure 6.2c, features both a
hardness transition zone and a resistance spot weld. The hardness transition zone
was obtained using the same approach as has been described in Section 2.8.1. The
hardness distribution is different from the one presented in Section 2.8.1, because
the gap between the two tool halves was reduced to 0.1 mm and the heated tool
half was made of X38CrMoV5-3 tool steel. The resulting hardness distribution
along the longitudinal axis of the specimens was measured in steps of 5 mm, see
Figure 6.3. By varying the position of the spot weld through parameter xRSW ,
fracture either takes place in the unwelded base material on the left-hand side of
the gauge section or in the HAZ on the right-hand side.
All specimens have been welded using the parameters defined in Section 3.2.
20 x 30 mm sacrificial plates of fully hardened base material have been used, which
remained on the specimens during mechanical testing. The thickness of all specimens and sacrificial plates was 1.5 mm. For the asymmetric notched tensile and
the s-shape tests, the distance between the grips was Lg = 100 mm, for the tapered
tensile test Lg was set to 180 mm, see Figure 6.2. For all tests, a crosshead speed of
0.01 mm s−1 was used to ensure quasi-static strain rates in the localization areas.
In the asymmetric notched tensile and the s-shape tests, displacements were measured using a macro extensometer. The strain fields of the asymmetric notched and
s-shape tensile tests were measured in the gauge sections in-between the gripper
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arms of the extensometer using a high resolution 3D-DIC system. In the tapered
tensile tests, the strain fields and the displacements were measured using a high
resolution 2D-DIC system. The full length between the specimen shoulders, including the radii, was used as initial gauge length (L0 = 135.8 mm) in order to
have recognizable points for the virtual extensometer in the DIC-measurement.

6.4

Welded asymmetric notched tensile specimen

Figure 6.4 shows the measured and predicted force–displacement curves of the
asymmetric notched tensile tests, corresponding measured and predicted strain
fields are presented in Figure 6.5. Three values of xRSW have been used: 20, 15
and 10 mm. For each variant, four test repetitions have been performed. Excellent repeatability was observed, both in the force–displacement curves and the
strain fields. In the specimen with the largest distance between notch and RSW
(xRSW = 20 mm, Figure 6.5a), fracture initiates in the notch and a crack propagates horizontally through the fully hardened base material. When the resistance
spot weld is positioned 5 mm closer to the notch (xRSW = 15 mm, Figure 6.5b),
fracture initiates in the HAZ, resulting in a clear reduction of the displacement
to fracture. Moving the spot weld another 5 mm (xRSW = 10 mm) results in a
similar strain field as found for xRSW = 15 mm and a further reduction of the
displacement to fracture. The model provides a good prediction of the measured
force–displacement curves and is able to capture the trend of the decreasing displacement to fracture with decreasing xRSW , independent of the mesh size used.
The predicted strain fields presented in Figure 6.5 have been obtained with a
mesh size of 0.5 mm, which matches the facet size used to evaluate the strains in the
DIC measurements. Just before fracture initiation (d = 1.1 mm for xRSW = 20 mm
and d = 0.9 mm for xRSW = 15 mm), the model provides an excellent prediction
of the strain fields. Furthermore, the model accurately captures the two fracture
modes of the specimens: a horizontal crack through the unwelded base material for
xRSW = 20 mm, and fracture initiation in the HAZ in case the RSW is positioned
5 mm closer to the notch.

6.5

Welded s-shape tensile specimen

The measured and predicted force–displacement curves of the s-shape tests are
presented in Figure 6.6. In the experiments, fracture initiates at a displacement
of approximately 0.77 mm. The simulations with 0.5 and 0.2 mm meshes slightly
overestimate the displacement to fracture with predictions of 0.8 and 0.85 mm,
respectively. The simulation with SSR overestimates both the forces and the
displacement to fracture, which is caused by the poor representation of the 5 mm
radii by the 4 mm shell elements, see Figure 6.7. The small distortion in the force–
displacement curve at a displacement of 0.35 mm is caused by the remeshing of

6.6. Welded tapered tensile specimen
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some elements.
In Figure 6.7, a measured strain field at a displacement of 0.73 mm is compared
to predictions with 0.2 and 0.5 mm meshes and with SSR. In the measurements, a
grid of 0.2 mm facets with 50% overlap was used to evaluate the strains. Overall,
all three simulation variants provide a good prediction of the strain field. The
measured strain field shows a clear double strain localization in the HAZ, which
is caused by an intersecting through-thickness shear band. This effect is less pronounced in the simulations, even with a matching mesh size of l = 0.2 mm. This
might be caused by the facet overlap used in the measurements, which allows for
more details in the measured strain fields. In all three simulation variants fracture
initiates in the HAZ, which corresponds to what was observed in the experiments.

6.6

Welded tapered tensile specimen

Four variants of the welded tapered tensile test have been considered: xRSW =
160, 165, 170 and 175 mm, with corresponding pre-welded material hardnesses
at the spot weld position of 435, 445, 454 and 461 HV (see Figure 6.3). The
simulations have been performed with the calibrated mesh size l = 0.1 mm, with
an interpolated mesh size of l = 0.35 mm and with SSR. This validation test will
thus be used to validate the hardness-based mixing approach of both base material
and HAZ and the mesh size interpolation rule. Figure 6.8 shows the measured and
predicted force–displacement curves, corresponding strain fields are presented in
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Comparison of measured and predicted strain fields of the welded asymmetric notched tensile tests, xRSW = 20 mm (a) and xRSW = 15 mm (b). In
the measurements a grid of 0 .5 mm facets with 50% overlap was used to
evaluate the strains.
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Figure 6.9. Three test repetitions have been performed for each value of xRSW ,
with excellent repeatability of both the force–displacement curves and the fracture
locations.
In the variants with xRSW = 160 and 165 mm, fracture takes place in the
unwelded material on the soft, left-hand side of the gauge section, see Figure
6.10. This results in a gradual decrease of the force after Fmax due to necking,
until fracture initiates at approximately 4.7 mm displacement. The simulations
predict fracture at approximately 5.1 mm displacement and show a similar gradual
decrease of the force towards fracture. The location and magnitude of the strain
localization on the left-hand side of the gauge section are predicted with good
accuracy, see Figure 6.9 (xRSW = 165 mm). This results in a correct prediction
of the fracture location, as shown in Figure 6.10. In the predicted strain fields,
a mesh size of l = 0.5 mm was used. Due to the relatively large measuring field,
the smallest obtainable facet size in the measurements was 2 mm. As a result, it
was not possible to accurately capture the high strain gradients in the HAZ in the
measurements.
When shifting the weld towards the narrow and harder side of the gauge section, the HAZ becomes more critical. This is related to the hardness drop in the
CHAZ, which is more severe in base materials with a higher hardness. A 5 mm
shift of the RSW (xRSW = 170 mm) causes the fracture location to shift from the
soft side of the specimen to the HAZ on the right-hand side, resulting in a considerable reduction of the displacement to fracture. With a further increase of xRSW ,
the displacement to fracture reduces even more. In Figure 6.8 it can be seen that
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the model captures this trend with good accuracy. The corresponding strain fields
and fracture locations, see Figures 6.9 and 6.10, are predicted with good accuracy
as well. In the simulations with SSR, the hardness of the solid elements after
remeshing is taken from the shell elements. All solid elements thus have the same
hardness as the initial shell from which they are generated. Subsequent initialization of the HAZ hardness distribution is performed based on this hardness. This
results in a relatively coarse discretization of the hardness distribution compared
to the simulations with an initial 0.5 mm solid mesh. As a result, fracture in the
SSR simulations is predicted later than in the full solid simulations in the case of
HAZ fracture (xRSW = 170 and 175 mm). Overall, all three simulation variants
provide a good prediction of the experimental results for all four values of xRSW .

6.7

Closure

Three specially designed specimens have been used to validate the proposed hardness-based model for resistance spot welded, tailor hardened 22MnB5. Measured
force–displacement curves and strain fields have been compared to simulation results obtained with different mesh sizes. The model was shown to provide good
predictions for all three considered tests, independent of the mesh size used. The
welded tapered tensile test, which featured both a hardness transition zone and
a spot weld, confirmed that hardness-based modeling of both base material and
heat-affected zone provides excellent results.
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Fractured tapered tensile specimens, comparison between experimental results and simulations (mesh size l = 0 .5 mm).
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To close the gap between the relatively coarse meshes used in vehicle crash simulations and the element sizes required to represent the HAZ hardness distribution
and strain fields, an extension to the existing shell-to-solid remeshing technology
was proposed. With SSR, large shell elements are remeshed to fine solids. The
extended version takes account of the HAZ hardness distribution and corresponding material properties by applying rotational symmetric mapping based on the
RSW coordinates. Like the simulations with full solid meshes, the simulations
with SSR provided excellent predictions of both the measured force–displacement
curves and strain fields.

Chapter 7

Conclusions and
recommendations
The objective of this thesis was to develop a material model for tailor hardened
boron steel 22MnB5. In the introduction of this thesis it was stated that the high
strength of hot formed steels is accompanied by a reduction in ductility. Compared
to conventional, lower strength steels, this results in an increased likelihood of
fracture in the event of a crash. The model should thus be able to accurately
describe the deformation behavior of the material up to the point of fracture.
Furthermore, the model should include a reliable fracture criterion that accounts
for the complex loading paths experienced by the material in a crash. Prediction
of the material properties should be possible not only for homogeneous areas of
different strengths but also in hardness transition zones. Finally, the model should
account for the deteriorating effect of the softened heat-affected zone found around
resistance spot welds, without the need for manual mesh adaptations. To achieve
these goals, several research topics have been treated in this work, of which the
conclusions are presented in Section 7.1. Recommendations for future research
topics are given in Section 7.2.

7.1

Conclusions

The developed model for tailored hardened 22MnB5 has been described in Chapter
2. To obtain different material grades for calibration of the model, a total of 12
hot stamping-like heat treatments have been applied to material samples in the asdelivered state. A total of five grades that cover the full strength-range of 22MnB5
were selected as a basis for the material model. An extensive experimental program
was performed in order to characterize the material behavior under different states
of stress. The following conclusions are drawn from Chapter 2:
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• Tool temperature has a significant influence on the final mechanical properties. The holding time in the heated tool, on the other hand, is a less
important factor. This is an important aspect, as it allows the production
of tailor hardened components at relatively short cycle times.
• For calibration of the hardening model, stress–strain curves obtained from
uni-axial tensile tests can be used up to the point of necking initiation. However, the local strains just before fracture initiation clearly exceed this strain.
For the fully hardened base material, the fracture strain under equibiaxial
tension is almost by a factor of 20 higher than the strain at maximum uniform
elongation in the tensile test. For a reliable prediction of the strain fields up
to the point of fracture, appropriate extrapolation of the hardening curve is
required. This can be accomplished by using strain field measurements in
combination with inverse FEM optimization.
• In necking-dominated load cases, the fully hardened martensitic material
(grade 5) has a higher ductility than the second-hardest material grade
(grade 4) when considering the global displacements to fracture. This is
caused by the relatively low hardening rate of grade 4, leading to early initiation of necking and strain localization and a reduction of the energy absorption capacity. This effect should be considered when designing components
of intermediate strength or with a hardness transition zone.
• The fracture behavior of the material is stress-state dependent and can be
captured well by the strain-based modified Mohr–Coulomb fracture criterion. In necking zones, where high strain gradients are found, the calculated
strain fields and thus the predicted fracture strains are highly mesh size
dependent. Piecewise linear interpolation between calibrated fracture surfaces for particular mesh sizes can be applied to account for this mesh size
dependency.
• The strain hardening and fracture behavior of arbitrary hardness grades can
be approximated by applying piecewise linear interpolation between calibrated models based on the material hardness. The resulting model then
solely depends on material hardness, which allows for two-way data input:
either via hardness measurements on actual components or via a hot forming simulation in which hardness values are predicted. The hardness-based
modeling approach was successfully validated on a tapered tensile specimen
with hardness transition zone.
The hardness-based modeling approach has been extended in Chapter 3 to account
for the softened heat-affected zone of resistance spot welds. Based on the results
of a metallographic analysis, hardness measurements and preliminary mechanical
investigations, a numerical framework for modeling of the heat-affected zone was
proposed. The following is concluded:

7.1. Conclusions
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• Heat-affected zone softening is the result of a short tempering cycle just
below the Ac1 -temperature. The severity of the softening effect scales with
the degree to which the parent material deviates from equilibrium. The
reduction of the material hardness in the softened heat-affected zone scales
linearly with the base material hardness. The most extreme case is the fully
hardened, martensitic base material with a hardness of 497 HV, where a
hardness reduction of approximately 220 HV is found. Base materials softer
than approximately 230 HV do not suffer from heat-affected zone softening.
• Within the investigated domain, the shape of the heat-affected zone hardness
distribution was found to be insensitive to changes in the welding parameters.
A change in the nugget size causes the heat-affected zone to shift, keeping a
constant distance between the nugget’s outer radius and the softened heataffected zone. Consequently, the post-welded hardness distribution solely
depends on base material hardness and nugget radius. These two values are
generally available in vehicle crash simulations.
• Under in-plane loading, strains localize in the softened heat-affected zone.
This leads to early fracture initiation. In fully hardened material, the energy
absorption capacity of tensile specimens with resistance spot weld reduces
by more than 75% compared to specimens without spot weld. The softer
the base material, the smaller the deteriorating effect on the mechanical
properties. In base materials softer than approximately 250 HV, there is no
increased likelihood of fracture due to heat-affected zone softening. When
designing components with a hardness transition zone, it can thus be favorable to position spot welds more towards softer regions.
Two approaches for identification of the heat-affected zone material model parameters have been proposed. A direct calibration approach, in which the model
parameters are calibrated directly from tempered sheet material, was presented in
Chapter 4. In Chapter 5, an inverse calibration approach was proposed in which
three specially designed specimens with actual spot welds in the gauge section are
used. The following conclusions are drawn from Chapters 4 and 5:
• A Gleeble® thermo–mechanical simulator can be used to apply heat-affected
zone-like heat cycles to larger specimens. When using a rectangular specimen geometry, a large homogeneous area is obtained. Obtaining the correct
cooling rates is not possible when using compressed air as a coolant.
• Although the tempered specimens obtained from the thermo–mechanical
simulator have the same material hardness and microstructure as the softened heat-affected zone, they cannot be used to calibrate a model that predicts fracture in the welded case. Residual stresses and damage initiated by
the welding process, which are not present in the homogeneous tempered
specimens, might have caused this. Another reason could be the insuffi-
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cient cooling rate induced by the tempering heat treatments in the thermo–
mechanical simulator.
• The proposed inverse calibration approach provides good results, both for
the heat-affected zone strain hardening model and the fracture criterion. It
is a pragmatic approach in the sense that it allows calibration of the model
parameters without the need of specialized equipment: only a spot welding
machine and a standard material testing machine are required.
Three types of welded specimens have been used to validate the proposed hardnessbased model in Chapter 6. Independent of the mesh size used, the model provides
good predictions for all three considered tests. The welded tapered tensile test,
which features both a hardness transition zone and a spot weld, confirms that
hardness-based modeling of both base material and heat-affected zone provides
excellent results. To close the gap between the relatively coarse shell elements used
in vehicle crash simulations and the element sizes required to represent the heataffected zone hardness distribution and strain fields, an extension to the existing
shell-to-solid remeshing technology was proposed. In the extended version, the
heat-affected zone hardness distribution and material properties are mapped after
remeshing to solid elements. With the proposed extension, the model can be
used in full-vehicle crashworthiness simulations to accurately capture the fracture
behavior of resistance spot welded, tailor hardened 22MnB5, without the need of
manual mesh adaptations.

7.2

Recommendations

Based on the knowledge gained during this research, the following recommendations are made for future research.
Strain hardening model calibration
A material model that is used in vehicle crash simulations should provide an accurate prediction of the deformation behavior up to the point of fracture. Inaccuracies in predicted strain fields and the resulting stresses and stress states directly
influence the performance of the fracture criterion. In this work, great effort was
put into calibration of the strain hardening models up to high plastic strains.
However, not all data obtained during the experiments were used. In the inverse
optimization procedure for the strain hardening model parameters, matching of
the strains was limited to the symmetry axes of the test specimens. Furthermore,
only the strain fields at force maximum and just before fracture initiation were
used. To further enhance the accuracy of the calibration, the full strain fields
should be taken into account at all available DIC measuring stages.
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Fracture model calibration
In the strain-based modified Mohr–Coulomb fracture criterion, a linear incremental
relation between the damage indicator and the equivalent plastic strain is assumed.
When the specimens used for calibration have a perfectly constant stress state
throughout the test, this assumption has no influence on the resulting calibrated
fracture surface. The shear tests, bending tests and bulge tests were found to have
an almost constant stress state. The notched and central hole tensile tests, on the
other hand, are subjected to through-thickness necking, leading to a varying stress
state. To further improve the accuracy of the fracture model, other geometries for
the notched and central hole tensile tests should be considered. An optimization
routine could be developed that optimizes the load path by changing the width
and radii of the specimens. For calibration of the fracture criterion under plane
strain tension, the out-of-plane bending test could be used as an alternative to the
notched tensile test.
Effect of deformation during hot stamping
The specimens used for calibration of the hardness-based model were obtained
by applying a hot stamping-like heat treatment with a flat tool, no deformations
were applied. The mechanical properties of tailor hardened 22MnB5, however,
also depend on the amount of strain applied during the hot stamping process.
Bardelcik [10] compared the mechanical behavior of specimens with and without
preliminary plastic deformation during quenching. For specimens with the same
as-quenched material hardness, he found different mechanical properties depending on the amount of strain applied during quenching. To further enhance the
predictive capabilities of the proposed model, this effect should be taken into account.
Direct calibration approach for the softened heat-affected zone
In the direct calibration approach for the softened heat-affected zone, coupon specimens were heat treated in a Gleeble® thermo–mechanical simulator. Although
good results were obtained for the strain hardening model, the fracture model
could not be calibrated from the homogeneous tempered specimens. This might
be caused by the insufficient cooling rate of the heat treatments. To narrow down
the search for possible reasons why the fracture calibration did not work, the
cooling rate of the Gleeble® -treatment should be increased. Instead of using compressed air for cooling, other coolants such as helium or water/mist can be used
[24].
Effect of strain rate
The strain rates in a vehicle crash span several orders of magnitude (generally
between 10−3 s−1 and 103 s−1 ). In this work, all experiments used for calibration
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of the model were performed at quasi-static strain rates. Other research works
have pointed out that the deformation behavior of tailor hardened 22MnB5 is
strain rate dependent [11, 13]. Softer grades of 22MnB5 show a larger increase of
the flow stress at increased strain rate than harder material grades. For a softened
heat-affected zone in a hard base material this means that at high strain rates, the
reduction in strength is partly compensated for by the higher strain rate hardening
of the soft zone. Preliminary investigations with welded coupon specimens tested
at different strain rates confirmed this, although the effect is limited. As a result,
the current heat-affected zone model is slightly conservative when used in high
strain rate load cases. It is recommended to extend the hardness-based material
model to account for the effects of strain rate.
Implementation in full-vehicle crash simulations
With the proposed extension to the shell-to-solid remeshing technology, the heataffected zone model can be used in full-vehicle crash simulations. When a 5 mm
shell mesh is used, a resistance spot weld including heat-affected zone covers approximately 3 x 3 elements. After remeshing to 0.5 mm solid elements, each shell is
replaced by 400 solid elements (10 x 10 along the edges and 4 in through-thickness
direction). A complete resistance spot weld including softened heat-affected zone
is thus replaced by 3600 solid elements. Depending on the number of hot formed
components used in a vehicle, there can be hundreds of resistance spot welds
candidate for remeshing. To reduce calculation times, shell-to-solid remeshing of
softened heat-affected zones can be limited to critical areas. In less critical areas,
shell-based substitute models can be used (e.g. [39, 74]). The detailed models for
the softened heat-affected zone calibrated in this work can be used to calibrate
these substitute models, e.g. with the help of virtual tests.

Appendix A
Comparison of 22MnB5 in the as-delivered condition and after cooling in an open furnace

To validate the assumption of mechanical equivalence between the sheets from the
open furnace process (see Section 2.2.2) and the sheets in the as-delivered condition, notched tensile tests have been performed, see Figure A.1. Three repeat
experiments have been performed with specimens from the open furnace and five
repeat experiments with specimens in the as-delivered condition. The material
from the open furnace process reaches on average a 3% higher maximum force
(10 kN versus 9.7 kN) and a 1.5% higher displacement to fracture (1.95 mm versus 1.92 mm). Overall, the two material grades show a very similar mechanical
response.
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Force–displacement curves of notched tensile tests – comparison between
22MnB5 in the as-delivered condition and after cooling down in an open
furnace.
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Figure A.2 shows a comparison of the microstructures of the as-delivered material and the material from the open furnace process. Both micrographs show
very similar fully ferritic/pearlitic microstructures, in which the pearlite is located
both at the grain boundaries and in the form of granular pearlite in the ferrite
matrix. The material that cooled down in the open furnace seems to have slightly
larger grains than the material in the as-delivered condition.

Pearlite

Granular pearlite
in ferrite matrix

20 μm

(a)

Pearlite

Granular pearlite
in ferrite matrix

20 μm

(b)
Figure A.2

Optical micrographs of 22MnB5 in the as-delivered condition (a) and after
cooling down in an open furnace (b).
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Geometry of the notched tensile specimen (dimensions in mm).
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Geometry of the central hole tensile specimen (dimensions in mm).
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Figure B.6

Geometry of the asymmetric uni-axial tensile specimen with HAZ (dimensions in mm).
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Figure B.7

Geometry of the central hole tensile specimen with HAZ (dimensions in
mm).

6

100

Figure B.8

Geometry of the bending specimen with HAZ (dimensions in mm).
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Figure B.9

Geometry of the coupon specimen with HAZ (dimensions in mm).

Appendix C
Base material strain hardening: optimization results

This appendix summarizes the results of the strain hardening parameter optimization applied to the five selected 22MnB5 hardness grades. The optimized model
parameters have been presented in Table 2.5. The parameters of the Swift (kS , ε0,S
and nS ) and Voce (kV , QV and βV ) hardening laws have been obtained from curve
fitting to true stress–true plastic strain curves measured from uni-axial tensile
tests. The parameters of the exponential mixing law (λinitial , λfinal and αshape ) are
optimization results in which force–displacement curves of uni-axial and notched
tensile tests and strain fields of notched tensile and bulge tests have been taken
into account.
Figure C.1 presents the experimental and simulated force–displacement curves
of the notched tensile and bulge tests. The corresponding strain fields for hardness
grades 1, 2, 3 and 4 are presented in Figures C.2, C.3, C.4 and C.5, respectively.
The strain fields of hardness grade 5 are shown in Figure 2.17 on page 32.
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Figure C.1

Comparison of measured and simulated force–displacement curves of the
notched tensile tests (a) and the bulge tests with large punch (b) of all five
hardness grades.
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Figure C.2

Comparison of measured and simulated strain fields of hardness grade 1,
notched tensile test at 1.70 mm displacement (a) and bulge test at 27 mm
displacement (b).
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Comparison of measured and simulated strain fields of hardness grade 2,
notched tensile test at 1.05 mm displacement (a) and bulge test at 24 mm
displacement (b).
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Figure C.4

Comparison of measured and simulated strain fields of hardness grade 3,
notched tensile test at 0.75 mm displacement (a) and bulge test at 19 mm
displacement (b).
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Comparison of measured and simulated strain fields of hardness grade 4,
notched tensile test at 0.60 mm displacement (a) and bulge test at 18 mm
displacement (b).

Appendix D
Base material fracture: model parameters and optimization results

This appendix summarizes the results of the fracture model parameter optimization applied to the five selected 22MnB5 hardness grades. Table D.1 presents the
optimized mMC model parameters for mesh sizes of 0.1, 0.2 and 0.5 mm. The
simulation results of the experiments used for calibration of the model are shown
in Figures D.1–D.5: notched and central hole tensile tests, bulge tests with two
punch sizes and a shear test. The simulation results of the uni-axial tensile tests
and bending tests, used for validation of the fracture model, are presented in Figure
2.22.

Table D.1

Optimized fracture model parameters of the five selected 22MnB5 hardness
grades.

Hardness grade
c1 [-]
c2 [GPa]
l = 0.1 mm
c3 [-]
c4 [-]
c1 [-]
c2 [GPa]
l = 0.2 mm
c3 [-]
c4 [-]
c1 [-]
c2 [GPa]
l = 0.5 mm
c3 [-]
c4 [-]

1
0.04247
0.58742
0.98821
1.13530
0.07837
0.56795
0.95189
1.06308
0.18387
0.59304
0.97548
0.98656

2
0.02508
0.61432
0.93538
1.09521
0.04627
0.60196
0.91692
1.04653
0.10996
0.61623
0.93279
0.99485

3
0.01343
0.65339
0.90347
1.05106
0.02731
0.64936
0.89796
1.02708
0.06317
0.65798
0.90725
0.99874

4
0.01548
0.79473
0.90361
1.04208
0.02178
0.78732
0.89538
1.02458
0.04823
0.79436
0.90070
1.00396

5
0.02577
1.15862
0.95393
1.08089
0.03644
1.14571
0.94417
1.05685
0.07881
1.15404
0.94806
1.01522
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Appendix E
CHAZ plasticity and fracture: optimization results,
inverse approach

In this appendix, the simulation results of the experiments used for inverse calibration of the CHAZ fracture models are presented. Figures E.1–E.3 show the results
of the asymmetric uni-axial tensile tests, central hole tensile tests and bending
tests with HAZ, respectively. The simulation results of the coupon tests, used for
validation of the fracture models, are presented in Figure 5.11.
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Simulation results of the asymmetric uni-axial tensile tests with HAZ.
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