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A B S T R A C T

The yield- and tensile strength in cold-formed components of ad-
vanced high strength steels can be significantly affected by the paint-
baking cycle employed in automotive production lines. Typically, a
10 % increase in yield strength is observed after pre-straining and bak-
ing. In addition, adverse effects on the apparent ductility of marten-
sitic steels have been reported. It is of interest to include these phe-
nomena in subsequent simulations of component behavior in order
to predict realistic in-service strength and failure properties.

In the present work, an experimental programme that details the
effect of bake hardening in dual-phase and martensitic steels is pre-
sented. A constitutive model that accounts for bake hardening is
also evaluated with respect to strength and failure prediction. Re-
sults show that after baking, the dual-phase steel deforms smoothly
and uniformly. On the contrary, strain localization and failure was
observed immediately after yielding of the martensitic steel, both in
uniaxial and plane strain tension tests. The strength increase in non-
proportional loading was very small for both materials.

The predictive capability of the constitutive model is shown to be
rather poor for the dual-phase steel. The strength after baking was
overpredicted in all validation cases, most likely owing to the assump-
tion of isotropic bake hardening. In the martensitic steel, however,
a good representation of strength and failure in material tests was
found for small plastic strains and a sufficiently fine spatial discretiza-
tion. More work is needed to properly account for the strengthening
due to bake hardening, but the model show adequate failure predic-
tion of martensitic steels.

Keywords: Bake hardening, strain aging, strain ageing, dual-phase
steel, martensitic steel, constitutive modeling, tensile testing

v





P R E FA C E

The work presented in this report was conducted in close collabora-
tion with CRI SIMLab, a research centre hosted by the Norwegian
University of Science and Technology (NTNU) in Trondheim, Nor-
way. The work was also made possible through cooperation with the
research organization SINTEF and steel manufacturer SSAB. I would
like to express my gratitude to all involved in the project, especially
my supervisors, Adjunct Prodessor Odd-Geir Lademo (SINTEF) and
Professor Odd-Sture Hopperstad (NTNU). Their continuous support,
helpfulness and interest in my work has been invaluable.

I would also like to thank the following individuals for their contri-
butions:

• Dr. Stéphane Dumoulin, Research Scientist at SINTEF, for exten-
sive help and tutorials in LS-DYNA as well as happily answer-
ing all my questions

• Dr. Torodd Berstad, Researcher at NTNU, for practical help,
many good explanations and superior insight in numerical meth-
ods

• Dr. Egil Fagerholt, Postdoc. at NTNU, for continuously giving
me the latest version of your DIC code straight from the com-
piler

• Trond Auestad, Senior Engineer at NTNU, for assistance with
the experimental tests

• Dr. Joachim Larsson, Manager, Structural technology at SSAB,
for a good introduction to bake hardening as well as providing
test samples

• Arne Gellein, Senior Technician at SINTEF, for practical help
with specimen preparation

Finally, thanks are due to my colleagues at the Department of Ap-
plied Mechanics and Corrosion at SINTEF Materials and Chemistry
for treating me as one of you.

Karl Lindqvist

Trondheim
June, 2013

vii





C O N T E N T S

1 introduction 1

1.1 Purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.4 Outline of the thesis . . . . . . . . . . . . . . . . . . . . 3

2 theoretical framework 5

2.1 Plasticity and constitutive modeling . . . . . . . . . . . 5

2.1.1 Yield criterion . . . . . . . . . . . . . . . . . . . . 6

2.1.2 Work hardening . . . . . . . . . . . . . . . . . . . 7

2.1.3 Formability . . . . . . . . . . . . . . . . . . . . . 9

2.2 Bake hardening . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.1 History . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.2 Phenomenology . . . . . . . . . . . . . . . . . . . 11

2.2.3 Mechanisms . . . . . . . . . . . . . . . . . . . . . 13

2.2.4 Influence of temperature and time . . . . . . . . 15

2.2.5 Influence of pre-straining . . . . . . . . . . . . . 16

2.2.6 Constitutive modeling . . . . . . . . . . . . . . . 17

2.3 Characterization methods . . . . . . . . . . . . . . . . . 18

2.3.1 Uniaxial tension test . . . . . . . . . . . . . . . . 18

2.3.2 Plane strain tension test . . . . . . . . . . . . . . 20

3 method 23

3.1 Experimental studies . . . . . . . . . . . . . . . . . . . . 23

3.1.1 Uniaxial tension tests . . . . . . . . . . . . . . . 23

3.1.2 Plane strain tension test . . . . . . . . . . . . . . 26

3.2 Modeling approach . . . . . . . . . . . . . . . . . . . . . 27

3.3 Parameter identification procedure . . . . . . . . . . . . 29

3.3.1 Curve fitting . . . . . . . . . . . . . . . . . . . . . 29

3.3.2 Inverse modeling . . . . . . . . . . . . . . . . . . 30

3.4 Numerical simulations . . . . . . . . . . . . . . . . . . . 31

3.4.1 PST geometry . . . . . . . . . . . . . . . . . . . . 31

3.4.2 Plane strain tension test . . . . . . . . . . . . . . 33

3.4.3 Plane strain bending test . . . . . . . . . . . . . 34

4 results and analysis 39

4.1 Experimental studies . . . . . . . . . . . . . . . . . . . . 39

4.1.1 Uniaxial tensile tests . . . . . . . . . . . . . . . . 39

4.1.2 Plane strain tension tests . . . . . . . . . . . . . 42

4.2 Parameter identification . . . . . . . . . . . . . . . . . . 46

4.3 Numerical simulations . . . . . . . . . . . . . . . . . . . 47

4.3.1 Plane strain tension test . . . . . . . . . . . . . . 47

ix



x contents

4.3.2 Plane strain bending test . . . . . . . . . . . . . 47

5 discussion 51

5.1 Characteristics of bake hardening . . . . . . . . . . . . . 51

5.2 Evaluation of constitutive model concept . . . . . . . . 53

6 concluding remarks 55

6.1 Summary and conclusion . . . . . . . . . . . . . . . . . 55

6.2 Recommendations for further work . . . . . . . . . . . 56

figures and tables , chapter 4 57

a details of the experimental tests 85

a.1 Uniaxial tension test . . . . . . . . . . . . . . . . . . . . 85

a.2 Plane strain tension test . . . . . . . . . . . . . . . . . . 87

bibliography 89



1
I N T R O D U C T I O N

In the ongoing challenge of creating lighter and stronger components
out of sheet metal, the automotive industry cooperate closely with
major steel manufacturers towards further development of formable
high-strength steel materials [3]. A significant driver for this develop-
ment is the highly competitive vehicle market and pressure from leg-
islations towards cars with simultaneously improved fuel efficiency,
safety, equipment level and, as of recent, battery storage [7]. Advances
in materials technology are used as a key component in achieving
these goals. Specifically, high-strength steels are candidates for use in
structural body parts and energy absorbing components since their
high strength permits use of thinner gauges. This in turn lowers a
significant portion of the total weight while retaining energy absorp-
tion and stiffness properties of the car body [7, 3].

Bake hardening is an important part of achieving a high strength in
certain sheet metals without excessive degradation of ductility. In au-
tomotive applications, the strengthening occurs during the finishing
heat treatment of the paint coating, i.e. after forming and assembly.
The baking is typically undertaken at 160

◦C for 20 minutes [22]. In
a bake hardenable steel material, this temperature causes interstitial
atoms (mainly carbon) to interact with dislocations that were created
during forming of the product, giving increased yield strength as well
as increased tensile strength [33, 34].

Practical testing of dual phase and martensitic steels [18] has indi-
cated that the yield strength is increased by about 10 % for a typical
painting cycle. The magnitude of the bake hardening effect could be
of the same order as the increase of the yield stress due to work hard-
ening during the forming process, and should therefore be accounted
for in simulations of component behavior. Material tests have concur-
rently shown that in certain conditions, bake hardened steel is sus-
ceptible to plastic instability modes leading to early material failure.
It is of both academic and industrial interest to study the details of
the bake hardening effect in order to explain why such failures occur,
and to formulate a constitutive model that can represent changes in
strength and ductility due to baking.

Some principal outcomes of the competence centre CRI SIMLab,
hosted by the Norwegian University of Science and Technology, are
numerical implementations of constitutive models and fracture crite-
ria. In the present context, a versatile metal model has been developed
that allows representation of the various phenomena that affects the
mechanical characteristics of metals and alloys in for instance struc-
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2 introduction

tural impact analyses. An experimental study on two advanced high-
strength steels, Docol 600DP and Docol 1200M, has earlier been car-
ried out in collaboration with the Swedish steel manufacturer SSAB
and has formed as basis for the related modeling strategy in the SIM-
Lab Metal Model. The overall objective of the ongoing research is
to develop a material model that takes the bake hardening effect into
account, in order to gain fundamental understanding and promote in-
dustrial use of these materials. However, additional work is needed to
study and document the characteristics of the plastic deformation and
to evaluate the proposed model concept (i. e.the constitutive model,
along with assumptions and simplifications) with respect to its accu-
racy in representing the strength and ductility of high-strength steels
subjected to paint baking.

1.1 purpose

The purpose of the present work is to study the bake hardening effect in
two advanced high-strength steels and to assess the capability of an existing
modeling strategy to represent the findings. In particular, the constitutive
model’s ability to be used in predictive design will be addressed.

1.2 objective

In accordance with the above, the objectives are formulated as fol-
lows:

a. To investigate and document the characteristics of deformation
bands, strain localization and failure of material tests of Docol
600DP and Docol 1200M and how these are affected by paint
baking.

b. To evaluate the existing model concept with respect to its ac-
curacy in representing the response and structural ductility of
simple and complex (though generic) components.

1.3 scope

The present work is an experimental and numerical study that builds
upon the previous work of Hopperstad et al. [20, 21, 26]. The experi-
mental work will focus on detailing the results of previous work, as
well as to extend the experimental tests to other stress states. Com-
ponent tests are outside the scope of this work, but the relevance of
this work for such tests will be discussed. The numerical parts of this
work include simulations of material tests, both from previous and
present experimental work.

It is not the purpose of this thesis to improve the existing model
concept, but to evaluate its efficacy and explore methods of parame-
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ter identification. Therefore, the SIMLab Metal Model will be used to
as large extent as possible in the simulations and the modeling strat-
egy outlined by Hopperstad et al. will be applied. Assumptions and
possible areas of improvement are discussed in the closing chapters.

Finally, to limit the scope of the parameter identification, fracture
modeling is excluded from the present work. Although it is possible
to calibrate stress based fracture criteria on basis of this work, it is not
considered central to the objectives outlined above.

1.4 outline of the thesis

This report is divided into 5 chapters. After the introduction, Chap-
ter 2 give a theoretical motivation to the approach chosen in the
present work and presents an introduction to the observed phenom-
ena and underlying physics of bake hardening. Chapter 3 explain the
steps, procedures and calculations carried out in the course of the
present work and Chapter 4 present the results of these procedures.
An analysis of the results is also given. In Chapter 5, the results of the
present work are discussed in a broader context and viewed in light
of the objectives presented in this introduction. The report ends with
summary and conclusions, given in Chapter 6.





2
T H E O R E T I C A L F R A M E W O R K

This chapter aims at briefly introducing the observed phenomena
and underlying physics of bake hardening and give a theoretical mo-
tivation to the approach chosen in the present work. The reader is
assumed to be familiar with metal plasticity and phenomenological
strength of materials, so only a short introduction is given. In addi-
tion, the modeling approach adopted in this work is presented and
relevant testing methods that has been used successfully to calibrate
material models are reviewed.

2.1 plasticity and constitutive modeling

Figure 1 show a schematic stress-strain behavior of an engineering
metal in uniaxial tension, as well as two possible behaviors under
reloading. Plastic deformation occurs when the elastic limit, charac-
terized by the yield stress, σ0, is exceeded. At this point, permanent
deformation is produced by the movement of lattice defects, disloca-
tions, along activated slip planes [9]. The importance of dislocations for
the bake hardening effect will be discussed later in the chapter. Plastic
deformation beyond the yield point is characterized by formation of
new dislocations and an increase of the stress level due to work hard-
ening. As shown by the indicated unloading path, the plastic part of
the deformation is permanent and the total strain can be decomposed
into an elastic and a plastic component:

ε = εe + εp

Upon reloading, the material will remain elastic up to the point where
it was unloaded, σ∗. This is the new yield stress caused by the work
hardening. If the loading direction is reversed, however, the yield
stress is often observed to be lower than σ∗. This effect is neglected in
many situations, but can be significant in for example bending situa-
tions where tensile and compressive stresses occur simultaneously.

When it comes to constitutive modeling, significant simplifications
can be made if a material can be assumed to be isotropic. This as-
sumption can apply to several of the above mentioned phenomena,
such as isotropic elasticity, isotropic yielding, isotropy in plastic flow
and isotropic work hardening. The modeling strategy adopted in the
present work is motivated and presented in the following two sec-
tions.

5



6 theoretical framework

Engineering Models of Elastoplasticity and Fracture for Aluminium Alloys 
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however, tensile tests in different material directions result in different yield stresses. In the 
case of a plane stress state (see Section 3.1), the material can be characterised by machining 
specimens from different directions of a plate as seen in Figure 1. The yield stress for the 
different tests, Y , then vary depending on the specimen’s direction in the plate. Because of 
the material’s orthotropic properties, the behaviour of specimens cut at equal positive and 
negative angles with respect to the extrusion direction is the same. 
 
Strain hardening and plastic flow 

If the stress is increased beyond the yield stress, the material deformes plastically and 
hardens because of the creation of new dislocations and that their movements are impeded by 
precipitates, grain boundaries, interlocking of dislocations etc. If the material is unloaded at a 

stress * , an elastic longitudinal strain l
e

E

*

 is recovered4, and a permanent strain l
p  is 

retained. Reloaded, the material will not yield until the stress reaches the level from where it 
was unloaded, * . Hence, strain hardening moves the limit of elasticity, and for monotonic 
loading, the current limit of elasticity is equal to the highest stress previously attained. If, 
however, the material is reloaded in the reverse direction, yielding may start at a stress level 
less than * , a phenomenon known as the Bauschinger effect. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Schematic behaviour of aluminium. 

 
From Figure 3 it is seen that the longitudinal strain may be decomposed in elastic and 

plastic parts 
                                                 
4 It is assumed that no damage occurs, so that E  is constant. 

Y

E

p

*

Kinematic hardening

Isotropic hardening

*

E

e

Figure 1: Schematic stress-strain behavior of a structural metal, after [23]

2.1.1 Yield criterion

The purpose of a yield criterion and its related yield surface is to
translate an arbitrary multiaxial stress state to an equivalent stress
and use it to determine wether yielding occur or not. Moreover, if the
associated flow rule is adopted, the yield surface also determine the
direction of plastic flow. Finally, a work hardening rule that describe
expansion and translation of the yield surface as a function of plastic
strain is needed.

In his work on a dual phase steel very similar to the one studied in
this work, Gruben [17] adopted a J2 (von Mises) plasticity model and
compared its applicability with a high exponent yield criterion in nu-
merical representation of deformation and ductile fracture of several
different material tests. It was concluded that the results from numer-
ical models using von Mises plasticity were in good agreement with
experimental findings in all but one case (an Arcan test in 45

◦). For
the Arcan 45

◦ test, a high exponent model gave improved agreement.
Previous work at SIMLab have also shown that a calibrated von

Mises plasticity model with isotropic work hardening provide a good
description of virgin Docol 600DP material in other stress states than
the one for which it was calibrated [26].

Since von Mises plasticity has proven to be adequate for dual phase
steels, it will be adopted also for the present work. Although Do-
col 1200M has been shown to have significant anisotropy in plastic
flow [18], the focus of this thesis will rather be on modeling the work
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hardening. Thus, the yield function f, associated flow rule and con-
sistency condition can be stated according to Equation (1) below.

f(σ) = σeq − (σ0 + R(p)) 6 0

ε̇p = λ̇
∂f

∂σ

ḟ λ̇ 6 0

(1)

where σeq is the second invariant of the deviatoric stress tensor, viz.

σeq(σ) =

√
3

2
σ ′ : σ ′ (2)

and p is the equivalent (non-decreasing) plastic strain.

2.1.2 Work hardening

The vast majority of all metals used for engineering purposes are
polycrystalline, and the grain boundaries that constitute the inter-
face between neighboring grain lattices act as a barrier for disloca-
tion movement [9]. The result is that dislocations pile up at the grain
boundaries along the active slip plane. This dislocation pile-up is re-
sponsible for work hardening during early stages of straining. In sin-
gle crystals, and in later stages of straining of polycrystals, work hard-
ening is caused by dislocations interacting with each other and with
elements dissolved in the lattice (foreign atoms, precipitates etc.) [9].

A common approach to model work hardening is through an isotropic
two component Voce rule, see (3). It consists of two exponential terms
that are determined by their saturation values at infinite strain, Q1
and Q2 [MPa], and the initial slope of each component, θ1 and θ2 [-].
By these parameters, the whole stress-strain curve is normally accu-
rately represented.

R(p) = Q1(1− e
−
θ1
Q1
p
) +Q2(1− e

−
θ2
Q2
p
) (3)

One particular feature that will be used in this thesis is the possibil-
ity to update the parameters to account for pre-straining. One situa-
tion where this can be convenient is in numerical modeling of reload-
ing of a pre-strained test specimen. If isotropic hardening can be as-
sumed, the expansion of the yield surface due to the pre-straining,
p0, can be recast as an update in the yield stress and work hardening
parameters. The benefit of using such approach is that the numeri-
cal model need not know the history of the material (i. e.the effective
plastic strain imposed by the pre-straining).

Consider a single Voce term with initial parameters Q and θ which
is given a pre-strain p0. If the plastic strain is reset after pre-straining
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such that p starts from zero, the hardening curve will follow the fol-
lowing rule upon reolading:

R(p) = Q
(
1− e−

θ
Q (p+p0)

)
= Q

(
1− e−

θ
Qp0e−

θ
Qp
)

By introducing A = e−
θ
Qp0 and adding and subtracting QA,

R(p) = Q−QAe−
θ
Qp +QA−QA

= QA︸︷︷︸
Qnew

(
1− e−

θ
Qp
)
+Q(1−A)︸ ︷︷ ︸

∆σ0

(4)

As seen, the rate of saturation θ
Q is unchanged while the saturation

level Q and the yield stress is changed.
A problem that can arise with the Voce rule is that experimental

data is only available for very small strains while a problem at hand
require a constitutive model which is valid up to very large strains
(εp ≈ 1). This can occur if the material is susceptible to early diffuse
necking in uniaxial tension. In such situations, the work hardening
model can be augmented with a power law (Ramberg-Osgood) type
model calibrated such that only one additional parameter, the stress
at 100 % plastic strain, need to be determined. This leads to the fol-
lowing hardening rule:

R(p) =


∑2
i=1 Qi(1− e

−
θi
Qi
p
) for εp 6 εt

A+Bpn for εp > εt
(5)

where εt is a transition strain and the parameter A,B,n are chosen to
give C1-continuity of the hardening curve at the transition strain as
well as to satisfy

σ0 + R(p = 1) = σ100

In this thesis, a kinematic hardening rule is used to represent the
Bauschinger effect in the plane strain bending simulations. The evo-
lution of the back stress tensor used in the SIMLab Metal Model can
be expressed as [12]

χ(εp) = χ0 + sgn(σ− χ)Qχ

(
1− e

−sgn(σ−χ) θχQχ (ε
p−εp0)

)
where Qχ and θχ are the kinematic hardening parameters and χ0, εp0
are initial values, such as from pre-straining.

A simple approach towards including the Bauschinger effect, if
cyclic tension-compression data are unavailable, is to assume that one
of the two Voce rules in (3) is entirely kinematic. The motivation for
such an assumption is that the rapid work hardening that appear
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Figure 2: Schematic representation of an FLD

early in the straining can be explained by dislocation pile-up. Since
this is a kinematic effect, the Voce rule that saturates first (i. e.has the
highest θ parameter) can be taken as kinematic hardening instead of
isotropic.

2.1.3 Formability

The formability of sheet metals are commonly represented in a form-
ing limit diagram (FLD). It is a representation of the failure limit of a
material as a function of the in-plane strains, where the limit curve
defines the onset of localized necking. While FLDs are of primary in-
terest for forming simulations, they are also relevant for indicating
material ductility in deformability and collapse analysis.

Figure 2 show the principle of an FLD and a typical failure curve,
above which material failure is predicted. Different failure mecha-
nisms are important in different areas of the FLD, and this thesis will
focus on failure by strain localization. Therefore, only that curve is
therefore outlined in this figure. A few stress states have also been
included, where special attention should be paid to the uniaxial ten-
sion and plane strain tension paths. The lowest point of formability is
denoted FLD0 and occurs in plane strain. This is exactly why plane
strain tensile testing is relevant for the present work. Experimental
determination of forming limit curves require considerable testing
and was not considered possible in the scope of the present work.
Therefore, by studying how bake hardening affect the lowest point of
formability, the number of tests are limited to a reasonable amount
while still giving an indication on the general trend.

Although the strain path of the uniaxial tensile test seem to give
information about the formability as well, it should be noted that
an actual uniaxial tensile test will undergo diffuse necking before
localized necking. The triaxial state of stress inside the diffuse neck
makes the strain path uncertain, and Lademo et al. has concluded
that the uniaxial tensile test is unsuitable for failure predictions [24].
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The initial value of the geometrical defect  

given by 

eb0 
F 0 - 

ea0 

Cvo~ }(l--p) +p (29) 
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can be calculated by statistical analysis [35-  
38] in terms of an equivalent defect based on 
the existence of  damage due to the concentra- 
tion of  spherical cavities nucleated around 
particles [39] .  

The numerical solution of these equations 
is obtained by iteration with a fourth-order 
Runge-Kut ta  method.  The step size for d~ b 
is chosen to be 0.001. Numerical experimen- 
tation with various step sizes suggested that  
this size would give sufficient accuracy for the 
present study. The numerical integration is 
carried out  along an imposed loading path 

= c~(e) and the procedure of  computa t ion is 
repeated until d~a/d~ b reaches a critical value 
(chosen to be 0.1) corresponding to unstable 
plastic flow. The current values of  el a and e2 a 
determine a point  in the FLD. 

4. RESULTS AND DISCUSSION 

4.1. Strain path analysis 
The formabil i ty of  sheet metals strongly 

depends on the strain path as has been men- 
t ioned before. Figures 2 and 3 show the three 
main types of experimental FLD which are 
commonly  used to assess the effect of  the 
strain path on the level of  the limiting strains. 

(1) FLDs are determined under propor- 
tional loading. Each point  of this diagram is 
defined by the strains at which localized neck- 
ing occurs for an imposed strain ratio p 
(= de2/del) which is kept  constant  through- 
ou t  the deformation.  The entire FLD (curve 
ABC) is therefore obtained by  varying the 
strain ratio p from uniaxial tension (Fig. 2, 

(1 
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Fig. 2. Experimental FLDs of steel for simple and 
complex strain paths (uniaxial or equibiaxial pre- 
strains up to different deformation levels and sub- 
sequent straining at a fixed strain ratio). (From ref. 
20.) 
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Fig. 3. Experimental FLDs of Armco iron for simple 
and complex strain paths (preliminary deformation 
in uniaxial and equibiaxial stretching followed by 
proportional straining at different strain ratios). 
(From ref. 17.) 

OA to biaxial stretching (OC) through plane 
strain (OB). 

(2) FLDs are determined under non- 
proportional loading by using a sequence of 

Figure 3: Experimental FLDs for Armco iron, after [6]

It is important to note that in the FLD will depend on the history
of the material. Figure 3 show an example of how the forming limit
curve can be affected by pre-straining, such as by the final temper
rolling step in the production (close to plane strain) or from straining
in a previous forming step. In the present work this has implications
for the pre-straining of the plane strain tensile specimen. Ideally, the
specimen should be pre-strained and tested in monotonic loading
(i. e.pre-strained in plane strain) but this may not be suitable in prac-
tice. It was therefore judged that a reasonable indication of the lower
limit of formability could be determined by pre-straining in uniaxial
tension.

2.2 bake hardening

2.2.1 History

Conventional Bake Hardening (BH) steels were originally developed
during the 1980’s to offer an increased strength in cold formed sheet
metal parts that require good formability [22]. By using a strengthen-
ing mechanism activated during the paint heat treatment, these steels
permitted weight savings in the car body since the gauge thickness in
exposed panels could be reduced without increased risk of denting.
The strengthening was achieved by leaving a small amount of carbon
in solid solution in the ferrite matrix, while minimizing the nitrogen
content to avoid storage problems due to rapid room temperature
aging [3].

In efforts to further reduce vehicle weight and maintain a high free-
dom in design, bake hardenable steel grades with more favorable
combinations of formability and strength were developed. Notable
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progress in this area are that of ultra low carbon (ULC) and inter-
stitial free (IF) steels, of which Baker et al. [3] have done a compre-
hensive review. These steels show excellent formability during stretch
forming [11] due to the very low concentration of interstitial elements
(carbon and nitrogen) and have been used in exposed car body pan-
els [29]. Metallurgically, however, they also belong to the “conven-
tional” BH-steels, characterized by a single phase ferritic microstruc-
ture where grain size and grain shape are the main parameters [7].

Further demand for even higher strength levels have lead to the
development of Advanced High Strength Steels (AHSS), a group of
materials consisting of, among others, Martensitic, Dual Phase (DP),
Complex Phase and Transformation Induced Plasticity (TRIP) steels [22].
Through a refined microstructure, these materials retain a relatively
high ductility despite their very high strength. As an example, Dual
Phase steels contain a soft and ductile ferritic matrix with fine dis-
persed grains of strong martensite, while TRIP steels utilize a plasticity-
induced transformation of austenite to martensite to combine ductil-
ity and strength [8].

Figure 4 show a comparison of strength versus ductility for a few
AHSS grades proposed for car body applications. This thesis concerns
a dual phase steel and a martensitic steel, which are positioned in
the lower right area of the above mentioned diagram (martensitic
steels not shown). For formability reasons, dual phase and marten-
sitic steels are suitable for structural components rather than visible
panels. Door beams and bumper reinforcements are given by the man-
ufacturer as typical applications [31, 30]. As illustrated in the figure,
austenitic manganese steels are a promising recent development. The
extent to which it has been applied to industrial products is however
unknown to the author.

2.2.2 Phenomenology

Bake hardening steels are characterized by a significant increase in
yield strength after pre-straining, such as due to forming operations,
and subsequent baking. A typical material response in a uniaxial ten-
sion test after pre-straining and heat treatment is depicted in Figure 5,
where the sharp yield point, the yield point elongation (yield plateau)
and modified work hardening behavior are important characteristics.
The increase in yield stress due to baking is commonly called ∆σBH
and this notation will also be used in this thesis. Note however that
the response shown in Figure 5 is valid only for monotonic loading,
i.e. when pre-straining and subsequent loading is in the same direc-
tion.

To study the bake hardening effect under non-monotonic loading,
Ballarin et al. conducted a series of experiments on two low strength
steels where the angle of straining before and after baking was var-
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Figure 4: Strength and formability comparison of AHSS grades, after [7]

Figure 5: Schematic response of a bake hardening steel in uniaxial tension,
after [5]
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ied [4]. The steels showed significant strengthening in the standard
testing sequence (uniaxial tension - uniaxial tension) and a slightly
lower bake hardening response if the loading was reversed (i.e. uni-
axial tension - uniaxial compression). For loading directions in be-
tween, such as uniaxial tension in the reference direction followed
by uniaxial tension perpendicular to the reference direction, the bake
hardening effect was dramatically reduced and even slightly negative.
This confirmed previous investigations on similar materials, such as
a study by Hiwatashi and Yonemura [19]. The authors reported a
significant Bauschinger effect in the steel after pre-straining, but the
difference in yield strength was reduced during baking, rendering
a positive bake hardening both in proportional reloading and in re-
versed loading.

The bake hardening effect in a number of Advanced High Strength
Steels has previously been investigated by Hagström and Ryde [18].
Generally, the bake hardening was manifested in a similar way as pre-
viously mentioned. A high bake hardening potential was found for all
materials. However, special attention was paid to the bake hardened
martensitic steels, which showed very low extension before failure
in uniaxial tension. It was shown to be related to the test method,
but the results still raise concern over wether the bake hardening of
AHSS constitute a positive feature that should be exploited or a risk
of unexpected failure that should be avoided.

Finally, the effect of bake hardening has also been studied for com-
plex components. Durrenberger et al. studied the crash properties of
a top-hat section manufactured from two different AHSS steels sub-
jected to bake hardening. They found an increase in the mean crush
force after baking for both materials, but the bake hardening had a
smaller influence than the work hardening from forming operations.

To summarize, the phenomenology of bake hardening is quite in-
volved, and significant considerations must be taken if a numerical
model is to represent all of the above described phenomena. As al-
ready mentioned, and further outlined in Section 2.2.6, the present
work will be based on an isotropic description of the bake hardening
effect. The above mentioned phenomena should however be kept in
mind when interpreting the results of the present work.

2.2.3 Mechanisms

The increase in yield stress due to bake hardening has been attributed
to a mechanism called static strain aging. It is a diffusion-governed
process in which interstitial atoms such as carbon or nitrogen mi-
grate to mobile dislocations that have been created through strain-
ing and pin them. By locking the existing mobile dislocations, the
yield stress is increased and a discontinuous yielding behavior ap-
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pear, since new mobile dislocations must be created in order to ini-
tialize plastic flow [7].

The governing kinetics of the dislocation pinning was first studied
by Cottrell and Bilby in a commonly cited paper, [10]. Hence, the at-
mospheres that are formed around the dislocations are called Cottrell
atmospheres. Wilson and Russel continued the work on strain aging,
and established the following stages of aging in mild steels [32, 33,
34]:

a. Stress induced ordering of interstitial atoms

b. Dislocation locking by Cottrell atmospheres

c. Solute cluster formation and precipitation

A number of physically based strain aging theories have been de-
veloped to account for the kinetics of the above mentioned processes.
While a treatment of these are outside the scope of this thesis, it is
worth mentioning that these theories are the basis of the constitutive
modeling discussed in Section 2.2.6.

Since the baking process in automotive production lines is quite
well defined with regards to time and temperature, the two latter
mechanisms have been established as the ones relevant for the bake
hardening of automotive steel [3]. Over long aging times, two dis-
tinct aging stages have been found. These are then explained by Cot-
trell locking and precipitation respectively, indicating that the Cot-
trell locking is a much faster hardening mechanism than the pre-
cipitation formation. The precipitation mechanism has however been
questioned, since precipitates have been difficult to observe in the
microstructure [3].

Bleck et al. has suggested a fourth mechanism for DP and TRIP
steels with martensitic fractions, namely [8]:

d. Tempering of the martensitic phase

The mechanism is explained by the geometrically necessary disloca-
tions that exist in a DP steel due to the change of lattice structure
from BCC to FCC over the martensite-ferrite interfaces [8]. Temper-
ing of the martensitic phase is suggested to result in a relief of lo-
cal residual stresses, by which geometrically necessary dislocations
become immobile or their quantity is reduced. This, in turn, gives
higher yield stress. The authors also conclude that such local residual
stresses, and shear stresses in the phase interfaces, are responsible for
initiating plastic flow without discontinuous yielding.

Finally, it should be noted that while the discussion so far has
concerned the increase in yield stress due to bake hardening, other
parameters related to material strength are affected as well. As an
example, the precipitation mechanism also lead to matrix hardening
which increases the flow stress after yielding [3]. The details of these
phenomena are however outside the scope of this thesis.



2.2 bake hardening 15

!!

! "#!

!"# !$# !%# !&# !'# (##
)**+,-.

$##

$"#

%##

%"#

&##

#/
(**
+0
1
2.

!#*345
(#*345
6#*345

***
!# !" (# (" 6#

72**+345.

$##

$"#

%##

%"#

&##

#/
(**
+0
1
2.

!"#*,-
!&#*,-
(##*,-

*
!
! ! !!! !!!!!"#$! ! ! ! ! ! !!!!!!!!!"%$!! ! ! !!!!!!!!!!!
!
&'()*+! ,-!./0/1! 233.45!6778 3-9! #:! 7);0<'/;! /7! "#$! #(+';(! <+=>+*#<)*+! #;?! "%$! #(+';(! <'=+-!
@1#0A!#;?!*+?!0/1/)*:!#*+!):+?!7/*!1/B+:<!#;?!C'(C+:<!>*+8:<*#';!1+D+1:E!*+:>+0<'D+1F-!!
!
!

!"# !$# !%# !&# !'# (##
)**+,-.

#

"#

!##

#/
(**
+0
1
2.

!#*345
(#*345
6#*345

****
!# !" (# (" 6#

72**+345.

#

"#

!##

#/
(**
+0
1
2.

!"#*,-
!&#*,-
(##*,-

*
*
! ! !!! !!!!!"#$! ! ! ! ! ! !!!!!!!!!"%$!! ! ! !!!!!!!!!!!
!
&'()*+!G-!./0/1!233.45! @HE! 3-9!#:!7);0<'/;!/7!"#$!#(+';(!<+=>+*#<)*+!#;?!"%$!#(+';(!<'=+-!
@1#0A!#;?!*+?!0/1/)*:!#*+!):+?!7/*!1/B+:<!#;?!C'(C+:<!>*+8:<*#';!1+D+1:E!*+:>+0<'D+1F-!!
!
!

(a) Docol 600DP

!!

! "#!

!"# !$# !%# !&# !'# (##
)**+,-.

!(##

!/##

!0##

!"##

!$##

1**
+2
3
4.

!#*567
(#*567
/#*567

***
!# !" (# (" /#

84**+567.

!(##

!/##

!0##

!"##

!$##

1**
+2
3
4.

!"#*,-
!&#*,-
(##*,-

*
!
! ! !!! !!!!!"#$! ! ! ! ! ! !!!!!!!!!"%$!! ! ! !!!!!!!!!!!
!
&'()*+!,-!./0/1!234456!788+*!9'+1:!;<*+;;! 9!#;!=)>0<'/>!/=!"#$!#(+'>(!<+?8+*#<)*+!#>:!"%$!#(+'>(!<'?+-!@1#0A!
#>:!*+:!0/1/)*;!#*+!);+:!=/*!1/B+;<!#>:!C'(C+;<!8*+D;<*#'>!1+E+1;F!*+;8+0<'E+19-!!
!
!
!

!"# !$# !%# !&# !'# (##
)**+,-.

#

0#

&#

!(#

!$#

(##

1**
+2
3
4.

!#*567
(#*567
/#*567

****
!# !" (# (" /#

84**+567.

#

0#

&#

!(#

!$#

(##
1**
+2
3
4.

!"#*,-
!&#*,-
(##*,-

*
*
! ! !!! !!!!!"#$! ! ! ! ! ! !!!!!!!!!"%$!! ! ! !!!!!!!!!!!
!
&'()*+!24-!./0/1!234456! @GF!9!#;!=)>0<'/>!/=!"#$!#(+'>(!<+?8+*#<)*+!#>:!"%$!#(+'>(!<'?+-!
@1#0A!#>:!*+:!0/1/)*;!#*+!);+:!=/*!1/B+;<!#>:!C'(C+;<!8*+D;<*#'>!1+E+1;F!*+;8+0<'E+19-!!
!

(b) Docol 1200M

Figure 6: Influence of aging temperature, aging time and pre-strain level, af-
ter [21]. Black dashed lines signify the lower pre-strain level, while
red solid lines correspond to the higher pre-strain level.

2.2.4 Influence of temperature and time

A typical time- and temperature process window of the paint baking
cycle in a car factory is 15-60 minutes and 160-190

◦C respectively [22].
In a study by Rashid [28], similar time- and temperature conditions
leads to a saturation of the Cottrell locking mechanism (stage one)
and onset of precipitation hardening (stage two). Similar results are
indicated in the work by Ballarin et al.. However, since both Cottrell
locking and precipitation are dependent on the chemical composition
of the material, this conclusion can only be used as a guideline [3].
Generally, the carbon content and diffusion distances in AHSS are
radically different than those of classic bake hardening steels [8].

A comprehensive study on the temperature and time influence on
the bake hardening response of Docol 600DP and Docol 1200M has
been carried out at SIMLab [21]. Figure 6 show the resulting increase
in yield stress after bake hardening as a function of temperature and
time. As seen, ∆σBH varied by approximately 10-20 MPa for Docol
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Figure 7: Schematic bake hardening kinetics over long aging times, after [8]

600DP and approximately 40-50 MPa for Docol 1200M in the studied
temperature range. The authors concluded that the temperature had
a more significant effect on the bake hardening than the aging time.
The variations are significant, but not dramatic.

A schematic comparison of the hardening kinetics over long aging
times for single phase and dual phase steel, after [8], is given in Fig-
ure 7. As seen, the maximum hardening is achieved for longer aging
times than conventional bake hardening steels, and the hardening po-
tential is greater. For the typical bake hardening treatment, 170

◦C for
20 min, of a prestrained DP 600 steel, Bleck et al. reports that the
second stage of aging is started, but not completed. Maximum hard-
ening was achieved after 60 minutes, and an overaging tendency is
reported for very long aging times (>1000 minutes) [8].

2.2.5 Influence of pre-straining

Generally, the results given in literature suggest that the yield stress
increase due to Cottrell locking is highly dependent on existence of
pre-strain, but not so dependent on the amount of pre-strain. De et al.
studied the bake hardening of an Ultra Low Carbon bake hardening
steel, and concluded that the maximum attainable increase in yield
stress due to Cottrell locking was independent on the amount of pre-
strain in the range 1-5 % [11]. Baker et al. also refer to similar re-
sults [3].

In the study by Hopperstad et al. [21], a negative relation between
the prestrain and the yield strength increase can be seen for Docol
600DP, cf. Figure 6. A similar relation is reported by Bleck et al. for
a dual phase steel [8], as shown in Figure 8. Neither of the studies
report dramatic changes. For Docol 1200M, the pre-strain dependence
seem to be very weak.

The results presented above have implications for the experimental
approach of this work, as well as possible structural component anal-
ysis using the framework presented in this report. Since the amount
of pre-strain is relatively unimportant for the Cottrell locking phe-
nomenon, a single pre-strain level is regarded as sufficient to study
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Figure 8: Evolution of ∆σBH with pre-strain for a DP 600 steel, after [8]

the bake hardening effect. Furthermore, structural components can be
modeled as having regions with pre-strain and regions without pre-
strain. The actual levels of the pre-strain is therefore not necessary to
include.

2.2.6 Constitutive modeling

Strain aging due to bake hardening can be modeled in two ways. A
physical model strategy implies that the increase in yield stress and
modified work hardening is expressed as a function of the physical
mechanisms (diffusion of constituents causing Cottrell locking and
precipitation). A phenomenological model, on the other hand, aim
at modifying the constitutive model to account for the observed phe-
nomena. This usually means adjusting the hardening curve by intro-
ducing additional constants that can be fitted to experimental data.

Ballarin et al. have proposed a phenomenological model consisting
of an additional term in the isotropic plastic hardening function [5].
The resulting yield criterion can be expressed as

f = σeq(σ) − (σ0 + R(p) + σBH) 6 0

The overstress function σBH is expressed as a Voce term with a
negative saturation value

σBH = RBH +QBH(1− e
−θBH/QBH(p−p0))

where p0 corresponds to the effective plastic pre-strain and RBH,
QBH < 0 and θBH are constants for calibration.

The model was shown to reproduce a sharp yield point, a yield
plateau due to the formation of Lüder bands and a modified hard-
ening behavior, as observed in experiments [5]. Several studies have
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since used a strain aging model on this form, for example [4] and [27]
as well as the study by Hopperstad et al. on Docol 600DP and Docol
1200M [21]. This model will also be used in this thesis.

To simplify the treatment of the bake hardening addition in a generic
constitutive framework, such as a library material model, the bake
hardening addition can be rewritten using the previously derived
Equation (4). All voce terms (work hardening and bake hardening)
can then be written on the same form, namely

Ri(p) = Qi

(
1− e

−
θi
Qi
p∗
)

Thus, the pre-strain p0 does not need to be treated explicitly in the
hardening formulation. Two options exists:

a. Rewrite the work hardening Voce terms such that p∗ = 0 cor-
respond to the pre-strained state. The actual bake hardening
parameters as defined above can be used, since

QBH

(
1− e

−
θBH
QBH

(p∗+p0−p0)
)

= QBH

(
1− e

−
θBH
QBH

p∗
)

b. Rewrite the bake hardening Voce term such that p∗ = p0 corre-
spond to the pre-strained state and initialize the plastic strain
at this value. The bake hardening parameters are “extrapolated”
such that they are valid from zero plastic strain, but the curve
is never used in the extrapolated region.

Both procedures are used in this thesis and are most likely clarified
by Figure 48a and 48b on page 76. They show the results of shifting
the work hardening and bake hardening terms, respectively, as well
as initializing the plastic strain at a defined pre-strain value.

2.3 characterization methods

A standardized way of testing bake hardening response is to sub-
ject a sample to a certain amount of pre-strain (eg. 2 %) representing
the forming operation, and then an aging treatment at 170

◦C for 20

minutes (cf. standard EN10325 [1]). This treatment can be applied
for different types of material tests. The ones relevant for the present
work, the uniaxial and plane strain tension test, are presented in this
section.

2.3.1 Uniaxial tension test

The uniaxial tensile test is a standardized material test used for mea-
suring many engineering properties of a broad range of materials.
A typical specimen geometry is shown in Figure 9. One significant
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Fig. 1. Geometry of the tensile test specimen. Dimensions in mm.

“jumps”, in the crosshead velocity have been performed. Moreover,
static strain ageing, SSA, tests have been carried out, in which the
material dependency on ageing time in pre-strained, unloaded and
reloaded tests have been evaluated.

In general three tests of each kind have been conducted in order
to evaluate variations in the results. For the readers convenience,
the result from just one specimen is presented in some figures,
which is visually and subjectively chosen to be representative at
this test condition.

In the following sections, the test procedures will be described
and selected results will be presented.

2.1. Tensile tests

The geometry of the tensile test specimen is shown in Fig. 1.
The longitudinal strain, !L = ln (L/L0), and the transversal strain, !T,
were both measured with mechanical extensometers. The gauge
length used for the longitudinal strain was L0 = 12.5 mm,  whereas
specimen width was used for the width strain. The true stress is
" = F/A, where A is the actual cross section area calculated from
the extensometer strain, i.e. A = A0L0/L, where A0 is the undeformed
cross section area.

2.1.1. Monotonic tensile tests
Monotonic tensile tests with various constant crosshead veloc-

ities were conducted. First, tensile tests in the # = 0, 45! and
90!-directions relative to the RD were conducted. The applied
crosshead velocity was 0.5 mm/min, resulting in a strain rate of !̇L "
10#4 s#1. These results were used to evaluate the plastic anisotropy.
The stress–strain relations are shown in Fig. 2.

Notice that the stress–strain relations from the monotonic tests
in the # = 45!- and # = 90!-directions are similar, whereas the rela-
tion corresponding to the RD lies significantly below the others for
plastic strains !L < 0.15. However, at larger strain these relations
are close, indicating a distortional hardening. Foremost in the RD,
distinct jumps in stress levels can be identified. The stresses and
strains, respectively, are plotted versus crosshead displacement in
Fig. 3. Notice that the width strain is measured at one longitudinal

Fig. 2. The stress–plastic strain relations obtained from monotonic tensile tests.

Fig. 3. True stresses and longitudinal and transversal logarithmic strains plotted
versus the crosshead displacement.

position located at the centre of the specimen. Both the longitudinal
and transversal strains undergo jumps. It is concluded that a longi-
tudinal strain increment is accompanied by a negative transversal
strain increment. Moreover, the true stress–crosshead displace-
ment, i.e. " # ı, relations appear to be more smooth, see Fig. 3.

Tensile tests, both at higher and lower crosshead velocities, were
conducted. Since the hardening in the RD differs significantly from
the hardening in the other two  directions, the study of SRS was
conducted in the TD. Fig. 4 shows the relation between the stress
and the strain evolution as function of the crosshead displacement.
It is noted that the strain level at which the serration starts increases
with increasing strain rate. All relations are cut at the maximum
force, where diffuse necking is assumed to occur. Thus, it is also
concluded that the longitudinal strain at diffuse necking decreases
with strain rate. This effect will not be further investigated in this
work.

2.1.2. Jump tests
In general, the deformation in the tensile tests was  applied by

a constant crosshead velocity. However, in a series of tensile tests,

Fig. 4. True stresses and longitudinal logarithmic strains plotted versus the
crosshead displacement for various crosshead velocities. The tests were conducted
in  the TD.

Figure 9: Example uniaxial test specimen geometry, after [27]

advantage of the test is that the measured quantities (force and elon-
gation) is easily converted to the material response quantities (true
stress and true strain). In addition, a single test gives information
about modulus of elasticity, yield stress, elongation to failure and
plastic hardening rate. If several tests are performed, it can also be
used to characterize plastic anisotropy, if present.

The engineering stress and strain quantities, based on the initial
cross section area and initial extensometer length respectively, are
calculated from

s =
F

A0
, e =

∆L

L0
(6)

where ∆L is the elongation of the extensometer. By assuming small
elastic strains and plastic incompressibility, the following transforma-
tion can be used to calculate the corresponding true (Cauchy) stress
and true (logarithmic) strain values in the plastic regime.

σ =
F

A
= s(1+ e), ε = ln

(
L

L0

)
= ln(1+ e) (7)

However, this conversion from force-elongation to stress-strain is only
valid as long as the elongation of the gauge section is uniform. Af-
ter diffuse necking occurs, further plastic deformation only occurs
within the neck. An engineering stress-strain curve will indicate a
decreased stress with increasing strain, while in reality the stress is
increased monotonically in the necking region while the area is de-
creased. This complicates measurement of the true strains. Inverse
modeling through for example FE analysis is generally required for
further data interpretation. For a circular specimen, a Bridgeman cor-
rection can be applied to account for the stress state, but inverse mod-
eling can be used also in this case for improved accuracy.

According to the Considère criterion, diffuse necking occurs when
the true stress and the work hardening rate are equal, viz.

σ =
dσ

dεp

This can been shown to occur at the point of maximum force for
a uniaxial test. Thus, a high stress level and a low work hardening
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Fig. 8. Geometry of the plane strain test specimen. Dimensions in mm.  The deforma-
tion  ı was measured with an extensometer placed symmetrically over both notches
as  indicated in the figure.

Fig. 9. Nominal stress–displacement relations from the plane strain tensile and
shear tests.

rotations, cf. Larsson et al. (2011).  The deformation was  applied by
a constant crosshead velocity v = 0.03 mm/min, which resulted in
a strain rate of !̇

p
! 10"4 s"1. The displacement was  measured on

clamps in which the clevis pins were mounted. Three repetitions

in each direction were performed. The results are presented in
Fig. 9.

2.4. Balanced biaxial test

A balanced biaxial bulge test was  performed where the pres-
sure was  applied with a punch made of silicon, and the in-plane
strains and the radius of the bulge were measured using Digital
Image Correlation. The biaxial stress–strain relation can be found
from the in-plane strains, the hydrostatic pressure from the punch
and the current bulge radius, see Fig. 11(a). The strain rate was not
controlled in the bulge test. Instead the velocity of the punch was
controlled, resulting in a varying strain rate in the test specimen,
in the range 0.01 < |!̇p

ND| < 0.1. It should be noted that the stress
levels are not to be trusted for small strains, and that the test was
interrupted before strain localisation due to limitations in the test
equipment. Furthermore, the plastic strains in the RD, !RD, and in
the TD, !TD, were measured such that the relation between them
could be evaluated, see Fig. 11(b).

3. Constitutive model

A constitutive model, based on previously described material
behaviour, was  implemented in LS-DYNA, cf. Hallquist (2009),  as
a user-defined material model for shells. In this section, the gov-
erning equations of the model are presented. A corotated material
frame is used, where the corotated rate of deformation tensor, D̂,
and the corotated Cauchy stress tensor, !̂,  are written as

D̂ = RT DR, !̂ = RT !R (1)

where R and U are the rotation tensor, respectively, and the right
stretch tensor in the polar decomposition F = RU of the deforma-
tion gradient, F. Henceforth, the corotational superscript (̂) will be
excluded and all subsequent constitutive relations will be related
to the corotated configuration. Since the elastic deformations are

Fig. 10. (a) Geometry of the shear test specimen. Dimensions in mm.

Figure 10: Typical PST specimen geometry, after [27]

rate will quickly lead to diffuse necking. As previously mentioned,
this is in fact the case for bake hardened Docol 1200M in uniaxial
tension [18]. Note, however, that this instability mode is specific for
uniaxial tension tests. Other tests may trigger different failure modes,
such as localized necking or ductile fracture.

Considering the early necking of previous tests, an inverse mod-
eling strategy is adopted for the parameter identification in this the-
sis. This means that attempts will be made to compare experimental
force-displacement data with corresponding data from a finite ele-
ment model, and refine model parameters iteratively until a good fit
is obtained. Although this is considerably more involved than a direct
calibration of stress-strain data, it can prove necessary in situations
where no uniform deformation takes place.

2.3.2 Plane strain tension test

A plane strain tensile (PST) test, also known as notched specimen
tensile test, is a test where the specimen geometry is designed such
that the strain in the width direction is restricted as much as possible.
A typical specimen geometry is shown in Figure 10. The resulting
state of strain can be summarized as

ε =

 ε11 0 0

0 ε22 ≈ 0 0

0 0 ε33


where, due to plastic incompressibility, ε33 ≈ ε11.

Although formability tests like MK bulge tests normally are used,
PST test can be used to obtain the lowest failure strain in the form-
ing limit diagram, FLD0, if a sufficient degree of constraint can be
obtained. Furthermore, it can be used to calibrate through-thickness
shear instability criteria [24]. This will not be considered in the present
work. Finally, plane strain tests give additional information about the
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Fig. 1. The plane strain extensometer and the schematic showing the geometry of the specimen for the plane strain tensile test. The gauge width, W,
varies in the range from 47 to 77mm: (a) extensometer; (b) geometry of specimen.

they distribute homogeneously and (2) the strain distribution
at the edges is independent of the gauge width, provided
that the gauge width is wide enough and no slippage occurs
between the grip and the specimen interface. Based on these
two conditions a new test procedure has been developed as
described below.
At a given strain level, the total force measured is a func-

tion of the contribution from the edges, the thickness, the
flow stress and the width of the plane strain region, as fol-
lows:

Ft = !pstWc + 2Fe (1)

where Ft and Fe are the total measured force and the con-
tribution from an edge, respectively, t the nominal thickness
of the material, Wc the width of the plane strain region in
the centre of the specimen and !ps is the engineering stress
for plane strain at this strain level. The flow stress !ps and
the thickness t form the slope of a linear function that can
be rewritten as

Ft = fpsWc + 2Fe (2)

The measured force at a given strain level is a linear function
of the width of the plane strain region. Therefore, by using
specimens of different width, a pure load–displacement data
for the plane strain state can be obtained by subtracting the
force data from each other to remove the constant effect of
the edges. Four different gauge widths have been used in the
test: 47, 57, 67, and 77mm. At given strain levels, a least
square linear regression is applied to the load and strain data
of the four specimens and the slope of the linear regression,
fps, can be calculated as illustrated in Fig. 2. Flow stress is
easily calculated from the slope at each strain.

3. Experimental validation of the new test method

3.1. Materials and facility

To validate the new plane strain test, two materials were
tested: an interstitial free steel (IF steel) and an aluminium
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Fig. 2. Illustration of the least square linear regression for the calculation
of the slope for AA5182.

alloy AA5182-O. The averaged mechanical properties, plas-
tic anisotropy R-values and nominal thickness are listed in
Table 1. The plane strain tensile tests were carried out using
a MTS hydraulic machine that has a maximum load capac-
ity of 300 kN. The crosshead speed was 0.025mm/s, which
gave a strain rate of approximately 6 ! 10"3 s"1. The ex-
tensometer was used for continuous displacement measure-
ment. Four sample gauge widths as mentioned above were
used for the tests. In order to reduce the noise of the mea-
sured load–displacement data, a smoothing procedure was
applied to the measured load and strain data followed by a
data interpolation at a strain interval of 0.005. The slope was
calculated using linear regression for each strain level. The
total strains were corrected by using the elastic modulus to
obtain the plastic strain.

Table 1
The mechanical properties and the R-values of the materials

Materials t (mm) n R !0.2
(MPa)

UTS
(MPa)

"u (%) "t (%)

IF steel 0.70 0.235 2.12 141 301 24.3 44.7
AA5182 1.00 0.290 0.72 138 275 23.6 27.0

Figure 11: Alternative PST specimen geometry, after [2]

shape of the yield surface. According to the normality rule, the gradi-
ent to the yield surface determines the direction of plastic flow:

ε̇p = λ̇
df

dσ

This means that if a numerical model that assumes J2 flow theory
gives good representation of the PST test, one can conclude that the
von Mises yield surface gives the correct gradient in plane strain. If
not, a higher exponent model that predict a different stress state for
the given direction of plastic flow can be evaluated.

The design of the PST specimen geometry is not as trivial as for a
uniaxial tension test and can depend on the purpose of its use. A few
examples from the literature serve to clarify this point, which in turn
justifies the numerical study on PST geometry which was performed
as part of the present work.

Larsson and Nilsson used plane strain tensile tests to find abso-
lute values of two dynamic strain aging parameters for an austenitic
stainless steel showing both SSA and DSA, as well as to determine
work hardening parameters at high plastic strains [27]. The geome-
try shown in Figure 10 was used. Other authors have used a similar
specimen geometry to validate a constitutive model calibration (see
for example [25]). In these cases, the PST provided a strain path sig-
nificantly different than uniaxial tension (cf. the FLD schematic in
Figure 2), but did not necessarily represent true plane strain.

An et al. have proposed a methodology for PST tests where differ-
ent sample widths were used to extrapolate test results into a “true”
plane strain situation [2]. The geometry, which is somewhat different
than the one used in the studies mentioned above, is shown in figure
Figure 11. The authors went on to show how the proposed method-
ology can be used to measure plane strain work hardening, and also
proposed a simplification that only results in a slight decrease in ac-
curacy. The methodology has been successfully applied on a study on
AA6016 aluminum by Dmitry [13], but the results of this study also
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indicate that the specimen geometry proposed by An et al. may be
susceptible to premature failure due to crack initiation in the notches.

As mentioned, one of the goals of this thesis is to determine the
FLD0 of the considered materials. It will therefore be investigated,
whether the geometry of An et al. can be adopted for the present
study or if a “standard” specimen geometry is better suited.



3
M E T H O D

This chapter explain the steps, procedures and calculations carried
out in the course of the present work and provides definitions of
relevant terminology.

3.1 experimental studies

3.1.1 Uniaxial tension tests

The purpose of the uniaxial tensile tests were

• to study the deformation bands that were expected to occur for
the aged material

• to calibrate the yield- and hardening parameters of the constitu-
tive model

To obtain a bake hardened material, pre-straining is necessary, as
previously discussed in Section 2.2.5 Influence of pre-straining. To iso-
late the bake hardening effect from the pre-straining and other pos-
sible effects in the virgin material, three material states were consid-
ered: Virgin (as-rolled) material, material pre-strained to 20 % of the
maximum uniform elongation and material identically pre-strained and
bake hardened at 170

◦C for 20 min (according to standard EN10325 [1]).
The uniaxial tension tests will be denoted UT-XX-Y, where UT

stands for uniaxial tension, XX represent the state of the material
and Y is the specimen number. XX take the values V for Virgin (as-
rolled) material, WH for 20 % pre-strained (work hardened) material
and WH+BH for 20 % pre-strained and bake hardened material. Since
only one level of pre-strain and one pre-strained and bake hardened
condition is considered, the notation should be unambiguous.

The nominal test specimen geometry is shown in Figure 12. For
each of the two materials, six specimens were machined from the
virgin plate. All raw material was taken from the same production
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Figure 12: Uniaxial tension test specimen geometry
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batch. Four of the specimens were then subjected a pre-straining cor-
responding to 20 % of the maximum uniform elongation. Two of these
pre-strained specimens were then subjected to artificial aging at 170

◦C
for 20 min. Thus, two repetitions of the same test was carried out for
each material state.

The actual width and thickness of the tested specimens were mea-
sured at three cross sections along the gauge region. The results,
along with the absolute value of the pre-straining, are given in Ta-
ble A.2 in Appendix A. The geometric deviations were very small,
but can be important for the location of the diffuse neck.

Figure 13: Example of node selection for the virtual extensometer

Two field measurement techniques, Digital Image Correlation (DIC)
and Digital Image Thermography (DIT), were used to gather data for
analysis of the deformation bands. The optical and thermographic
cameras were placed in front of and behind the testing machine, re-
spectively, facing each other. A FLIR SC7000 thermographic camera
and a Prosilica optical camera with a 50 mm f/1.4 Nikon lens was
used.

To enable field measurement, the specimens were painted matte
black on the side facing the DIT camera and were given a very fine
grained speckle pattern on the side facing the DIC camera by means
of white paint followed by black stains. The paint was applied just
before testing, to avoid cracking of the paint coat under straining.
The specimens were then tested in an Instron servoelectric testing
machine with a gripping capacity of 50 kN until failure. Force and
displacement of the machine crosshead was measured in addition
to DIC and DIT data. The testing speed was 6 mm/min in accor-
dance with previous tests [21], corresponding to a strain rate of about
1 × 10

−3/s. One specimen was tested at 1.8 mm/min, but it was not
discarded from the data set since the strain rate sensitivity of the ma-
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terial was assumed to be low. The frame rate of the image acquisition
was adjusted according to the expected test length in order to get a
reasonable amount of images for the DIC post-processing (about 200

frames). Details are given in Table A.1 in Appendix A.
An in-house DIC software developed at NTNU [15] was used for

the image correlation and strain field calculations. Since the strain
field in the entire specimen was calculated from the DIC data, no clip-
on extensometer was used. Instead, the distance between two nodes
in the DIC mesh was tracked over time, creating a virtual extensome-
ter. Averaged value over multiple DIC nodes were used only in one
case, namely in the data extraction and calculation of the plastic strain
in the width- and thickness directions for Docol 1200M. In all other
cases, the noise in the data was low and the accuracy was judged
to be sufficient. The element size was chosen close to the suggested
25 x 25 pixels, but scaled to cover the entire specimen.

The nodes for the virtual extensometer were chosen sufficiently far
from the ends of the specimen to avoid end effects, but a single con-
sistent gauge length was not used throughout. Node numbering was
not consistent between each DIC analysis, which made the process of
finding corresponding nodes in each mesh tedious. The longitudinal
gauge lengths used were in the range 60-98 mm. Details are given in
Table A.1 in Appendix A.

Figure 13 show an example of a virtual extensometer node selec-
tion. For the actual analysis, both longitudinal and transverse exten-
someter was used, such that the plastic anisotropy could be checked.
For an isotropic material, the plastic strain in the width and thick-
ness direction of a uniaxial tension test should be equal due to plastic
incompressibility. In case of anisotropy, the R-ratio given by

R =
ε
p
w

ε
p
t

can be used to characterize the degree of anisotropy. It can be deter-
mined by a linear regression in an εpw-εpt diagram. For the materials
considered in this thesis the anisotropy was expected to be low, such
that inspection of such a graph would be sufficient to verify the va-
lidity of an isotropic yield function.

To enable a straightforward comparison of all gathered data, the
images from the thermographic camera were imported in the DIC
software. Temporal and spatial scaling was used to align these images
with the frames captured by the DIC camera. The temperature data
was then interpolated to the nodes in the DIC mesh such that it could
be treated in the same way as the strains calculated from DIC. To
simplify the identification of moving deformation bands, the time
derivative of the temperature and the strain fields were calculated
by applying a moving average smoothing filter of the nodal data,
followed by a central difference rate-of-change calculation in time.
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Figure 14: Plane strain tension test specimen geometry

The force and extensometer data were processed with the test data
management tool MatPrePost developed at SIMLab/SINTEF. The pro-
cessing involved calculating engineering properties from measured
initial geometry, as well as calculating true stress and true plastic
strain values based on the transformations presented in Section 2.3.1.
The plastic strains were computed using a combination of the Young’s
modulus found from linear regression of the engineering stress-strain
curve and a prescribed value of 210 GPa.

3.1.2 Plane strain tension test

The purpose of the plane strain tensile tests were

• to estimate the point of lowest formability, FLD0, before and
after baking

• to validate the ability of the constitutive model to correctly rep-
resent strength and failure in a different region of the yield locus
than the one for which it was calibrated

As for the uniaxial tension tests, three states of each material was
chosen for plane strain testing: Virgin, pre-strained and pre-strained
and bake hardened. However, all pre-strained samples were acciden-
tally baked meaning that only as-rolled and bake hardened material
was tested. Two repetitions of each test was chosen, since a low scat-
ter in properties within the batch was anticipated. The tests will be
denoted PST-XX-Y, where XX denote the material state and Y is the
specimen number.

Six rectangular coupons of each material, with the long side paral-
lel to the rolling direction, was cut out from a plate taken from the
same batch as the uniaxial tension specimens. Four of the coupons
were pre-strained to the same amount of plastic strain as the uniaxial
tension test samples. All four samples were then baked at 170

◦C for
20 min. The pre-straining was conducted in a low constraint mode,
i. e.close to uniaxial tension. Finally, the geometry shown in Figure 14

was machined from the plates using electric discharge machining.
The Docol 600DP samples were tested in an Instron servoelectric

testing machine with clamps capable of 50 kN. Due to alignment is-
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sues and high strengh levels, the Docol 1200M samples were tested
in an Instron servohydraulic testing machine capable of independent
clamping. The capacity of the machine was 100 kN. All samples were
tested with a crosshead speed of 1 mm/min until failure, correspond-
ing roughly to a strain rate of 1 × 10

−3/s.
Optical and thermographic cameras were used also for these tests,

with a similar test setup as previously. The test setup, with the two
cameras positioned on each side of the testing machine, is shown in
Figure 15.

In the DIC analysis, the element size was set to the number of pixels
corresponding to 0.5 mm (just over 20 pixels). Virtual extensometers
were used to extract both the nominal displacement of the crosshead
and the local strain in the necking region. For the former virtual ex-
tensometer, a gauge length of 8 mm was used. For the local strains, a
gauge length of 1 mm was used. The reason for this choice is that the
width of the localized neck is on the same order of magnitude as the
sheet thickness [25]. Hence, the local strain at maximum force mea-
sured with this gauge length should be a good estimate of the true
necking strain in plane strain condition. Nodes were chosen consis-
tently across all tests, aligned with the vertical centerline of the sam-
ple and symmetric about the horizontal centerline. Figure 16 show
an example of the node selection close to the notch, halfway towards
the center of the specimen and in the center of the specimen. Finally,
the continuous major and minor principal strains were interpolated
along the horizontal centerline of the specimen and exported.

Figure 15: Plane strain tension test setup

3.2 modeling approach

The modeling approach taken in this thesis is based on the theory pre-
sented in Chapter 2 and the available features of the SIMLab Metal
Model, following the work by Hopperstad et al.. The general-purpose
FE software LS-DYNA was used in all numerical simulations, and
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Figure 16: Local strain gauge node selection

the Metal Model was accessed as a user defined material model. For
the constitutive model, J2 flow theory was assumed. A two compo-
nent Voce rule was used to describe the hardening curve of the par-
ent material, while the bake hardening was treated through an addi-
tional (third) Voce term. Initially, all hardening terms was assumed
isotropic, but partly kinematic work hardening was used to enhance
the description of Docol 600DP. Strain rate and temperature effects
are neglected, as they are assumed to have little influence on the re-
sults within the considered ranges of temperature and strain rate.

At the time the present work was carried out, the SIMLab Metal
Model was developed for explicit analysis only. Therefore, explicit
time integration has been favored when possible. Time scaling has
been employed, i. e.the applied velocity has been increased by about
103 while retaining the true density. The ratio of kinetic energy to in-
ternal energy has been carefully checked for all simulations to ensure
that the loading conditions remained quasi-static (Ekin << Eint).

Shell elements have been used throughout this thesis, both since
the considered components are thin-walled and due to computational
cost considerations. Low order reduced integration elements with
an appropriate hourglass inhibitor has been used unless otherwise
stated, also owing to reduced computational cost. To account for area
reduction due to thickness stretch, the shell thickness update option
has been used.

A characteristic element size of 0.5 mm was determined by param-
eter studies to give a good post-necking force prediction for uniax-
ial tension tests of Docol 600DP (see part on inverse modeling in the
next section). This element size has been used throughout the present
work, unless otherwise stated, to eliminate uncertainties related to
mesh size.
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3.3 parameter identification procedure

The parameters for the yield function and work hardening curve has
been found through a combination of direct fitting of uniaxial tension
test data up to diffuse necking and inverse modeling of the uniaxial
tension specimen. Through inverse modeling, the data for large(r)
plastic strains that occur after diffuse necking can be taken into ac-
count in the parameter identification. This approach is motivated by
the fact that diffuse necking occurs relatively early in the uniaxial
tension tests on Docol 1200M, while for Docol 600DP, sufficient uni-
form straining takes place. In particular, the parameters that account
for the bake hardening effect in Docol 1200M were refined through
inverse modeling.

Data from the present uniaxial tests, as well as from previously
reported ones, has been used. The results for each case has been ap-
plied to the plane strain tension and plane strain bending simulations,
respectively.

3.3.1 Curve fitting

The two component Voce law of Equation (3) was calibrated from
the uniaxial tensile tests on virgin material through a least-square
curve fitting procedure in MatPrePost. To obtain parameters that cor-
respond to pre-strained material, the calibrated curve was shifted as
given by Equation (4). The amount of shifting was determined by the
actual mean pre-strain level of the uniaxial tension specimen. For the
pre-strained and bake hardened specimen, the bake hardening addi-
tion to the constitutive model was isolated by subtracting the pre-
dicted work hardening stress level from the actual(measured) total
stress. The three bake hardening parameters (RBH, QBH, CBH) were
then calibrated to correspond to the overstress (∆σBH(p)).

Due to discrepancies in the calculated material response between
the present experimental work and previously reported data (cf. Sec-
tion 4.1.1), previously reported parameter identifications has also been
considered in this thesis. The parameters identified from the previous
tests on virgin Docol 600DP has been shown to give good description
of the material response when compared to results from experimen-
tal plane strain bending tests [26]. In the present study, the bending
tests were reconsidered. Therefore, to avoid any unnecessary sources
of error, the old uniaxial tension tests were considered to be more rel-
evant to the plane strain bending tests than the new uniaxial tension
tests.

The previously reported parameters for the virgin and bake hard-
ened material states were adopted as presented in [21], but param-
eters for the pre-strained material has been calculated using Equa-
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tion (4). In addition, the bake hardening parameters for Docol 600DP
has been shifted “backwards”, as explained further in Section 3.4.3.

3.3.2 Inverse modeling

In the parameter identification process for Docol 1200M described
above, it was observed that the work hardening curve described by
the two Voce components saturates very quickly. Although correct for
small plastic strains, this may not reflect the behavior at large plastic
strains. To try to improve the previously reported parameter identifi-
cation of Docol 1200M, the extended numerical model of Equation (5)
was considered. The parameter corresponding to the stress at 100 %
strain, σ100, can be used independently of the Voce parameters to
calibrate the stress at very large plastic strains.

For the inverse modeling, finite element models of the relevant
specimens were created and run with the initial parameters given
in [21]. The virgin Docol 600DP specimens were taken as a refer-
ence case and a sensitivity study was performed to ensure that the
model was able to describe a case for which the parameters are well
calibrated. Time integration method and mesh sensitivity was con-
sidered. The final mesh of two of the analysis models used in the
inverse modeling are shown in Figure 17. To extract the “extensome-
ter” displacement of the analysis models, nodes that corresponded
to the location of the extensometer in the experiment were used. An
LS-DYNA library material model (*MAT_103) was used in all inverse
modeling simulations, since implicit analysis was not available in the
SIMLab Metal Model when these simulations were carried out. The
underlying theory is however the same (in fact, the LS-DYNA mate-
rial is based upon work by some of the authors of the SIMLab Metal
Model).

Once the numerical model was able to describe the post-necking
behavior of Docol 600DP, the simulation model was run with the ini-
tial parameters of Docol 1200M. Attempts were then made to improve
the correspondence in force-displacement behavior after necking by
adjusting σ100. Similarly, the model for the bake hardened speci-
mens were run with the initial bake hardening parameters. These
parameters were then adjusted iteratively to improve correspondence
in force-displacement behavior after necking. The implicit-explicit
switching feature of LS-DYNA was used in order to overcome the
highly nonlinear dislocation unpinning at incipient yielding by ex-
plicit time integration. The formulation was then switched to im-
plicit time integration to correctly follow the post-necking equilib-
rium path. The inverse modeling study was performed for the speci-
mens used in the previously reported study on bake hardening. Force-
displacement recordings from the uniaxial tension tests were kindly
provided by Hopperstad et al. [21].
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(a) Virgin specimen

(b) Bake-hardened specimen

Figure 17: FEM models used for inverse modeling of the uniaxial tensile
tests in previous work [21]; Gray parts modeled as rigid

Figure 18: Reference geometry for the plane strain tensile specimen

3.4 numerical simulations

3.4.1 PST geometry

As previously discussed in Section 2.3.2, the geometry of a plane
strain tensile (PST) specimen can be varied to some extent depend-
ing on the purpose of the study. In the present work, the main pur-
pose of the plane strain testing was to study how bake hardening af-
fects the lower limit of structural deformability, FLD0. It was therefore
judged important to verify that the PST specimen geometry achieve
a high degree of constraint. Furthermore, the maximum specimen
width was limited by the width of the available clamping grips. It
was investigated wether a sufficient constraint can be achieved with
a relatively narrow specimen width (compared to the one used by
An et al.). Limiting the width of the specimen was also beneficial for
the force needed for pre-straining, due to the high strength of the
materials.

Several finite element models were set up for a geometry compari-
son. Starting from the reference geometry depicted in Figure 18, the
two parameters w and h were varied in four and two steps, respec-
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(a) w = 15 mm (b) w = 20 mm (c) w = 25 mm

(d) w = 30 mm

Figure 19: Mirrored meshes of the PST geometry variation – changes in
notch width; Corresponding results shown in Figure 51a

(a) h = 10 mm

(b) h = 7.5 mm (c) h = 4 mm

Figure 20: Mirrored meshes of the PST geometry variation – changes in
notch height; Corresponding results shown in Figure 51b
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(a) Original model (b) Modified (larger clamping distance)

Figure 21: Finite element models of plane strain tension test; Gray parts
modeled as rigid

tively. The outer width of the specimen was set to 40 mm in all but
one case. One extremity of the variations correspond to a narrow ver-
sion of the “standard” PST geometry, while the other extremity cor-
respond to a geometry adopted from [2], i. e.with a sharp notch and
a short distance between the clamping and the notch. One quarter
of the specimen was modeled and the hardening parameters for the
material model were adopted from a previous calibration of Docol
600DP in [21].

The mirrored meshes of all tested geometries are shown in Fig-
ure 19 – 20. The characteristic element size in the center of the spec-
imen was 0.2 mm. The shell thickness stretch option was used, but
non-local treatment of history variables were not used. Hence, the
data after (through-thickness) localized necking are inaccurate.

3.4.2 Plane strain tension test

The plane strain tension test was used to check the validity of the
constitutive model that describe the material behavior. The test was
designed to be influenced as little as possible by geometry and there-
fore closely represent the material response in plane strain. If the
constitutive model is able to predict hardening behavior and tensile
strength (failure point) of the test, one can conclude that the yield
surface and hardening rule is correctly described and is likely to give
good predictions also in other load cases.

The mesh of the FE models used for the validation simulation is
shown in Figure 21. Initially, only the model in 21a was considered.
However, it was later found to be unclear wether the portion of the
specimen inserted into the grips were homogeneously clamped dur-
ing the experimental tests. To investigate the sensitivity to the clamp-
ing distance, the model shown in Figure 21b was run with parameters
for virgin Docol 600DP calibrated from the uniaxial tensile tests of the
present work. In this model, the clamping distance was increased to
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approximately the length where clear clamping markings could be
seen on the specimens after testing.

The FE models followed the general layout described in Section 3.2.
A simulation time of 30 ms was used initially and nodes with identi-
cal location as the DIC nodes from experiments were used to calcu-
late the nominal displacement. The work hardening curves calibrated
from the uniaxial tensile tests of the present work were used.

Due to the large time scaling implied by the short simulation time,
numerical instabilities caused problems with the simulations of Docol
1200M samples with increased clamping distance. Although kinetic
energy was low compared to internal energy, the instabilities were
most likely caused by dynamic effects. Attempts were made to in-
crease simulation time, but due to the small critical time step imposed
by the mesh size this approach quickly led to very long computation
time (>60 min on multi-cpu) and possible loss of accuracy. Therefore,
the SIMLab Metal Model was abandoned and the LS-DYNA library
material model *MAT_103 was used. Implicit-explicit switching, sim-
ilar to the inverse modeling procedure, was used to overcome the ma-
terial nonlinearities while at the same time reducing computational
cost. The longest computation time with this approach wason par
with fully explicit analyses of the original model.

Finally, a novel feature of the in-house DIC code by Fagerholt was
used to calculate cross-sectional forces directly from strains measured
by DIC. The DIC mesh is used as a finite element discretization of the
specimen and the element strains calculated by image correlation is
fed directly to the SIMLab Metal Model constitutive driver. Using the
calibrated constitutive parameters, the driver returns stresses which
are integrated over an arbitrary cross section of the specimen, pro-
vided that the entire cross section is covered with elements. The cross
section force can then be compared to experimental measurement.
The feature provides an excellent tool in this case, since it eliminates
the need to calculate strains that already are known from the experi-
ment. The DIC data were filtered using a moving average in time and
a Gauss filter in space before input to the constitutive model.

3.4.3 Plane strain bending test

The previous experimental programme carried out at SIMLab did, as
previously mentioned, include plane strain bending tests of the steels
considered in this thesis. Data from these tests, as well as a numerical
model of the test, has kindly been made available by the authors [26].
In the present work, the aim is to use this experimental data to further
verify the ability of the SIMLab Metal Model to represent the bake
hardening effect through the adopted modeling concept (according
to Ballarin et al.).
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Figure 22: Test setup of the plane strain bending test, after [26]

Figure 23: Analysis model of the plane strain bending test;
Test specimen, rigid punch and rigid rollers shown

The test setup for the plane strain bending tests are shown in Fig-
ure 22. This type of test is commonly denoted a Daimler-Chrysler
bending test and consists of a strip specimen supported by rollers
and deformed by a punch. The samples were tested in virgin (de-
noted V) and pre-strained and bake hardened (denoted WH+BH)
condition [26]. Two pre-strain levels were considered: A pre-strain
corresponding to 20 % of the strain at diffuse necking in uniaxial ten-
sion, and a pre-strain corresponding to 60 % of the strain at diffuse
necking. Tests of samples that had been subjected to baking without
pre-strain were also performed, but these are not considered in the
present work.

The numerical model is shown in Figure 23, and consists of support
rollers and punch modeled as rigid shell elements and a sample spec-
imen modeled with fully integrated shell elements (type 16) with 9

integration points through the thickness and a characteristic element
size of 0.5 mm in the deformation zone. The model was set up for
implicit analysis.
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At the time the present work was carried out, the latest version
of the SIMLab Metal Model lacked a consistent tangent stiffness op-
erator. Therefore the numerical model needed to be converted from
implicit to explicit time integration. To avoid dynamic effects from the
parts of the specimen protruding beyond the rollers, all elements not
involved in roller contact were eliminated from the model. Time scal-
ing was used, such that the rigid punch completed its motion in 30 ms.
A smooth velocity increase was used. Furthermore, the contact type
was changed and attempts to use reduced integration (ELFORM=2)
were made.

To model the prestrain, different approaches were chosen for the
two materials. For Docol 1200M, the shifted hardening curve dis-
cussed in Section 3.3 were used in the simulations of the pre-strained
and bake hardened bending specimen. This is an effective solution
if the work hardening can be assumed isotropic such that no distinc-
tion need to be made between the upper and lower fibers in the plane
strain bending test.

For Docol 600DP, kinematic hardening was expected to have a sig-
nificant impact on the plane strain bending results due to the imposed
pre-strain. To properly account for this, the numerical model had to
take into account the different hardening behaviors of the upper and
lower fibers. As this information is stored in the history variables of
the numerical model, an approach were chosen where history vari-
ables from a pre-strained element is mapped onto the plane strain
bending specimen prior to simulation.

To perform the pre-strain, a separate analysis model consisting of
a single simply supported shell element (identical to the ones used in
the bending simulation) was set up. This element was loaded by a pre-
scribed motion and unloaded to zero stress such that a plastic strain
identical to the specimen pre-strain was obtained. All history vari-
ables pertinent to the pre-straining was then written to file through
the *INTERFACE_SPRINGBACK card. The SIMLab Metal Model was
used, with hardening parameters as calibrated for the virgin material.
In one case, completely isotropic hardening was assumed. In a sec-
ond case, the voce rule with the highest initial slope was assumed
to be entirely kinematic (cf. discussion in Section 2.1.2). This second
pre-straining case will henceforth be denoted kinematic work hardening
(WH).

To verify the that the pre-straining approach worked correctly, a
cyclic tension-compression test of the single element was performed.

For the plane strain bending simulation including pre-strain, the
history variables from the single element files were mapped onto the
specimen prior to simulation through an *INITIAL_STRESS_SHELL
card. Identical material cards as the ones used for the pre-straining
were used. In case of the pre-strained and baked material, the pa-
rameters (RBH, QBH, CBH) calibrated from uniaxial tensile tests were
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shifted according to Equation (4) and included in the material card as
isotropic Voce parameters. This means that the simulations of pre-
strained and bake hardened Docol 600DP includes isotropic work
hardening plus isotropic bake hardening in one case and partly kine-
matic work hardening plus isotropic bake hardening in the other case.
In other words, no kinematic bake hardening is considered, and only
part of the work hardening is assumed kinematic.

To properly compare the results of the bending simulations with
experimental data, the reaction forces given by the numerical and ex-
perimental tests were recast as a fictive engineering stress. By consid-
ering the elastic stress in a specimen subjected to three point bending,
the maximum stress (which occurs in the outer fibers of the specimen)
can be calculated as

σmax =
Mmax

I
zmax =

FL

4wt
3

12

t

2
=
3FL

2wt2

where L is the length between the initial contact points of the roller
supports, w and t are the width and thickness of the specimen, re-
spectively, and F is the force exerted by the punch. This formula is
obviously only valid up to the point of first yielding, after which the
stress is no longer linearly varying over the thickness. The scaling
does however, to some extent, remove the dependency on the test ge-
ometry, such as the roller distance and the specimen thickness. Thus,
the fictive stress is more representative of the actual material loading
than the force alone.

During post-processing of the numerical bending simulations, a
low pass SAE filter was used to filter the reaction force. This is com-
mon practice for explicit dynamic simulations [16] and is in this case
used to remove oscillations that are due to the contact formulation.
By using a corresponding implicit analysis, it was verified that the
force obtained from explicit analysis oscillates around the equilibrium
curve and that the filtering extracts the desired information. A filter-
ing cutoff frequency of 600 Hz was selected. Indeed, a smoother but
much more expensive contact formulation (using the MORTAR op-
tion in LS-DYNA) could have been used, but the filtering was judged
to not reduce the accuracy of the simulations significantly.





4
R E S U LT S A N D A N A LY S I S

This chapter presents and discusses the results of the work outlined
in the previous chapter. To enhance text readability, all figures have
been placed separately starting on page 57. PDF readers are advised
to use the hyperlinks to the figures given in the text and the (back)
links in the figure legends to navigate the document.

4.1 experimental studies

4.1.1 Uniaxial tensile tests

The results for the uniaxial test series related to the present work are
presented in Figure 26 – 40. In Figure 26, stress versus plastic strain
curves are shown for the virgin, pre-strained and pre-strained and
baked material. Corresponding curves for 1200M are shown in Fig-
ure 27. The results from the DIT measurements are mainly presented
as spatiotemporal graphs in Figure 35 – 38. Some further results and
comparison with DIC measurements are presented in Figure 39, 40,
30 and 31. The fractured specimens from the first test series are shown
in Figure 24.

For 600DP, all specimens undergo quite large uniform deformation
until diffuse necking occurs (cf. Figure 24). The work hardening be-
havior for the pre-strained material is virtually identical to that of
the virgin material, as expected. The material show a significant bake
hardening effect with a clear offset from the hardening curve of the
virgin material. The shape of the hardening curve after baking seem
to be very similar to that of the virgin material up to the point of
diffuse necking, but a slight tendency for fading with plastic strain,
as reported in [21], can be seen.

For 1200M, relatively small plastic strains are observed even for
the virgin material until diffuse necking occurs. The virgin and pre-
strained curves differ significantly, which indicates that some strain
aging has occurred in the pre-strained material. Please see further
discussion below. The artificially aged specimens show distinct bake
hardening, with a sharp yield point and a very short elongation until
necking and ultimate failure, as previously reported.

Figure 28 and 29 compare data from the present experimental work
with data presented in [21]. Although the test conditions were similar
and the material were taken from the same batch, distinct differences
can be seen. The tests conducted in the present work show consis-
tently lower flow stresses, on the order of 5-10 %. On the other hand,

39
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the offset due to the bake hardening seem to be more or less constant.
Wether scatter on this order of magnitude can be expected within a
batch remains to be confirmed. The difference could possibly be at-
tributed to property variations across the width of the batch plate
since the position of the specimens within the batch are unknown.

In the DIT results for Docol 600DP shown in Figure 36, no Lüder’s
bands were observed in any of the tests. This indicates that no disloca-
tion unpinning takes place during deformation of the bake hardened
specimen, which supports the conclusion of Hopperstad et al. [21]:
The bake hardening effect of Docol 600DP seem to be dominated by formation
of precipitates (i. e.not by dislocation pinning). Another explanation of
the smoothly initiated plastic flow, presented by Bleck et al., is that
local residual stresses at phase boundaries initiate a smooth yielding
(cf. Section 2.2.3).

For Docol 1200M, smooth and even yielding along the specimen
length was expected for the virgin and pre-strained material states
due to the smooth and initially high work hardening of the parent
material as revealed by the stress-strain curve. However, as shown by
the spatiotemporal graphs (Figure 38a and 38b) and further detailed
in time series in Figure 39 and 40, the strain seemed to localize in
regions of inclined bands after just a small amount of plastic strain.

In case of the virgin material, no moving deformation bands were
observed, but the strain seem to have developed progressively in in-
clined regions where the plastic flow was initiated. The zone of tem-
perature increase (dissipation zone) was initially large, but shrank
towards the region of diffuse necking as the plastic strain increased.
Since the plastic strain was quite non-uniform over the gauge length
of the specimen, the stress-strain curve calculated from extensometer
displacements does not give an accurate description of the stress and
strain experienced by the local material elements. By averaging over a
longer distance than the actual length of deformation, the calculated
plastic strain will be smaller than the true local value. This leads to
a Voce calibration that saturate too early. The severity of the problem
is of course related to how local the deformation is compared to the
averaging length. It is difficult to extract a good measure of the plastic
strain in any other way than through an extensometer, since only the
cross sectional force is known (and not the stresses corresponding to
the strains given by DIC). The parameter identification in the present
work is therefore done according to common practice.

By contrast to the virgin material, the pre-strained material showed
clear deformation banding just after the plastic flow had been ini-
tialized. The strains were too small to be measured accurately with
DIC, but the thermographic images revealed how the region of heat
production (dissipation) was initiated at the lower end of the spec-
imen and traveled upwards somewhat irregularly before stabilizing
at the point where the diffuse necking occurred. The non-uniform
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initialization of plastic flow and the discrepancy between the virgin
and pre-strained material indicate that some aging process has oc-
curred between pre-straining and testing of the specimen. The inher-
ent problem of using an average extensometer to calculate the stress-
strain curve is present also in this case. Comparison of the virgin
and pre-strained material response is somewhat complicated by the
fact that the virtual extensometer gauge lengths were not identical (cf.
Table A.1)

Similar stress-strain curves as the ones shown in Figure 27 are re-
ported by Hopperstad et al., who noted that necking occurred di-
rectly after yielding for all work hardened material [20], also those
that were not artificially aged. The field measurements in the present
study show that the reason for the work hardened material to devi-
ate from the virgin is that room temperature strain aging has taken
place. Presumably, the mechanism is dislocation pinning that occur
for aging times longer than 20 min, as no room temperature aging
was reported for this aging time in [21].

The bake hardened Docol 1200M showed no apparent deformation
bands when observing the entire DIC field as presented in Figure 38c.
A closer inspection of the necking region did however reveal a slight
band tendency. A time series of strain rate and temperature change
close to the lower end of the specimen is shown in Figure 30. At incip-
ient yielding, the strain rate and dissipation localized immediately in
an inclined band at the lower end of the specimen gauge region. Be-
fore final rupture, however, the strain rate was diffused slightly and
the region of dissipation split in two parts moving in opposite direc-
tion. Finally, the strain rate and dissipation intensified once again and
localized necking occurred.

In Figure 31, a similar behavior is shown as a time series with
frames taken before maximum stress was reached. After initializa-
tion of plastic flow, the strain rate and region of dissipation is split in
two parts, followed by localized necking.

The observed events could represent the transient unpinning of dis-
locations that were expected to take place in the bake hardened mate-
rial. The unpinning was however immediately followed by localized
necking, rather than the expected propagation of the unpinning front
in form of a Lüders band. This indicates that after baking, the con-
ditions of localized necking are fulfilled already at incipient yielding.
Apparently, the stress level is raised so much by the Cottrell locking
that once the atmospheres are unpinned, there is no possibility for
work hardening and possible precipitate strengthening to support the
load. The only option is that a localized neck appear in the region that
has been unpinned, as seen in the experiments. By this explanation,
a similar behavior should be seen in the plane strain tension test.

Figure 33 show a thermographic image of a Docol 1200M bake
hardened specimen at incipient yielding. The dislocation unpinning
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is transient, almost momentary. The lower specimen temperature com-
pared to the room temperature is explained by cooldown during elas-
tic expansion of the atom lattice.

From the length- and width extensometers taken from DIC data,
the plastic strains in the width and thickness directions were calcu-
lated under the assumption of plastic incompressibility. Figure 34

show these quantities plotted for all tensile tests of Docol 600DP and
1200M, respectively. The data contain some noise due to the small
strains in the width direction, but the trend is clearly that the slope
is very close to unity for Docol 600DP and slightly less than unity for
Docol 1200M. The R-ratios have not been calculated explicitly in this
work, but have previously been reported to be 1.04 for Docol 600DP
and 0.63 for Docol 1200M in the rolling direction [18]. Although this
indicate plastic anisotropy for Docol 1200M, it is not believed to be
of primary importance for this thesis to account for the anisotropy in
the simulations.

4.1.2 Plane strain tension tests

The results of the plane strain tension tests are presented in Fig-
ure 41 – 47. The engineering stress versus normalized displacement
curves for the two materials are shown in Figure 41a and 41b, re-
spectively. The nominal displacements measured by DIC has been
shifted such that the elastic stiffness closely resembles the numeri-
cal tests to simplify comparison. These figures also include curves of
the corresponding numerical analyses of the tests. Figure 41a show
results from simulations using the original geometry, Figure 42a cor-
respond to the model with longer clamping distance and Figure 43a
correspond to the DIC analysis. Corresponding simulations for Docol
1200M are shown in Figure 41b, 42b and 43b, respectively. Figure 44a
and 44b show the major and minor strain paths traveled by the local
virtual extensometers during the test. The strains at maximum force
are marked by a red dot. Please note that the logarithmic strain is
used, calculated from the engineering strain values through the trans-
formation

εL0α = ln
(
1+

∆L

L0

)
α = 1, 2

where the initial length, L0, of 1 mm was selected.
Figure 41a show that the stress level and hardening behavior of Do-

col 600DP is quite different between the virgin and the pre-strained
and bake hardened test specimens. The maximum nominal displace-
ment is however very similar in all tests. Likewise, as shown in Fig-
ure 44a, the local strains at maximum force is very similar for the
two material states when the pre-straining is included. The reason
for these results are obvious from Figure 45a and 45b; the specimens
do not fail due to localized necking in the plane strain region of the
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specimen, but due to crack propagation starting from the notches.
Hence, the strains at maximum force do not correspond to the neck-
ing strain. By comparison, the strains are also much too small; the
data sheet report an FLD0 of approximately 0.2 [mm/mm] [31].

The stress-nominal displacement curves from the simulations of
the original model of the plane strain tension test show poor cor-
respondence with the experimental data (cf. Figure 41a). While the
yield point is acceptably predicted for the virgin material, the stress
is grossly over-predicted at larger displacements. Qualitatively, the
shape of the hardening curve is also unexpected. The shape and
height of the curve as predicted by simulations did however turn
out to be highly dependent on the clamping distance in the numer-
ical model. As shown in Figure 42a, much better correspondence is
seen between the modified numerical model (cf. Figure 21) and exper-
imental data for the virgin condition. This indicate that the clamping
force was applied primarily to the far end of the specimen, rather
than the entire area enclosed by the grips. The actual imposed clamp-
ing distance remain uncertain and seem to have affected the results
but from the consistency of the experimental test results there is no
reason to believe that the clamping distance varied between the tests.
Comparison between the two material states should therefore not be
problematic.

The cross sectional force as calculated by coupling the DIC code
to the SIMLab Metal Model is shown in Figure 43a. By contrast to
the finite element models, these analyses utilize the experimentally
measured strains to calculate stresses through the constitutive model.
Hence, the uncertainty in the clamping distance does not affect the
accuracy of the force calculation, which in turn simplifies evaluation
of the constitutive model.

From the DIC calculations, a slight overprediction of the virgin ma-
terial curve is seen. It can be attributed to the assumption of von
Mises plasticity. A higher exponent model may have been even more
accurate in plane strain conditions, but the results are acceptable. A
similar behavior is expected for the pre-strained and bake hardened
specimens. Yet, the assumption of isotropic bake hardening clearly
gives an overprediction of the stress. The match between experimen-
tal data and the curve with neglected bake hardening indicate that
the bake hardening effect in non-proportional loading is on the same
order of magnitude as the error introduced by assuming von Mises
plasticity. It is therefore difficult to justify inclusion of bake hardening
unless a very accurate plasticity model can be determined first.

Regarding all simulations that included a bake hardening term, it
can be concluded that the yield point and flow stress is over-predicted
by the isotropic work and bake hardening rule. The unwanted fail-
ure mode of the tests and the uncertainty regarding the specimen
clamping is not believed to invalidate this conclusion. This support
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the hypothesis presented in literature, which suggest that the bake
hardening effect diminishes under non-proportional loading. Hence,
assuming an isotropic bake hardening effect can be expected to over-
predict the strength under non-proportional loading. Still, is is sur-
prising that the experimental curve more or less coincides with the
numerical model that only included pre-straining. The expected re-
sult would be that the experimental curve fell somewhere in between
the two simulations. Unfortunately, pre-strained samples alone were
not tested, and hence it is difficult to conclude that the bake harden-
ing had no effect compared to pre-straining alone. From a modeling
perspective, however, this seem to be a plausible assumption.

The results from the tests on Docol 1200M are rather different than
for Docol 600DP, as seen in Figure 41b. The virgin material show some
plastic deformation before localized necking but the pre-strained and
baked material undergo localized necking directly after yielding. The
behavior is similar to the uniaxial tension tests and Figure 45c and 45d
confirm that the failure mode in fact is localized necking in the plane
strain region of the specimen. The yield stress of the pre-strained
and baked samples is higher than what is predicted by simulations
considering pre-straining alone, which indicate an increase in yield
stress that can be explained by dislocation pinning.

The observations indicate that bake hardening has a significant im-
pact on the yield point and material ductility also in plane strain
conditions and that no residual deformability after pre-straining and
bake hardening exists. In turn, this can have implications for the ap-
plicability of the material in components where pre-straining from
forming operations can be located in regions of subsequent uniform
plane strain- or uniaxial tension. The question will be further dis-
cussed in the next chapter.

Figure 41b also compare the numerical simulations of the plane
strain tension test with experimental data. It is apparent that the
stress levels predicted by the original model are completely erro-
neous for most of the test duration. The modified model shown in
Figure 42b show significant improvement. The yield point seem to
be accurately predicted for the virgin material. The point of strain
localization is slightly early in the numerical model, but still accept-
able considering that no non-local plastic thinning was used. Good
correspondence is also seen for the work and bake hardened material
by assuming isotropic bake hardening. The post-necking force drops
too quickly as is common for explicit analyses, but the immediate
necking seen in experiments is well represented. The stress analysis
using DIC strains, shown in Figure 43b, further confirm that the ma-
terial model is well calibrated for small strains of the virgin material.
Isotropic work and bake hardening is also shown to give good predic-
tion of experimental data for the work and bake hardened specimen.
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Please note, however, that simulations shown in Figure 41b and 42b
were not run with the SIMLab Metal Model.

The strain distribution at maximum force for all specimens is shown
in Figure 46. As seen, the minor strain is very small over most of the
gauge region, which indicates that the strain state is close to plane
strain. Interestingly, the virgin specimens show larger strains close to
the notches than the bake hardened ones, but quite similar strains in
the center of the gauge region. This is particularly true for the Do-
col 1200M-samples. Apparently, the higher normalized displacement
at maximum force of the virgin 1200M-samples is due to increased
stretching of the material close to the notches, rather than of the entire
gauge region. This can be verified by comparing the strains at maxi-
mum force shown in Figure 44b – the virgin and bake hardened spec-
imens both have very similar (and extremely low) strain-to-necking
in the center, but the difference is large at the notch.

The strain to necking for the virgin material given in Figure 44b
is easily compared with the Forming Limit Diagram given in the
datasheet for Docol 1200M [30]. The results from the plane strain ten-
sion tests indicate that the necking strain in plane strain conditions is
approximately 1 %. Such small strains are on the limit of what can be
measured by DIC, cf. Figure 40. The FLD0 given in the datasheet, on
the other hand, is about 10 %. It seems that the plane strain tension
test provide a very poor estimate of formability, compared to the pure
formability tests that most likely are the basis of the FLD presented
in the datasheet. The reason for this is unclear. While the test geom-
etry is fundamentally different, the goal of the tests is the same: To
stretch the material until failure at conditions as close to plane strain
as possible. The explanation could possibly be found in the way that
the failure strains are calculated in a formability test, but as this is the
beyond the scope of this thesis it is left for further work. Another pos-
sibility is that strain rate effects have lowered the strain-to-failure, but
as shown in Figure 47 the strain rate is in the vicinity of the predicted
1 × 10

−3/s in most parts of the specimen.
Finally, it should be noted that no material tests have been per-

formed on material subjected solely to bake hardening, or to pre-
straining alone. This study has therefore by no means covered all
aspects of the bake hardening effect in plane strain conditions. The
study should has however covered the two most interesting scenarios
from a structural ductility point of view and it should be possible to
draw some general conclusions from the observations.

The following summarize the results of the plane strain tension
test. For Docol 600DP, a smooth yielding behavior was seen for all
specimens and no obvious effect of the baking, neither positive nor
negative, could be observed. The specimens failed prematurely due
to crack initiation in the notches, but up to this point, no decrease
in ductility was found. For Docol 1200M, the specimens from virgin
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material did undergo some plastic deformation before onset of local-
ized necking and showed a similar hardening behavior as in uniaxial
tension. It was noted that almost none of this deformation occurred
in the gauge region between the notches. The pre-strained and baked
specimens showed rapid localization directly after the yield point.
The numerical models assuming isotropic bake hardening all over-
predicted the strength increase.

4.2 parameter identification

The parameters of the work hardening curve calibrated in MatPrePost
is given in Table 1. The parameter identification of the present work,
as well as that of [21], is plotted agains the respective experimental
curves in Figure 48. Due to the fact that the parameters for Docol
600DP from [21] is used in an analysis where the pre-strain is given
explicitly in the numerical model, no shifted work hardening parame-
ters have been calculated. Please confer Section 3.4.3, where the plane
strain bending analysis is outlined. The corresponding curves for Do-
col 1200M are given in Figure 49.

The force-displacement curves given by the parameter study on
the uniaxial tension test of Docol 600DP is given in Figure 50a. As
expected, all curves followed the experimental data for which it was
calibrated very well up to the point of necking. The simulations using
explicit time integration then showed a very rapid, unphysical drop
in the force. It was observed that the deformation had localized to a
single inclined row of elements, which led to a rapid reduction in area
in these elements. The ability to represent the physical neck decreased
even more with mesh refinement, since the single row of elements
that received all deformation became even more narrow. Since the
purpose of the inverse modeling was to try to improve parameters by
considering the post-necking behavior, explicit time integration was
quickly abandoned.

By using implicit time integration, a much better qualitative repro-
duction of the physical diffuse necking was obtained. At a character-
istic element size of 0.5 mm, the mesh was considered fine enough
to accurately represent the experimental force-displacement curve.
Since no apparent mesh convergence had been reached yet, it was
decided to calibrate the constitutive model parameters for a given
mesh size and use this throughout the rest of the analyses in the the-
sis. At 0.5 mm, the element size was rather small, but this was judged
necessary both for the inverse modeling of the Docol 1200M samples
and for the simulation of the plane strain tension test (due to a small
notch radius).

Figure 50b show the simulation of the Docol 1200M uniaxial ten-
sion test on the virgin material with the original parameters of [21].
Since the post-necking behavior was rather well captured with the
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original parameters, the parameters were left unchanged. Using the
additional parameter, σ100, only raised the post-necking force further.

Figure 50c show the simulations of the pre-strained and bake hard-
ened specimen of Docol 1200M. In this case, the original parameters
after Hopperstad et al. did not give the immediate localized necking
seen in experiments but gave a Lüder’s plateau followed by a small
amount of hardening before diffuse necking. In addition, the force at
first yielding was lower than observed in experiments. The three bake
hardening parameters were therefore adjusted iteratively such that lo-
calized necking occurred directly after yielding, that the peak force
was correctly predicted and that the post-necking force resembled the
one seen in experiments as closely as possible.

4.3 numerical simulations

4.3.1 Plane strain tension test

Please note that the results of the plane strain tension simulations are
presented together with the experimental results in Section 4.1.2. The
following text concerns the influence of geometry on the plane strain
tension test.

The results from the variation of parameter w is shown in Fig-
ure 51a. The transversal-to-longitudinal strain ratio in the center of
the specimen is plotted along the width of the gauge region. The
symmetric part of the curves are omitted for clarity. Clearly, the distri-
bution of the constraint is more or less insensitive to the width of the
specimen, which is favorable since the extrapolation method of An
et al. can be used. However, it can be concluded from the constraint
ratio that a much wider specimen than the ones tested here must be
used in order to resemble a true plane strain situation (ε22 << ε11).

The results from the alternative geometry adopted from [2], and
the variation of the height, h, is shown in Figure 51b. The alterna-
tive geometry show a much higher constraint ratio over the width of
the specimen compared to both the baseline version and the modi-
fied version of the reference geometry. The difference is even more
pronounced after some plastic straining (dashed lines). If we require
that ε22/ε11 < 0.1 over the majority of the specimen width, it can
be concluded that only the alternative geometry is acceptable for the
purposes of this study.

4.3.2 Plane strain bending test

Figure 52 presents results of the plane strain bending tests previously
reported in [26]. The results of the plane strain bending simulations
in the present work are then shown in Figure 53 – 57. The measured
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punch force has been scaled to represent the maximum stress in the
outer fibers with respect to the initial configuration:

s =
3FL

2wt2

where L is the length between the initial contact points of the roller
supports, w and t are the width and thickness of the specimen, re-
spectively, and F is the force exerted by the punch.

Some major conclusions of the previous experimental study are
that samples of Docol 600DP show a small but significant increase
in flow stress after pre-straining and baking (cf. Figure 52a). For Do-
col 1200M, however, no significant trend in the punch force was ob-
served between the virgin and pre-strained and baked samples (cf.
Figure 52b). This was true irrespective of pre-strain level – all curves
fell in approximately the same scatter band. The reader is referred
to the previous report for a more thorough interpretation of the ex-
perimental bending results. For the purpose of this discussion it is
sufficient to note that there is a possible bake hardening effect in Do-
col 600DP, while no effect of pre-straining and bake hardening is seen
for Docol 1200M.

Figure 53 show a comparison between experimental data and the
numerical simulations for Docol 600DP. The simulations using pa-
rameters of the virgin material show excellent agreement with exper-
imental data. However, as shown in Figure 53a, it is clear that the
assumption of isotropic work and bake hardening leads to an over-
prediction of the stress for the pre-strained samples. Even if the Voce
term that constitute the bake hardening is neglected, the stress at in-
cipient yielding is over-predicted.

The results from identical simulations, but with part of the hard-
ening assumed kinematic, is shown in Figure 53b. The results from
simulations show much better agreement with the experimental data.
Quantitatively, the stress is still over-predicted by the full numerical
model. However, if the bake hardening is neglected, as demonstrated
by the curve labeled “20”, the stress level matches the experimental
data well. Very similar results are given for the 60 % pre-strained and
baked samples, as shown in Figure 53c, when the same assumption
of partly kinematic work hardening is applied.

These observations again support the hypothesis of vanishing bake
hardening effect under non-proportional loading. To fully verify that
this hypothesis is valid also for the materials considered here, it would
have been beneficial to study the effect of pre-straining alone on the
plane strain bending results. However, it can still be concluded that
an isotropic bake hardening addition, such as the one used in these
simulations, is inappropriate from a modeling point of view.

Notably, some oscillations in the stress curve given by the simula-
tions are seen after some deformation despite filtering of the curve.
This is probably due to the dynamics of the part of the specimen pro-
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truding beyond the roller contact points, which becomes longer and
longer as the contact point moves inwards along the rollers. The oscil-
lations are not seen in implicit analysis, but they are relatively small
and not expected to alter results significantly.

For Docol 1200M, the bending simulations using parameters for the
virgin material show reasonable agreement with experimental data in
the beginning of the deformation. However, for large punch displace-
ment, the stress is grossly over-predicted and the point of maximum
stress is inaccurately predicted. When pre-straining and bake hard-
ening is taken into account, the point of initial yielding is also over-
predicted. Although the error in the first part of the curve is not larger
than the scatter in the experimental data, it is worth noting that the as-
sumption of isotropic bake hardening seem to provide an insufficient
description of the physical strengthening mechanism.

An explanation to the poor stress prediction in case of Docol 1200M
could be the small range of plastic strains for which the hardening
curve was calibrated. In addition, the non-uniform yielding of the
uniaxial tension test that was revealed by the DIC measurement can
have a contribution to errors in the model calibration. Since failure
did not occur in the bending tests, large plastic strains developed
i a relatively small region of the bending specimen. The numerical
simulations predicted plastic strains of about one order of magni-
tude larger than the strain to necking in uniaxial tension. By contrast,
the hardening curve is calibrated at small strains, averaged over a
comparably large distance. Hence, it is no surprise that the present
calibration fail to correctly predict the bending test. A more correct
description could in this case be obtained by for example in-plane
shear tests, where the hardening rate at large plastic strains can be
obtained without risk of localized necking [24].

Another, albeit more far-fetched, explanation is that excessive de-
formation of the elements lead to erroneous forces at large punch
displacements. Figure 57 show the deformed mesh at a quite large
punch displacement of the Docol 600DP-simulation and as seen, only
a few elements receive almost all plastic deformation. In the simula-
tions on Docol 1200M, the deformation was even more concentrated.
Since only linear shells (shell elements lacking out-of-plane curvature)
are available in LS-DYNA, the mesh could impose a restriction of the
model’s ability to represent the real test. This effect is however not
believed to be the major factor causing the large deviations from ex-
perimental data. A rerun with a finer mesh, where each element was
split into four, gave no sign of the force-displacement curve having
any different shape.

Figure 55 show the tension-compression test of the single element
model that was used for pre-straining the Docol 600DP bending model.
As seen, the kinematic hardening curve (curve B in Figure 55a) has a
lower yield stress in compression. The pre-strained kinematic harden-
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ing curve (curve C in Figure 55a) has an initially high yield stress in
reloading in tension, but in compression the yield stress is identical
to the virgin kinematic hardening curve. The behavior seen in Fig-
ure 55b confirms that the desired overall hardening curve is obtained,
also for the pre-strained material.

Results from the small sensitivity study performed for the bending
simulations on Docol 600DP is shown in Figure 56. The curve derived
from implicit time integration does not exhibit the small oscillations
seen in the (filtered) explicit time integration curve, but the deviations
are very small. The curve derived from explicit time integration using
reduced integration shell elements, on the other hand, show very pe-
culiar results, especially at incipient yielding. One explanation could
be that a warping hourglassing mode has been triggered, which is
difficult to see by inspection of the model. It is otherwise difficult to
explain the poor results of these elements. The high frequency oscilla-
tions are due to the contact force, and could have been filtered away,
as it has been in all other explicit analyses.

Summarizing the results, it is noted that for Docol 600DP samples,
flow stresses are accurately predicted by numerical models assuming
only work hardening. It can be assumed, then, that bake hardening
give no strength increase and hence little hope for extra energy ab-
sorption in bending modes. As concluded by Hagström and Ryde,
the Bauschinger effect makes it difficult to benefit from strengthening
by bake hardening. Because the yield strength in reversed loading is
much lower, the bending samples deform in compression rather than
symmetric tension-compression, which lead to negligible increase in
strength.

The samples of Docol 1200M showed no effect of pre-straining and
bake hardening at all [26]. No increase in yield point was observed
despite the fact that the Bauschinger effect is expected to be lower
for this single phase material. No failure initiation was observed. A
plausible explanation that yielding mainly occur in compression also
in this case, since this side has significantly lower yield stress. Due
to low work hardening, the stress in the material fibers on the com-
pression side never reach the yield stress of the fibers on the tension
side.



5
D I S C U S S I O N

In this chapter, the results of the present work are discussed in a
broader context. The fulfillment of the objectives are addressed and
the contribution of the study is discussed, followed by a conclusion
and suggestions for further work on the subject. In the introductory
chapter, the objectives were presented as

a. To investigate and document the characteristics of deformation
bands, strain localization and failure of material tests of Docol
600DP and Docol 1200M.

b. To evaluate the existing model concept with respect to its ac-
curacy in representing the response and structural ductility of
simple and complex (though generic) components.

In the following, the work is divided into parts of experimental na-
ture and parts of modeling nature and each objective is discussed
separately, followed by a summary and some final conclusions.

5.1 characteristics of bake hardening

The characteristics of the bake hardening effect in dual-phase and
martensitic steels have been thoroughly studied and reported in pre-
vious work, most notably [18] and [20, 21]. In the present work, so-
phisticated field measurement techniques have been used to study
the details of the deformation and failure patterns that are outlined
in previous work. In addition, the most relevant aspects of the bake
hardening effect in plane strain tension has been studied.

The results of the present uniaxial tension tests have shown the
fundamental difference between the yielding behavior of dual-phase
and martensitic steels, both in virgin as well as pre-strained and bake
hardened condition. Through the use of DIC, it was documented that
the deformation of Docol 600DP was smooth in time and evenly dis-
tributed over the test specimen. This was true also for the bake hard-
ened state. By contrast, the deformation of Docol 1200M showed spa-
tial non-uniformity and, in the case of pre-strained and baked mate-
rial, a rapid sequence of events that are best explained by unpinning
of dislocations followed by immediate localized necking. No actual
Lüder’s bands were observed for the pre-strained and baked mate-
rial. The uniaxial tension tests did however reveal unexpected aging
and Lüders behavior of the pre-strained Docol 1200M.

The plane strain tension tests in the present work have contributed
to an increased insight in how the strain localization and failure in
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plane strain is affected by baking. Generally, the material behavior
was similar to that observed in uniaxial tension, meaning smooth
yielding and no obvious deterioration of ductility for bake hardened
Docol 600DP and rapid localized necking for bake hardened Docol
1200M. Specimens subjected solely to pre-strain were unfortunately
not tested. It is also questionable wether plane strain tension tests are
applicable for estimating the actual FLD0, since the necking strains
are far below what is found in datasheets, even for virgin material.
The trends with regard to strain localization and failure are neverthe-
less quite clear.

Summarizing the results of the uniaxial and plane strain tension
tests, one can conclude that the good elongation properties of Docol
600DP is pertinent also in plane strain tension, but that the strength
increase was smaller than predicted by isotropic bake hardening when
non-proportional reloading was used. Furthermore, the poor elonga-
tion properties of Docol 1200M also pertains to the plane strain ten-
sion situations. Hence, it is not simply connected to the test method
but should rather be considered a state of the material.

It can be argued that the choice to perform the pre-straining of the
plane strain specimen in a different mode than the reloading after
baking was unwise. Based on previous knowledge, non-proportional
reloading render the bake hardening less effective and hence, the tests
done in the present work did not correspond to a “worst case” sce-
nario. The results of the tests, however, show that early necking insta-
bility occur even under non-proportional loading for Docol 1200M,
which serve as an even stronger indication on the importance of in-
vestigating the relevance of these results for engineering applications.

Upon discussing the results of the present work in relation to struc-
tural components, the obvious should initially be stated: The test spec-
imens studied in the present work are far from representative for
common states of stress and strain in a component. On the contrary,
test specimens are designed to, as far as possible, isolate the material
response from geometrical influence. The first question to consider is
therefore if strength increase or early strain localization of material
tests are at all relevant for component behavior.

For the sake of discussion, the plane strain bending testsserve as
a good example of an intermediary between pure material tests and
component tests. The stress state in a bending specimen is relatively
simple, yet there is possibility of interaction between the hardening
behavior in tension and compression as well as failure initiation on
either side of the specimen. As already mentioned in the last chapter,
the bending tests were completely insensitive to baking, which could
be explained by the possibility of all the yielding to take place in
compression. Can the insensitivity to baking be generalized to all
components in which there are mixed modes of loading?
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The fact that fracture criteria are calibrated from plane strain ten-
sion tests [24] are of course a strong argument in favor of the rele-
vance of material tests. Furthermore, there are examples of situations
that could resemble a uniaxial or plane strain tension situation closer
than the bending test. One example of a situation where, for exam-
ple, yielding in compression is not an option could be bending of
a hollow cross section beam where the tension flange has been sub-
jected to sufficient pre-straining (e. g.through forming of stiffening
grooves) and baking. Conceivably, the stress state in the flange could
be similar to the one in the plane strain specimen. As a result, local-
ized (through-thickness) necking could lead to rapid failure of such
a component if a martensitic steel is used. Similarly, an increase in
strength and energy absorption could be the outcome if a dual-phase
steel is used. Case studies like this are not trivially resolved and could
be an interesting continuation of the present work. As mentioned in
Chapter 2, some studies documenting increased energy absorption in
dual phase steels after baking already exist in the literature. Despite
this, it is the author’s view that the field is not exhausted and more
work is needed to document what combinations of design and load
cases that evoke the same strengthening/failure mechanisms that are
seen in the idealized tests presented in this work.

5.2 evaluation of constitutive model concept

As part of the evaluation of the bake hardening modeling concept,
this work has included sensitivity studies with regards to mesh size,
time integration method and element formulation, as well as com-
parison of simulations of plane strain tension and bending tests with
experimental data. Based on the sensitivity study, a characteristic el-
ement size of 0.5 mm was used throughout all simulations. As the
success of the modeling concept differ between the two studied ma-
terials, they will be discussed separately.

The results for Docol 600DP have shown that the constitutive model
give excellent prediction of the virgin and pre-strained states in uni-
axial tension, plane strain tension and plane strain bending, provided
a sufficiently fine mesh and consideration of kinematic hardening ef-
fects. The treatment of bake hardening does however lead to overpre-
dicted forces in both plane strain tension and plane strain bending
tests. A better approximation is seen by simply neglecting bake hard-
ening in the constitutive model. It is difficult to draw any conclusion
on the model’s ability to predict failure, due to unexpected failure
of experimental tests and uncertainty regarding clamping distance of
PST tests. It should however be clear that a better description of the
changes in the yield surface due to bake hardening is needed if the
strength increase is to be accounted for with confidence.
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For Docol 1200M, the parameter identification for the virgin ma-
terial has proven to be non-trivial and the standard calibration pro-
cedure is believed to introduce errors due to non-uniform yielding
in uniaxial tension. For this reason, the success in representing the
virgin and pre-strained states has been mixed. The response of the
plane strain tension specimen is acceptably represented, but results
from plane strain bending simulations are unsatisfactory. In situa-
tions where large strains occur, it is likely that a fundamentally differ-
ent parameter identification procedure is needed, in view of the pre-
viously described difficulty to improve parameters by inverse mod-
eling of the uniaxial tension test. Inverse modeling of in-plane shear
tests is one possibility for parameter identification at large strains.
Another interesting approach, which is under development at NTNU
as a continuation of the work by Fagerholt, is to use optimization
software together with the DIC and constitutive driver to fit material
parameters directly from DIC measurements of material tests. Such a
procedure could improve parameter identification significantly.

The numerical representation of bake hardening yielded promis-
ing results with respect to failure prediction for Docol 1200M, since
the point of strain localization of the work and bake hardened plane
strain tension specimen was well captured. Note however that predic-
tion of strain localization require a sufficiently fine mesh; in this study
a characteristic length of 5 mm was used. The constitutive model
predicted no failure in the plane strain bending simulations, which
is also in accordance with experimental observations. The assump-
tion of isotropic bake hardening did not seem to exaggerate forces as
clearly as for Docol 600DP. The only drawback of the current model-
ing concept, when applied to Docol 1200M, was computational cost.

Due to the explicit nature of the SIMLab Metal Model, computa-
tional cost for the small models considered in this work was largely
determined by the number of time steps required to reach a given
simulation time, since the mesh size was fixed. The high strength of
Docol 1200M meant that the elastic region was large, leading to long
simulation times before any plastic deformation. In addition, numeri-
cal instabilities were observed in the plane strain tension simulations
due to the imposed time scaling, implying that much longer simula-
tion times would have had to be used. Instead, to limit the computa-
tion time, a LS-DYNA library material model with implicit features
was chosen. The implicit-explicit switching feature of LS-DYNA im-
proved computation time significantly. An implicit feature of the SIM-
Lab Metal Model had given analysts greater freedom with respect to
solution method and should be considered in future releases.
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C O N C L U D I N G R E M A R K S

The main conclusions of the present work and possible continuations
can be summarized as follows.

6.1 summary and conclusion

An experimental test programme has been conducted and the re-
sults has revealed more details regarding the deformation and fail-
ure mechanisms in dual-phase and martensitic high-strength steels
subjected to bake hardening. In particular, DIC and thermographic
images have proved to be very useful tools for material test analy-
ses. Test results show that bake hardening has a dramatic influence
on material behavior in some cases, while in other cases no effect is
seen.

Docol 600DP has shown a smooth yielding behavior in all mate-
rial tests, also after pre-straining and baking and no indication on
deterioration of ductility has been found. A strength increase in pro-
portional reloading after baking is seen, but has not been observed
to the same extent in other modes of loading, indicating the path de-
pendence on the hardening effect. Precipitation is believed to be the
main strengthening mechanism and the smooth yielding after bak-
ing can be attributed to the dual-phase nature of the material. These
conclusions are in agreement with literature.

Docol 1200M has exhibited a tendency of non-uniform yielding
in virgin condition and strong response to both room-temperature
and artificial aging. Very low elongation values before failure was
observed in both plane stress and plane strain tensile conditions of
work and bake hardened specimen. Previous work have shown that
no failure occurs in bending, underlining the strong dependence on
mode of loading.

A modeling concept proposed in literature has been used for nu-
merical simulation of material tests. The constitutive model was proved
to be well suited for describing the virgin dual-phase steel, provided
that the Bauschinger effect is considered, but the bake hardening
effect is not treated accurately under the proposed assumptions. In
cases of non-proportional loading and general stress states, strength
increase from bake hardening is exaggerated. It can therefore not be
recommended to include bake hardening in its current formulation
in component studies of dual-phase steel.

Regarding the martensitic steel, uncertainties still remain regarding
the numerical representation of the virgin material at large strains.
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Despite this, the modeling concept and the current treatment of bake
hardening show promising results for use in studies related to com-
ponent failure. If plastic strains are limited to moderate levels and a
sufficiently fine mesh is used, a good representation of the strength
and ductility of material tests have been found.

6.2 recommendations for further work

In view of the results and conclusions presented in this report, the
following topics could be considered as starting points for further
work:

• Improve the constitutive representation of bake hardening for
dual-phase steels. Other means of modifying the yield surface
in a physically sound manner should be surveyed

• Evaluate the applicability of the modeling concept to larger-
scale component studies

• Consider alternative parameter identification procedures for the
martensitic steel if large plastic strains are to be modeled

• Extend the bake hardening modeling concept to other types of
advanced high-strength steel, if possible

• Implement implicit analysis features in the SIMLab Metal Model,
as this significantly reduces computational cost of simulations
of martensitic steel components with fine mesh resolution
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(a) Docol 600DP (b) Docol 1200M

Figure 24: Fractured uniaxial tension specimens, oriented in the direction of
testing

(back)

(a) Docol 600DP (b) Docol 1200M

Figure 25: Fractured plane strain tension specimens
(back)
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Figure 26: Uniaxial tensile tests, 600DP
(back)

Figure 27: Uniaxial tensile tests, 1200M
(back)
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Figure 28: Uniaxial tensile test from present work, as well as from [21]; Do-
col 600DP

(back)

Figure 29: Uniaxial tensile test from present work, as well as from [21]; Do-
col 1200M

(back)
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Figure 30: Details of field measurement, Docol 1200M bake hardened;
Strain rate (top) and rate of temperature change (bottom);
Not corrected for heat conduction;
∆t = 0.5s, cf. Figure 32c

(back)

Figure 31: Details of field measurement, Docol 1200M UT-BH-2;
Strain rate (top) and rate of temperature change (bottom);
Not corrected for heat conduction;
∆t = 0.5s, cf. Figure 32d

(back)
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(a) Virgin; cf. Figure 39 (b) Pre-strained; cf. Figure 40

(c) Bake hardened; cf. Figure 30 (d) Bake hardened; cf. Figure 31

Figure 32: Location of time instants on stress-strain curve corresponding to
frames in the detailed time series

(back)

Figure 33: Thermographic image of incipient yielding of Docol 1200M;
Colorbar show temperature in ◦C
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(b) Docol 1200M

Figure 34: Direction of plastic strain under uniaxial tension;
Plastic anisotropy (R-value) is deduced by determining the slope
of the curves

(back)
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(a) As-rolled

(b) Pre-strained

(c) Pre-strained and bake hardened

Figure 35: Time series of temperature along midline of specimen with super-
imposed force-time curve;
Spatial coordinates refer to initial configuration

(back)
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(a) As-rolled

(b) Pre-strained

(c) Pre-strained and bake hardened

Figure 36: Time series of time derivative of temperature along midline of
specimen with superimposed force-time curve;
Spatial coordinates refer to initial configuration

(back)
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(a) As-rolled

(b) Pre-strained

(c) Pre-strained and bake hardened

Figure 37: Time series of temperature along midline of specimen with super-
imposed force-time curve;
Spatial coordinates refer to initial configuration

(back)
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(a) As-rolled

(b) Pre-strained

(c) Pre-strained and bake hardened

Figure 38: Time series of time derivative of temperature along midline of
specimen with superimposed force-time curve;
Spatial coordinates refer to initial configuration

(back)



Figure 39: Details of field measurement, Docol 1200M as-rolled;
Total strain (top) and rate of temperature change (bottom);
Not corrected for heat conduction;
∆t = 5s, cf. Figure 32a

(back)



Figure 40: Details of field measurement, Docol 1200M pre-strained;
Total strain (top) and rate of temperature change (bottom);
Not corrected for heat conduction;
∆t = 2.5s, cf. Figure 32b

(back)
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(a) Docol 600DP

(b) Docol 1200M

Figure 41: Experiment and numerical simulation of the plane strain tension
test, original geometry;
LS-DYNA library material model used for simulations

(back)
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(a) Docol 600DP

(b) Docol 1200M

Figure 42: Numerical simulation of the plane strain tension test;
Updated model with increased clamping distance;
LS-DYNA library material model used for simulations

(back)
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(a) Docol 600DP

(b) Docol 1200M

Figure 43: Analysis of the plane strain tension test using DIC strains as input
to the SIMLab Metal Model constitutive driver

(back)
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(a) Docol 600DP

(b) Docol 1200M

Figure 44: Major and minor strain paths, failure strains and fracture strains;
Smoothed by moving average

(back)
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(a) Virgin Docol 600DP (b) WH+BH Docol 600DP

(c) Virgin Docol 1200M (d) WH+BH Docol 1200M

Figure 45: Last frame captured by thermographic camera before final rup-
ture of PST specimen

(back)

(a) Docol 600DP (b) Docol 1200M

Figure 46: Strain distribution over horizontal centerline of PST specimen;
Major and minor principal strains at maximum force

(back)



74 figures and tables , chapter 4

Figure 47: Total strain rate in a PST test of Docol 1200M after some plastic
deformation; Colorbar range: (0, 3 × 10

−3/s)
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Table 1: Identified parameters of work hardening and bake hardening

Present work

σ0 Q1 θ1 Q2 θ2 RBH QBH θBH

[MPa] [MPa] [-] [MPa] [-] [MPa] [MPa] [-]

600DP V 443 255 3334 129 12634

WH 629
(1)

186
(1)

2431
(1)

12
(1)

1185

WH + BH 629 186 2431 12 1185 48 −48 336

1200M V 1052 117 11129 184 107430

WH 1255 80 7607 17.8 10400

WH+BH 1255 80 7607 17.8 10400 175 −125 62500

After Hopperstad et al. [21]

σ0 Q1 θ1 Q2 θ2 RBH QBH θBH

600DP V 373 248 4811 186 30132

WH – – (pre-strain used directly) – –

WH+BH – – (pre-strain used directly) – – 54
(2) −54

(2)
270

(2)

1200M V 815 354 1086800 203 66381

WH 1311 60.5 19800

WH+BH 1311 60.5 19800 125 −50 150000

1 Parameters obtained by shifting the calibrated virgin curve
2 Original parameters have been extrapolated to zero plastic strain

(back)
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(a) Present work; Work hardening parameters for pre-strained material obtained by
shifting the virgin curve

(b) Previous work; Bake hardening curve extrapolated to zero plastic strain

Figure 48: Calibration of hardening models, Docol 600DP
(back)
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(a) Present work

(b) Previous work

Figure 49: Calibration of hardening models, Docol 1200M;
Work hardening parameters for the pre-strained material ob-
tained by shifting the virgin curve

(back)
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(a) Sensitivity study, virgin Docol 600DP

(b) Simulation, virgin Docol 1200M

(c) Simulation, WH+BH Docol 1200M

Figure 50: Sensitivity study, simulation and parameter identification of uni-
axial tension test;
Experimental curves after [21]

(back)
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(a) Effect of increased gauge region width; h = 10 mm

(b) Effect of decreased notch length; w = 30 mm

Figure 51: Strain distribution across gauge region due to variations of PST
geometry;
Solid and dashed lines indicate strain distribution at incipient
yielding of entire gauge region and after some uniform straining,
respectively;
Corresponding geometry shown in Figure 19 – 20

(back)
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(a) Docol 600DP

(b) Docol 1200M

Figure 52: Results of previous experimental bending tests [26]
(back)
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(a) Simulations with isotropic WH and isotropic BH

(b) Simulations with partly kinematic WH and isotropic BH

(c) Simulations with partly kinematic 60% WH and isotropic BH

Figure 53: Results of numerical simulations of the plane strain bending test;
Docol 600DP

(back)
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Figure 54: Results of numerical simulations of the plane strain bending test,
Docol 1200M; Isotropic work and bake hardening assumed

(back)

(a) σxx - εxx (b) σeq - p

Figure 55: Cyclic tension-compression test of the single element model
(back)
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Figure 56: Sensitivity to time integration method and element formulation
(back)

Figure 57: Close-up of deformation zone in plane strain bending simulation,
showing the majority of the deformation taking place in a small
number of elements

(back)
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D E TA I L S O F T H E E X P E R I M E N TA L T E S T S

a.1 uniaxial tension test

Table A.1: Details of the experimental uniaxial tension tests

Material State Specimen no. Speed Frame rate Extensometer length

[mm/min] [1/s] [mm]

600DP V 1 6 2 70.8

V 2 6 2 66.7

WH 1 6 2 80.5

WH 2 6 2 73.5

WH+BH 1 6 2 61.7

WH+BH 2 1.8 1 81.2

1200M V 1 6 4 95.2

V 2 6 4 89.8

WH 1 6 4 86.7

WH 2 6 2 98.3

WH+BH 1 6 10 97.4

WH+BH 2 6 10 100.3
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Table A.2: Measured geometry and pre-strain level of the uniaxial tension test specimens; units in mm and % respectively

Docol 600DP Docol 1200M

V WH WH+BH V WH WH+BH

1 2 1 2 1 2 1 2 1 2 1 2

Width mean 19.99 20.01 19.74 19.75 19.75 19.75 19.94 19.97 19.95 19.96 19.96 19.93

std. dev. 0.017 0.002 0.023 0.018 0.024 0.005 0.024 0.0130 0.016 0.019 0.016 0.013

Thickness mean 1.19 1.19 1.18 1.18 1.18 1.18 1.24 1.24 1.24 1.24 1.24 1.24

std. dev. 0.001 0.003 0.002 0.002 0.001 0.002 0.001 0.00? 0.003 0.002 0.002 0.002

R80 0 0 2.27 2.45 2.42 2.43 0 0 0.39 0.38 0.40 0.40
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a.2 plane strain tension test

Table A.3: Details of the experimental plane strain tension tests

Material State Specimen no. Speed Frame rate Gauge region thickness

[mm/min] [1/s] [mm]

600DP V 1 1 2 1.190

V 2 1 1 1.195

WH+BH 4 1 1 1.189

WH+BH 5 1 1 1.185

WH+BH 7 1 1 1.185

WH+BH 8 1 1 1.181

1200M V 1 1 1 1.237

V 2 1 1 1.244

WH+BH 4 1 1 1.246

WH+BH 5 1 1 1.237

WH+BH 7 1 1 1.237

WH+BH 8 1 1 1.237

Note: Gauge region width was measured at approx 29.9 mm
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