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Abstract

Large shear strains accumulate in the near-surface region under the running band of
railway rails. In this region, rolling contact fatigue cracks often initiate, causing major
problems for the railway industry. However, characterization of the constitutive and
fatigue behavior of the material in this region is difficult due to the high strain gradient.
The solution proposed in this thesis is to produce highly deformed cylindrical test bars:
An axial-torsion test rig is used to predeform the bars in torsion while subjected to axial
compressive loading. The obtained material state is found to be similar to that of field
samples of rails at a depth between 50 and 100 µm. Using this predeformation method, the
evolution of the yielding behavior is evaluated. The predeformed test bars are re-turned
and drilled out to form thin-walled test bars, which can be used to measure yield surfaces.
It is found that the degree of anisotropy quickly evolves with increasing predeformation and
then saturates. Furthermore, the quadratic Hill yield criterion describes the anisotropic
yield surfaces well.

To better optimize rail maintenance and material selection, there is an industrial need
for a model capable of predicting rail deterioration. An important component of such
a model is an accurate material model that captures the relevant physical phenomena.
A hyperelasto-plastic framework for finite strain material models is adopted in this
thesis. As a first study, the predeformation method was simulated using 2D axisymmetric
elements. It is shown that very good results can be achieved by using material models
with advanced kinematic hardening laws. Next, an improved simulation methodology for
axial, torsional and pressure loading is developed, resulting in an efficient 1D formulation.
This methodology includes material removal to simulate the re-machining of the test
bars into tubular bars. Using this methodology, 3 different distortional hardening models
are evaluated in terms of how well they fit and predict the experimental data. The two
phenomenological models perform better than the crystal plasticity model. However,
these models should be further developed to improve their predictive abilities.

Keywords: Pearlitic steel, hyperelasto-plasticity, biaxial loading, axial-torsion, kinematic
hardening, yield criteria, distortional hardening
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Preface

The work in this thesis was carried out at the Department of Industrial and Materials
Science at Chalmers University of Technology from May 2015 to August 2019 within
the research project MU34 ”Influence of anisotropy on the deterioration of rail mate-
rials”. This project has been part of the research activities in the National Centre of
Excellence CHAlmers Railway MEChanics (CHARMEC). The research has been funded
by Chalmers, Trafikverket (via the European Horizon 2020 Joint Technology Initiative;
Shift2Rail through contract no. 730841 and In2Track2 under grant agreement no. 826255),
voestalpine Schienen GmbH and the other industrial partners to CHARMEC.

The experimental work in this thesis is based on the axial-torsion testing machine,
acquired by CHARMEC in late 2015. Professor Johan Ahlström had the idea of the
predeformation technique developed in this thesis: The goal was to be able to test the
rail and wheel materials under realistic multiaxial loading conditions.
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Part I

Extended Summary

1 Introduction

A major advantage of railway transportation is the low rolling resistance in the wheel-rail
contact. Unfortunately, this comes at the cost of very high contact pressure, which can
exceed 1000 MPa (Johnson 1989; Pau et al. 2002; Marshall et al. 2006; Wiest et al. 2008).
The small contact patch also results in high shear stresses due to traction and cornering
forces, resulting in wear and severe plastic deformations. These processes lead to large
geometric changes of the railhead during service, which are visualized in Figure 1.1a using
a field sample from Paper A. The severe plastic deformations close to the surface are
visible in the material after etching; see Figure 1.1b

20 mm

(a) Nominal rail profile (BV50) (dashed line)
and a worn and deformed profile (solid line)
from Paper A.

200 µm

(b) Flow lines showing the highly deformed ma-
terial at the gauge corner of the rail (45

◦
to the

longitudinal direction.

Figure 1.1: Visualization of the large deformations in a rail from the Swedish main line
between Gothenburg and Stockholm.

In 2012, the annual cost for railway infrastructure maintenance and renewal across
Europe was estimated to be between 15 and 25 billion Euros (EIM-EFRTC-CER WORK-
ING GROUP 2012). The cost of rail defects alone in the ’90s was estimated at 2 billion
Euros a year by Cannon et al. (2003). This equates to an average cost of about 6700
Euro per kilometer in Europe’s 300 000 km long railway network (Lidén and Joborn 2016).
These costs do not include the lost profit due to scheduled maintenance, nor the loss of
profit for business passengers during delays due to unscheduled repairs.

For the railway industry it is important to be able to predict the deterioration due to
the wheel-rail interaction. An overall goal for much of the research within CHARMEC is
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to develop the necessary components for a model with such predictive capability. Some of
these components are

• Dynamic simulations of the interaction between train and track.

• Finite Element (FE) modeling of rail-wheel contact.

• Wear modeling.

• Constitutive modeling of the rail and wheel materials.

• Rolling Contact Fatigue (RCF) initiation criteria.

• Modeling of crack propagation.

Such a model can be used to improve the maintenance efficiency, optimize the material
choice and determine requirements for material development. The three last components
listed above require detailed knowledge about the mechanical behavior of the rail and
wheel material. In particular the behavior of the material in the surface layer is important
as RCF is known to initiate there (see Johnson 1989, for an overview). But the high strain
gradient, as observed in Figure 1.1b, makes it difficult to test the mechanical behavior of
the material. Methods for characterizing the material in this region are therefore needed
to obtain experimental data for material model development.

The experimental work in this thesis is relevant for the evaluation of constitutive
behavior, fatigue initiation and crack propagation in the surface layer of rails and wheels.
However, a majority of the present work deals with the modeling of the constitutive
behavior of the material. There has been much focus on modeling the large deformations
occurring in railway applications within CHARMEC. In particular, the projects MU14
(Johansson 2006) and MU19 (Larijani et al. 2014) have addressed the modeling of large
plastic deformations. This thesis is a result of the CHARMEC project MU34: ”Influence
of anisotropy on deterioration of rail materials”. The goal of this project is to build
upon the previous efforts in MU14 and MU19, with the goal of closing the gap between
the modeling and the experimental quantification of rail material behavior during large
deformations.

1.1 Aims of thesis

The specific aims of this thesis can be summarized as follows:

1. Obtain test bars with similar properties as the surface layer of rails

A very high strain gradient is present in the surface layer of rails, see Figure 1.1b.
This makes it very difficult to do bulk testing of the material. An equivalent material
with a uniform strain would greatly simplify the material characterization.

2. Determine how the behavior of the material in the surface layer of rails
evolves

RCF is known to initiate in the heavily deformed surface layer of railway rails. But
due to the complications described above, little is known about the behavior of
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the material in this region. It is therefore interesting to study how the mechanical
behavior changes with an increasing amount of deformation.

3. Model the behavior of the material in the surface layer of rails.

To predict RCF initiation and crack propagation, accurate predictions of stresses
and strains are required. Material models, which can capture the changing behavior
during the service life of a rail, are therefore an important component in a predictive
model for deterioration of wheels and rails.

1.2 Limitations

To limit the scope of the thesis, the research is subjected to the following limitations:

• Only the pearlitic rail steel grade R260 is investigated.

By only considering one material grade, more extensive and complex experiments
can be conducted. Hence, better data for evaluation of material models for that
grade can be obtained. The disadvantage of only using one material is that less
general conclusions regarding the applicability of the experimental procedures and
the models can be drawn.

• Multiscale modeling is not considered

Multiscale models have great potential for predicting material behavior in terms of
the microstructural parameters. However, for use in large-scale simulations of the
wheel-rail interaction, such models are still too computationally expensive. They
are therefore not considered in this thesis.

• Modeling of damage and fatigue is not considered

Modeling of damage, fatigue and crack propagation in the heavily deformed rail
material are very important for predicting the deterioration. Much work has already
been conducted within other CHARMEC projects, as well as in other studies
reported in the literature. Each of those topics requires extensive research on their
own and are not treated in this thesis.

3



2 The R260 steel grade

The material studied in this thesis is the railway steel grade R260 with a chemical
composition according to Table 2.1. It is typically used on the straight track segments
with relatively low axle loads (Pointner et al. 2006).

The microstructure is almost fully pearlitic. Pearlite consists of hard cementite lamellas
embedded in a ferrite matrix (See Figure 2.1). It is typically arranged in so-called pearlite
colonies, in which the cementite lamellas are relatively aligned compared to those in
the neighboring colonies. The strength of the pearlitic steel is often attributed to the
cementite lamellas acting as obstacles for dislocation motion, cf. Izotov et al. (2007).
With increasing plastic deformations the lamella spacing decreases and a large increase in
strength can be observed (see e.g. Li et al. 2012; Pippan and Hohenwarter 2016). Bent
lamellas were observed after large shear deformations, see Figure 2.1b. Zhang et al. (2018)
even observed broken lamellas. At even larger strains, several authors have reported
that the cementite dissolves into the ferrite. However, the extent of this dissolution is
debatable according to Gavriljuk (2002).

Table 2.1: Composition (in mass percentage) of elements in the R260 steel (in addition to
iron), analyzed according to ASTM E 572, 1086 and 1029

C Si Mn P S Cr Al V N Cu

0.72 0.31 1.04 0.006 0.01 0.02 <0.002 <0.005 0.006 0.018

(a) The undeformed material state (b) The deformed material state

Figure 2.1: Scanning electron microscope image of the pearlitic microstructure consisting
of cementite lamellas (bright contrast) embedded in the ferrite matrix (dark gray contrast)
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3 Predeformation

As discussed in Subsection 1.1, due to the high strain gradients in the surface layer of
field samples of rails, testing of the behavior of the material from this region is difficult.
Alwahdi et al. (2013) investigated the strain and hardness gradient in such samples.
While it could be possible to extract thin strips from the rails and test their mechanical
properties, the author of this thesis is not aware of any such studies. The limited size of
such specimens would make multiaxial testing challenging. Furthermore, the large scatter
in the material structure in field samples would make it difficult to draw conclusions
about anisotropic properties. Due to these limitations with direct testing, several studies
have been conducted on materials subjected to large shear strains. To obtain a severely
deformed pearlitic steel Wetscher et al. (2007) used Equal Channel Angular Pressing
(ECAP) while Hohenwarter et al. (2011) and Kammerhofer et al. (2013) used High
Pressure Torsion (HPT). These studies primarily deals with changes in the fracture and
crack propagation behavior. A main limitation of the ECAP and HPT methods is the
small size of the test samples that can be extracted for further characterization. The
main advantage with these methods is that very large shear strains can be obtained, in
particular for the HPT method.

Many researchers have investigated how pearlitic steel responds to large deformations
in general. The most common deformation method is wire drawing. Very high strength
materials can be obtained with this method: Li et al. (2012) achieved a yield limit of
6.3 GPa in a hypereutectoid steel. Due to the small diameters of the heavily drawn wires,
multiaxial testing is again difficult for this material. Zhao et al. (2014) did perform
torsion tests on 1.26 mm drawn wires, but the actual stress-strain behavior could only
be approximated as solid samples were used. Another interesting option is sheet metal
rolling of pearlitic steels. Very high strengthening was found by Tagashira et al. (2000),
but the strength of these steels makes the rolling process challenging.

In Paper C a new method for predeformation is proposed, consisting of twisting solid
cylindrical test bars under high axial loads. The details of this method are outlined in
Subsection 3.1 below. In Paper A it was investigated if the predeformation method
could be used to achieve a material with similar properties to that of the surface layer of
rails. The findings from Paper A are described in Subsection 3.2.

3.1 Experimental setup

A wheel rolling over the rail with traction subjects the surface layer of the rail to shear
loading combined with high compressive stresses. To achieve the same large shear strains
as in the surface layer of rails, axial loading is combined with twisting of test bars in
an axial-torsion testing machine. A flow chart describing the loading sequence of the
predeformation method is given in Figure 3.1a. The maximum rotation for the used
axial-torsion testing machine is 90◦. With this limit, the loading becomes a low cycle
loading consisting of very large strain increments in each cycle. One advantage of using
multiple steps is that both kinematic and isotropic hardening can be identified, provided
that yielding occurs upon unloading.
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Ramp axial load

Rotate 90◦

Unload

Release lower grip

Rotate back

Grip test bar

(a) Flow chart of the predeformation
method (b) Undeformed (top) and deformed (bottom) test bar.

Figure 3.1: Experimental setup of predeformation

In Figure 3.1b the surface shear strain is visualized by laser-etched lines for a test
bar subjected to 500 MPa nominal compressive load. The undeformed and deformed
test bars are shown with the same scale, and the shortening of the test bar due to the
compressive loading is visible. The bar diameter also increases in the gauge section due to
volume conservation during plastic flow. The shortening during the compressive loading
is also shown on the axial mechanical response in Figure 3.2a. Another feature of the
experiments, which is also seen in Figure 3.2, is the increase of twist before failure when
the amount of compressive axial load is increased. The magnitude of this load was limited
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(a) Change of test bar length.
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(b) Torque response.

Figure 3.2: Test results at different nominal axial stresses.
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due to buckling of the test bars. For the 10 mm diameter test bars, used in Paper A and
Paper C, 600 MPa was the highest successfully applied compressive nominal stress. This
stress was also used in Paper D and onwards when test bars with 14 mm diameter were
used. Higher axial stress could probably have been used to obtain larger shear strains,
but 600 MPa gives an axial force close to the maximum limit of the testing machine.

A mechanical extensometer was used to measure the surface strains in the gauge section
in Paper A and Paper C. This could, however, only measure relatively small strains
and had to be removed early in the first load cycle. In these papers, the displacement
and rotation of the entire test bar were therefore used to evaluate the deformations, as
in Figure 3.2. A method using stereo Digital Image Correlation (DIC) to obtain the
average surface strains in the gauge section was developed in Paper E. By using a moving
reference state, the full strain history could be measured. This improvement of the strain
measurement significantly simplifies the simulation described in Section 6.

3.2 Verification of method

As previously mentioned, the purpose of the predeformation method is to obtain a
microstructure similar to that found in the surface layer of in-service railway rails.
The microstructures in the surface layer of field samples were compared to that of the
predeformed material in Paper A. Three different measures were used to compare the
samples:

• Microhardness

• Accumulated shear strains (shear lines)

• Cementite reorientation

The main findings in this paper are that the predeformation technique results in a
consistent microstructure and properties that fall within the scatter of field samples.
Hence, this method can be used to evaluate the properties of the surface layer of rails.
Figure 3.3 shows the shear strain γ̃ as a function of depth in the rail samples. The shear in
the predeformed test bars is also included, showing the consistency in the amount of shear
strain. γ̃ is a measure of the shear strain that is based on the evaluation of the optically
visible flow lines in e.g. Figure 1.1b. Further characterization of the predeformed material
using Transmission Electron Microscope (TEM) was conducted in Nikas et al. (2018). In
this study, the evolution of the dislocation density was compared with the hardness and
the accumulated shear strain. No comparisons with field samples were made.
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Figure 3.3: Shear measure γ̃, excluding the first 10 µm

4 Evolution of yield surfaces

A lot of the previous research on the properties of the material in the surface layer has
dealt with crack propagation and fracture (cf. Kammerhofer et al. 2013). One advantage
with the predeformation technique proposed in Paper C is that test bars suitable for
further testing are obtained. By re-machining the predeformed test bars into tubular
bars, a uniform stress and strain state can be achieved. These bars can then be used
to investigate how the predeformation has affected the material. Characterization of
constitutive behavior, fatigue and crack propagation can be performed. In this thesis,
however, the focus has been on the constitutive behavior and in particular on the evolution
of yield surfaces.

Numerous studies have been carried out in the literature on the distortion of yield
surfaces after plastic deformations, e.g. Naghdi et al. (1958), Phillips and Juh-Ling (1972),
Moreton et al. (1978), Ishikawa and Sasaki (1989), Ishikawa (1997), Wu (2003), and
Sung et al. (2011). The predeformation strains in these studies are not as large as those
achieved with the predeformation method proposed in this thesis. To the knowledge of
the author, yield surfaces after such large shear strains have not previously been studied.

4.1 Experimental setup

To investigate the evolution of the yield surface it must first be defined what a yield
surface is. In material models, the yield surface represents the (often distinct) transition
from elastic to plastic behavior. For most real materials the transition is gradual, and a
distinct yield point cannot be determined. In uniaxial tensile tests, the experimentally
determined yield limit is often defined as the stress at 0.2% plastic strain. At this point,
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however, the material has undergone considerable plastic deformations. Much smaller
offset strains can be measured with a standard extensometer.

A measure of the multiaxial plastic strain is required to determine yield surfaces. A
common choice is to use the von Mises equivalent plastic strain. But using this strain
measure implies that an assumption about the yield surface shape has already been made.
In this thesis the plastic work wp is used instead (following e.g. Hill and Hutchinson 1992;
Hill et al. 1994), as this is independent of any assumed yield surface shape:

wp =

∫ t

0

σ : ε̇p dt (4.1)

This criterion has the additional advantage that it acts as a low-pass filter reducing the
influence of noisy experimental data. The negative side of the plastic work criteria is that
the connection to the uniaxial plastic strain offset is not as clear as for the effective strain
approach.

In order to detect the yielding with any of the criteria discussed above, the plastic
strains must be determined: Linear elasticity and additive decomposition of the strain ε
into an elastic and a plastic strain ε = εe + εp is assumed. The elastic strains are given

by the 4th order compliance tensor E−1:

εp = ε− E−1 : σ (4.2)

In the considered experiments, εzθ, εzz, σzθ and σzz are measured. The remaining stress
components are zero and E−1 in Equation (4.2) can be represented by a 2-by-2 matrix.

Two main methods are used in the literature to experimentally determine a yield
surface. In the first method, one test bar is loaded sequentially in different directions, see
e.g. Naghdi et al. (1958) and Sung et al. (2011). The loading is stopped once yielding
is detected by e.g. a certain level of wp. With this method, denoted yield probing, it
is possible to measure the entire yield surface with only one test bar. An additional
advantage with this method is that the scatter between neighboring yield points is reduced,
as the same test bar is used. This improves the measurement of the local curvature of
the yield surface. However, the amount of plasticity in the yield point detection must
be very small to minimize the influence on subsequent measurements. This increases the
measurement scatter as the relative errors in the measurements increase. Furthermore,
no information about the behavior beyond the yield points is obtained.

The other approach is to use one test bar for each loading direction. This is typically
used to characterize the yield surface for cold-rolled sheet metals, see e.g. Banabic et al.
(2003) and Barlat et al. (2005). In those studies, the 0.2% strain offset criteria was used.
While this method requires more test bars to determine the yield surface, there is no
influence from previous measurements on the results. Hence, arbitrary large offset criteria
can be used, and it is not necessary to determine the offset in advance.

In Paper D the evolution of yield surfaces is evaluated using one test bar in each
loading direction. Different levels of plastic work wp are evaluated. Only the inner surface
can be considered as an approximation of a yield surface. Other surfaces of equal plastic
work give further information about how the material behaves after the initial yielding.
Conclusions regarding the hardening behavior can therefore be drawn as well.
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Experiment Hill
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(a) After one predeformation step (γ ≈ 0.21)
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(b) After six predeformation steps (γ ≈ 1.13)

Figure 4.1: The quadratic Hill yield criteria fitted to equal plastic work contours (wp =

0.025 and 0.500 mJ/mm3) after different levels of predeformation.

One of the most challenging parts of Paper D was to manufacture the thin-walled
test bars with sufficient accuracy. The procedure used to obtain a centered drilled hole is
presented in detail in Meyer (2019a).

4.2 Main findings

A main goal of Paper D is to evaluate different anisotropic yield criteria. Three different
anisotropic yield criteria are evaluated: Hill (1948), Karafillis and Boyce (1993) and Barlat
et al. (2005). It turns out that the criterion by Hill (1948) is the most stable and has the
best predictive ability. Figure 4.1 shows that this criterion can fit the equal plastic work
contours for both the low and high plastic work limits.

10



5 Material modeling

Two models from Paper C were used to simulate 1400 cycles of 3-dimensional rolling
contact loading in a wheel-rail test rig in Pletz et al. (2019). The results in Figure 5.1a
show that the choice of material model has a huge influence on the predicted deformations.
The calculation time was approximately 3 weeks using 10 cores on a computer cluster.
For the rail samples analyzed in Paper A the average yearly tonnage was 15 · 106.
For an estimated average axle load of 15 ton, this results in approximately 2800 wheel
passages per day. This shows that efficient FE-modeling methodologies are needed for
such simulations. Different strategies for FE-modeling are further discussed in Section 9.
The need for efficient FE-models also implies that, in addition to accuracy, computational
efficiency is also an important consideration for the choice of material models.

For the pearlitic steel used in this thesis, there has been quite some work on multiscale
models (e.g. Allain and Bouaziz 2008; Berisha et al. 2015; Laschet et al. 2013; Lindfeldt
2014; Peng et al. 2002; Terada et al. 2004). In these works, the underlying microstructure
is simulated explicitly, using either a 2d or 3d representation. Crystal plasticity, for which
the individual slip systems are modeled, is typically used for the ferrite grains. Although
this is often considered to be a physically-based model, the hardening of the slip systems
is still largely based on phenomenological models that require parameter identification.

When simulating cyclic loading and large plastic regions, such as in Figure 5.1b,
single scale phenomenological models are still the only feasible option. Many efforts have
therefore been made to develop phenomenological cyclic plasticity models in the finite
strain regime, see e.g. Dettmer and Reese (2004), Grilo et al. (2016), Johansson et al.
(2005), Johansson et al. (2006), Menzel et al. (2005), Vladimirov et al. (2008), Wallin
et al. (2003), and Wallin and Ristinmaa (2005). These are more or less motivated by the
underlying mechanisms and microstructures. Larijani et al. (2013) proposed a hybrid
model, obtaining a relatively fast model while still incorporating some microstructural
features through an analytical homogenization (using a numerical integration on a unit
sphere). The work in this thesis should be applicable for simulating repeated rolling
contact loads with a reasonable computational time. The modeling is therefore limited

(a) Accumulation of horizontal surface
displacement.

(b) von Mises stress distribution during the rolling
contact.

Figure 5.1: Simulations of a wheel rolling over a rail from Pletz et al. 2019.
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to single-scale phenomenological models. One exception is the crystal plasticity model
evaluated in Paper F. The Taylor assumption of uniform strains was used for the
homogenization in this case.

5.1 Model framework

In many applications the deformations and rotations are small. The finite element
model can then be simplified by assuming linear kinematics. In some cases, however,
it is necessary to account for the large deformations. Two examples are sheet metal
forming and wheel-rail rolling contact. In the literature, there are two types of model
formulations for large deformations: Hypo-models and hyper-models. Hypo-models
typically extend the small strain formulations using different objective stress rates. These
models are common in commercial finite element software. As an example, Abaqus
(Abaqus 2013) uses the co-rotational formulation, approximated according to Hughes
and Winget (1980). An advantage with this formulation is that small strain model
implementations can conveniently be used. But when using von Mises plasticity with
linear kinematic hardening (a special case of the Chaboche model, cf. Chaboche 1986) for
simulating simple shear of a 1× 1× 1 mm box, the result in Figure 5.2a is obtained. This
load case, with a large shear deformation, is similar to the deformation seen at the top
of the rail in Figure 1.1b. The simulation shows a non-physical oscillatory response in
the reaction force, motivating the need for adopting another modeling framework. There
exist hypo-models in the literature that do not show this behavior (cf. Grilo et al. 2016),
but in this thesis hyper-models are adopted. The main motivation for this choice is that
they are formulated in a thermodynamical framework and it is more straight forward to
show that they are thermodynamically consistent (i.e. that they fulfill the second law of
thermodynamics).
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(a) Force versus displacement.

F

ux

(b) Simple shear of a 1× 1× 1mm box.

Figure 5.2: Simulation of simple shear in Abaqus using von Mises plasticity and linear
kinematic hardening.

Two frameworks for hyperelasto-plastic models with kinematic hardening are considered
in this thesis: The first was suggested by Wallin et al. (2003) and the second by Dettmer
and Reese (2004). These frameworks are compared in Paper B where it is shown that
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for the same choice of free energy they coincide.

5.2 Evolution laws for kinematic hardening

For kinematic hardening at finite strains, the choice of model framework is important
to obtain a physical response, as seen in Figure 5.2. However, the evolution laws for
the kinematic hardening can equally well be presented for small strains. For the exact
formulations in the finite strain setting the reader is referred to Paper C.

Kinematic hardening is often a critical component of material models for cyclic
plasticity. For pearlitic steel it can dominate over the isotropic hardening, as found in e.g.
Johansson et al. (2006). To fit experimental data, multiple back-stresses are often used,
see e.g. Pletz et al. (2014). The most common evolution law was proposed by Armstrong
and Frederick in 1966 (Frederick and Armstrong 2007):

Ḃ = Hkinλ̇

[
ν − 3

2

B

B∞

]
, ν =

∂Φ

∂σ
(5.1)

Here σ is the stress, B is the back-stress and Φ the yield function. Hkin is the hard-
ening modulus, B∞ the saturation back-stress and λ̇ is the plastic multiplier. Several
improvements of this evolution law have been suggested in the literature. Perhaps the
most well-known is the Ohno-Wang evolution law (Ohno and Wang 1993). This model
improves the control of the ratcheting rate by including another material parameter m.
It also modifies the behavior during non-proportional and reversed loading:

Ḃ = Hkinλ̇

[
ν − 3

2

B

B∞

(
f(B)

B∞

)m〈
B : ν

B∞

〉]
(5.2)

where f(x) is a function calculating the effective stress (e.g. von Mises) of the stress x.
The Macaulay bracket 〈•〉 is defined as 〈•〉 = 0.5(•+ | • |).

While the Ohno-Wang model does incorporate an influence from non-proportional
loading via the contraction B : ν, the direction of the nonlinear evolution is the same as
for the Armstrong-Frederick model. Bari and Hassan (2002) found that neither of these
models could accurately predict ratcheting during non-proportional loading. Their solution
was the model suggested by Delobelle et al. (1995) that combines the Armstrong-Frederick
hardening with the model suggested by Burlet and Cailletaud (1986):

Ḃ = Hkinλ̇

[
ν − δ 3

2

B

B∞
− (1− δ)

(
B : ν

B∞

)
ν

]
(5.3)

The parameter δ then controls how much of the nonlinear back-stress evolution that
follows the current back-stress (B) and how much that follows the current normal to
the yield surface (ν). In the small strain setting, δ has no influence when the loading is
proportional. This modification has been used by several authors and can greatly improve
the model accuracy for non-proportional loading. A combination between the Ohno-Wang
model and the Burlet-Cailletaud model was also evaluated in Paper C:

Ḃ = Hkinλ̇

[
ν − 〈B : ν〉

B∞

(
f(B)

B∞

)m(
δ

3

2

B

f(B)
+ (1− δ)ν

)]
(5.4)
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Figure 5.3: Improvement by combining Burlet-Cailletaud (BC) with the Armstrong-
Frederick (AF) kinematic hardening when simulating predeformation with −500 MPa
nominal axial stress.

It was found that this combination only gave marginally better results compared
to the combination of Burlet-Cailletaud and Armstrong-Frederick evolution laws. The
main finding is that the addition of Burlet-Cailletaud hardening is required to accurately
capture the material behavior during the predeformation, as seen in Figure 5.3.

5.3 Evolving yield surfaces

In Paper D it was observed that the yield behavior evolves from initial isotropy into
anisotropy. Hence, a model that accounts for this evolution is required to accurately
capture the behavior of the material in the surface layer of rails. A lot of work on
constitutive models that include such an evolution has been conducted in the literature:
From physically motivated crystal plasticity models to more phenomenological models.
Feigenbaum and Dafalias (2007), Pietryga et al. (2012) and Shi et al. (2014) use an
evolving 4th order tensor to model an anisotropic yield surface. Barlat et al. (2011),
Mánik et al. (2015) and Qin et al. (2018) use a yield criterion consisting of one fixed and
one fluctuating part. Finally, Dafalias (1998), Harrysson et al. (2007) and Kaiser et al.
(2019) consider how the substructure evolution gives an evolving anisotropy.

From the findings in Paper D it seems reasonable to use a quadratic Hill-type yield
function as it can describe the experimental findings well. Such a yield function, Φ can,
in general, be written as:

Φ =
√
σred : C : σred −R (5.5)

where σred = σ − B is the reduced stress and R is the current isotropic yield limit
including the isotropic hardening. The fourth-order tensor C describes the anisotropy of
the yield criterion and evolves with plastic deformations. The models in this section will
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also be formulated in a small strain setting for clarity. The corresponding finite strain
formulations are given in Paper F.

In Paper F two different models with an evolving C are evaluated. For the first
model, based on Shi et al. (2014), the evolution of C is split into a dynamic (Cd) and a
latent (Cl) part. The dynamic part is responsible for hardening in the loading direction
(also called self-hardening), while the latent part controls the hardening in the directions
perpendicular to the loading (also called cross-hardening):

C =
3

2

(
(1− bd − bl)Idev + bdCd + blCl

)
(5.6)

Ċd = −λ̇cd (N : Cd)N, N = N ⊗N , N =
σdev

red∣∣∣
∣∣∣σdev

red

∣∣∣
∣∣∣

(5.7)

Ċl = −λ̇cl (N⊥ : Cl)N⊥, N⊥ = Idev − N (5.8)

where bd, bl, cd and cl are material parameters.
The yield function in the second model, based on Qin et al. (2018), consists of a fixed

and a fluctuating part:

Φ =

(
g1ffixed (σred)

q
+ (1− g1)

(√
3

2

|P : σred|
||P ||

)q)
−R (5.9)

where ffixed is a measure of effective stress that does not evolve with deformations. The
microstructure deviator P and the scaling g1 evolve with the deformation. For the case
of ffixed being the standard von Mises effective stress and the exponent q = 2, Equation
(5.9) can be written as Equation (5.5) with C according to:

C =
3

2

[
g1I

dev + (1− g1)
P

||P || ⊗
P

||P ||

]
(5.10)

For this special case, which is used in Paper F, this model also has a quadratic yield
function.

An alternative approach to the phenomenological models described above is to directly
model the behavior of each grain. Using the crystal plasticity formulation in Paper
F, fewer material parameters are used compared to the other models. However, the
computational cost is significantly higher. A full multiscale model, in which the actual
microstructure is resolved, is not feasible. Hence, the Taylor (Voigt) assumption of
equal strains in all grains is adopted to homogenize the response from 32 uniform grain
orientations. The yield surfaces for the individual grains have sharp corners. But as many
grains are simulated, and a viscoplastic regularization is used, the resulting homogenized
yield surface is smooth.

The crystal plasticity approach was not successful in describing the material behavior.
It was outperformed by the base model that used the von Mises yield criterion without
any distortional hardening. The models from Shi et al. (2014) and Qin et al. (2018) were,
on the other hand, quite successful in fitting the experimental behavior. Figures 5.4a
and 5.4b show that the Shi model could model the predeformation quite accurately. The
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(d) Predicted yield response after 6 predeforma-
tion steps

Figure 5.4: Response for the Shi and Qin models

fits were not as good for the Qin model, but still quite good. In Figure 5.4c the fitted
yield surfaces after 3 predeformation steps are shown for these models, and both fit the
experimental yield points rather well. However, there is still much room for improvement
in the predictive ability for these models as is shown in Figure 5.4d. The model based
on Shi et al. (2014) suffers from some numerical issues as stringent bounds of allowable
parameter values (e.g. to ensure a convex yield surface) have not been determined. This
is further discussed in Appendix C in Paper F.
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6 Simulation of experiments

The results in e.g. Bari and Hassan (2002) and Johansson et al. (2006) show that
multiaxial, non-proportional loading is required to fully characterize the cyclic material
behavior. Multi-axial loading is also needed to characterize anisotropy. Different types
of multi-axial experiments are used in the literature: The two most common are the
biaxial tensile test using cruciform specimens and axial-torsion-pressure loading of tubular
test bars. Biaxial tension tests require a good design of the cruciform specimens to get
an accurate calculation of the stresses. Banabic et al. (2003) estimated errors in their
calculated stresses to be between 2% and 4%. This test method is particularly well
suited for sheet metal testing. For the axial-torsion-pressure loading, it is most common
to combine axial loading with either torsional or pressure loading. Some authors have
combined all three loading types allowing greater flexibility in the loading, see e.g. Bocher
et al. (2001) and Sung et al. (2011). The pressure and torsional loading do not result in a
fully homogeneous deformation field: The strains depend on the radius. The error due to
this is minimized by using thin-walled test bars. As the wall thickness decreases, however,
the cost and relative geometrical errors for the test bars increase. The loading of a solid
cylindrical test bar was simulated in Paper C. This setup is described in Subsection
6.1. In Paper E an efficient simulation methodology for axial-torsion-pressure loading is
proposed. The main ideas of this methodology are presented in Subsection 6.2. Finally,
the extension of this methodology to include material removal is presented in Subsection
6.3.

6.1 2D axisymmetric simulation

The mechanical extensometer was unable to measure the large strains during the predefor-
mation. Hence, the rotation and displacement of the entire test bar were used in Paper
C. They were measured by the position and rotation sensors of the testing machine.
The compensation to remove the influence the machine frame deflections is described in
Appendix A in Paper C.

To simulate the full test bar, quadratic 2D generalized axisymmetric elements (CGAX8R)
in Abaqus (Abaqus 2013) were used. Parameter identification was performed by calling
Abaqus from an optimization routine in MATLAB. While this method worked rather
well, there are two main drawbacks with this method:

• The simulation time of the predeformation is quite long. Also, there is an overhead
time required to initiate the Abaqus code.

• Further modeling errors are introduced as the entire test bar is modeled. The strain
distribution along the test bar is not measured in the experiments.

Figure 6.1 shows the residual shear stresses after the predeformation in Paper C.
No gradient in the axial direction is observed in the central part of the gauge section.
This shows that it is possible to only consider the local strains in the gauge section. A
simulation methodology utilizing this feature is described in the next subsection.
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The kinematic assumptions discussed above can be simulated by using a single element
row of the generalized axisymmetric elements in Abaqus. This method was compared
to using the 1D software implementation in the software matmodfit (Meyer 2019b) in
Paper E. The results show that the 1D implementation is between 100 and 200 times
faster than the equivalent Abaqus simulation. Parameter identification requires many
simulations with different material parameter values. Hence, the simulation time for each
set of parameter values is very important.

6.3 Material removal simulation

To simulate the experiment from Paper D, the ATP simulation methodology is extended
in Paper F: The process of removing material and obtaining a tubular, predeformed test
bar is included. From the experiments, the dimensions of the tubular test bar are only
known in the relaxed state after the re-machining. Due to residual stresses, the geometry
changes during the relaxation occurring when the material is removed. An iterative
strategy to determine the mesh for the re-machined test bar is therefore presented in
Paper F and illustrated in Figure 6.3.

Relax (initial)

Initial guess of node positions

Re-mesh

Solve local constitutive problem

Relax after material removal

Check node positions

Save end status

Update guessed
node positions

ok

not ok

Figure 6.3: The steps in the simulation of the material removal procedure

During the re-meshing stage, the material state is interpolated from the old to the new
integration points. Local equilibrium in the constitutive problem in each integration point
is typically not fulfilled after the interpolation. Hence, this is solved as a new load step in
the material. In cases when a solution is not obtained, a sub-stepping method is applied.
This implies interpolating the state to intermediate points to reduce the perturbation
of the local equilibrium. A smaller perturbation results in a better initial guess for the
solution of the local problem, increasing the probability of obtaining a converged solution.
With this additional method, it was possible to simulate the experiments with quite coarse
meshes, as studied in Appendix A in Paper F. For the crystal plasticity modeling with
more than 4000 state variables, however, convergence is still a problem in some cases.
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7 Parameter identification

A task requiring a lot of the work in Paper C - Paper F is parameter identification.
While the development of methods for this is not a focus of this thesis, a lot of the
work relies on such methods. This chapter contains a brief discussion about the methods
utilized in the appended papers.

The parameters for simple models, such as linear elasticity can be identified directly
by linear regression. However, as explained by Mahnken (2014), for advanced material
models, such as those used in this thesis, numerical optimization is required for parameter
identification. In the appended papers the chosen parameter identification methodology
consists of the following steps:

• Define an objective function f(p)

• Generate a full set Sfull of starting guesses pi (i ∈ Sfull) for the parameters.

• Evaluate objective function f(pi) for each i ∈ Sfull. Choose the set Sred ⊂ Sfull with
starting guesses to optimize from.

• Minimize the objective function with chosen optimization algorithm for each starting
guess in Sred

• Choose the optimized parameter values p resulting in the lowest objective function
value

• Evaluate the ability of the material model with the chosen parameter values to
predict the experimental data not used in the objective function

The choice of the objective function will have a significant influence on the results. In
general, the objective function consists of a least-square fitting error:

f(p) =
∑

i

(
yexp
i − ysim

i (p)
)2

(7.1)

where yexp
i are the experimentally measured data points and ysim

i (p) are the corresponding
simulated points (as a function of the material parameters p). An important choice is
which experiments to include in the objective function. Some data should be retained to
evaluate the predictive ability of the model. When the objective function accounts for
different experiments and different measured quantities the scaling of each experiment is
also an important issue. In Paper C, heuristically chosen scaling factors were employed.
This was improved in Paper D - Paper F, where the terms in the objective function
were normalized by the range of the experimental data. In Paper E a special objective
function for ratcheting experiments was proposed: It separates the error in the cycle
shape and the strain accumulation.

In Paper C, Paper E and Paper F it was clear that a large spread of the starting
guesses is important to identify good final parameter values. Latin hypercube sampling
was therefore used to distribute a high number of initial parameter values. The objective
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function for these values was then evaluated. A certain number of values resulting in the
lowest objective function value were finally chosen for minimization.

A lot of different optimization algorithms are used for parameter identification in the
literature. These can be grouped into deterministic and stochastic algorithms. Stochastic
algorithms are usually considered to be better at finding the global optimum. But they
typically require a higher number of objective function evaluations (Mahnken 2014). Some
authors have used stochastic algorithms directly, e.g. Li et al. (2017). However, it is
more common to combine stochastic algorithms with local, deterministic, algorithms to
increase the convergence rate, see e.g. Chaparro et al. (2008) and De-Carvalho et al.
(2011). A stochastic method by Runarsson and Yao 2005 was tried out in Paper E. But
using the deterministic Nelder-Mead simplex algorithm (Nelder and Mead 1965) with
multiple starting guesses resulted in better optima. From the experience of the author of
this thesis, the simplex algorithm works well compared to other methods for parameter
identification. In Paper F multiple re-starts of the simplex were used to reduce the risk
of getting trapped in local minima. Using the Subplex method (Rowan 1990) should
also help to alleviate this problem, but the standard simplex algorithm performed better.
Hence, the simplex method is used throughout this thesis for parameter identification. As
previously described, however, a high number of initial guesses is required to obtain a
good best optimum.

In Paper F it was found that a different seed for the Latin Hypercube sampling did
not give the same best optimum. This implies that it can never be known if a better
set of parameter values exists. An interesting approach is to use smaller portions of the
experiments to identify certain parameters, see e.g. Qin et al. (2018). For this to be
effective the formulation of the material model and the available experiments must be
matched. When the purpose is to compare models, however, there is a risk of having a
biased method favoring a certain model. The identification of material parameters for
complex models is still an open research question.
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8 Discussion

Three aims for this thesis were presented in Subsection 1.1. In this section the fulfillment
of these aims is discussed.

1. Obtain test bars with similar properties as the surface layer of rails

In Paper A it was shown that the obtained test bars have similar properties as
the material in the surface layer of railway rails. The top 0.05 mm could not be
represented with test bars obtained with this method. To achieve such large strains,
other methods, e.g. HPT, are required. However, the proposed method makes it
possible to test cyclic, multiaxial loading of predeformed test bars. This is difficult
to accomplish for samples deformed by the HPT method.

The current requirements for railway grade materials are put on the properties of
the virgin material (e.g. yield limit, fracture toughness). But, to measure the actual
performance in service, it might be more relevant to consider the material properties
after large strains have accumulated. The predeformation method can therefore be
a first step towards having more relevant demands on rail materials.

2. Determine how the behavior of the material in the surface layer of rails
evolves

Paper D extends the predeformation method by including the re-machining of the
predeformed test bars into tubular bars. The evolution of the monotonic plastic
behavior was then evaluated after different levels of predeformation. This is one
example of the type of evaluations that can be performed using the developed
predeformation method. The experiments also included cyclic loading after the
monotonic loading that was presented in Paper D and then used in Paper F. This
data can in the future be used to analyze and calibrate models for cyclic plasticity
and low cycle fatigue. Due to the surface roughness of the drilled holes (see Meyer
2019a), the fatigue results might have too much statistical variation.

The results in Paper D show that the quadratic Hill yield criterion can fit the mea-
sured yield surfaces well. This finding can support the development of constitutive
models, and it implies that a simple quadratic yield surface can be used.

3. Model the behavior of the material in the surface layer of rails.

The predeformation was first modeled in Paper C. In Paper E a new simulation
methodology for axial, torsion and pressure (ATP) loading was presented. In
combination with DIC strain measurements, it enabled a very efficient simulation
of the predeformation. In Paper E this framework was first extended to include
material removal such that the re-machining of the test bars could be simulated as
well. The ATP simulation methodology has also been used by Esmaeili (2019).

Paper C shows that the mechanical response during the predeformation can be
modeled with an isotropic yield surface. However, advanced kinematic hardening laws
were required, strengthening the results reported in the literature for nonproportional
loading. Advanced material models with distortional hardening were used in Paper
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F: Both the evolving anisotropic yield surface and the multiaxial stress-strain
response were evaluated. The two models that used a quadratic Hill-type yield
criterion performed best.
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9 Future work

9.1 Finite element modeling

As briefly mentioned earlier, Pletz et al. (2019) simulated the elastoplastic rail-wheel
rolling contact using material models from Paper C. The approximate simulation time
was roughly 6 weeks per day of traffic. This shows that this model cannot be used to
simulate long-term degradation of rails and that there is a need to develop faster models.
These simulations could become faster by using an Arbitrary Lagrangian-Eulerian (ALE)
description, as advocated in e.g. Draganis et al. (2014). Further speed-up could be
achieved by using simple static condensation or more advanced numerical model order
reduction methods (see e.g. Michel and Suquet 2003; Radermacher and Reese 2014). An
efficient alternative approach is to use a simplified 2D FE-simulation where the load is
applied as a pressure distribution, see e.g. Andersson et al. (2015). Furthermore, Skrypnyk
et al. (2019a) developed a metamodel for this pressure distribution that was trained by
3D elastoplastic indentation simulations. Finally, by using cyclic extrapolation techniques
it is not necessary to simulate each load cycle (see e.g. Johansson and Ekh 2007; Skrypnyk
et al. 2019b). However, independently of the chosen techniques, an accurate material
model is an important component of the FE modeling.

9.2 Material modeling

As shown in Paper F, more work is still required to be able to accurately capture the
evolving yield surfaces in the rail steel. As a first step, improvements to e.g. the Shi
and Qin models should be considered. In Paper F, the cyclic loading following the
monotonic load has not been accounted for. This is a natural extension of that work. A
good model should be able to capture the cyclic behavior of the undeformed as well as of
the predeformed material. The cyclic experiments contain non-proportional loading that
is similar to the rolling contact loading.

As was discussed in Section 7, the calibration of the material models is also an
important topic. It would therefore be advantageous with model formulations such that
individual material parameters can be identified directly from the experiment using
e.g. linear regression. This is currently only done for the elastic parameters. If more
parameters can be removed from the inverse modeling, it would likely result in a more
robust parameter identification scheme.

9.3 Damage and fatigue

In addition to the plastic behavior considered in this thesis, damage and fatigue should be
included in the modeling. An important requirement of the deterioration of rail materials
is to account for the degradation of the material. This could be modeled in a coupled
sense as done in damage modeling (see e.g. Gurson 1977; Lemaitre 1985). An alternative
approach is to use a decoupled approach that is common in fatigue evaluation (see e.g.
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You and Lee 1996). The latter approach has the advantage of lower computational cost
as the evaluation can be done as a post-processing step. In such a decoupled scheme
the influence of the degradation on the stress-strain behavior is neglected. Cracks are
typically small in the main part of the fatigue life and thus have a small influence on
the stress-strain response. Due to the potential reduction of the computational cost, this
simplification might be worth considering.

The predeformation experiments conducted in the preparation of Paper C include
several repeated experiments as well as variation in the loading rate, the rotation increment
and the axial loading. These experiments could be used to evaluate different crack initiation
criteria suitable for the rolling contact loading. The experimental methodology to obtain
predeformed tubular test bars in Paper D can also be used to evaluate low cycle fatigue
initiation criteria: These should take the effect of the accumulated shear strains into
account. Furthermore, the effect on crack propagation resistance and growth direction
could be evaluated.

9.4 Rate sensitivity and thermal effects

Finally, the work in this thesis has been limited to low strain rates at room temperature.
Esmaeili (2019) investigated tread braking of railway wheels, for which the rate and
thermal effects become very important. Although there is no large-scale temperature
increase during regular rolling contact, the loading rate is very high compared to that
of the experiments: The elastoplastic contact patch calculated in Pletz et al. (2019) was
approximately 20 mm long. A train speed of 100 km/h then results in a load frequency
of about 1.4 kHz. This can be compared to typical load frequencies between 0.25 and
5 Hz in low cycle fatigue testing. Using the frequencies in the higher end of this spectrum
results in a significant temperature increase.

Some tests were carried out on the rate sensitivity of the material. In Paper F the
rate-dependent crystal plasticity model is calibrated towards a stress relaxation. However,
when testing the stabilized hysteresis loop after 50 cycles, no rate dependency can be
observed despite almost one order of magnitude difference between the rates. These
findings, combined with the extreme loading rates in the application, show that the rate
dependency and thermal effects require more thorough investigations.
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