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ABSTRACT

The efficiency of rail transport is attributed to low rolling resistance, which comes at the
cost of high contact pressures between rail and wheel. Consequently, both the rail and
wheel can be susceptible to fatigue crack initiation and propagation due to the resulting
high stresses and large number of load cycles in service. Therefore, the mechanical
performance of the rail and wheel material is critical for safe operation. Thermal loading,
such as that caused by wheel locking or railhead repair welding, can cause gradual or
drastic changes in local material behaviour, resulting in significant detrimental effects
to the rail and wheel. This thesis presents a phenomenological modelling framework
for numerical simulations of the thermo-metallurgical-mechanical behaviour of pearlitic
railway steels during and after high-temperature thermal loading.

The framework consists of a material model that incorporates cyclic hardening plasticity,
phase transformation kinetics, transformation-induced plasticity, multi-phase homogenisa-
tion, and recovery of the virgin material state after cyclic melting and solidification. The
ability of the model to simulate intricate thermo-metallurgical-mechanical behaviour is
demonstrated in quasi-static material point simulations. The material model is imple-
mented in a finite element framework to obtain a simulation-based tool that balances
computational efficiency, simulation fidelity, and engineering applicability. Several simu-
lations demonstrate the effectiveness of this tool, including simulations of a wheel flat,
laser-induced martensitic patches on the rail surface, and railhead repair welding pro-
cesses. The simulation-tool is also validated against experimental data, in terms of residual
material states after high-temperature processes.

The thesis provides insights into the evolution of material phases and stresses under
thermal loading in high-temperature railway processes, as well as the redistribution
of residual stresses during subsequent operational loading conditions. For instance,
simulations of the railhead repair welding process indicate that pre-heating has a minor
impact on the quality of the repair, while the welding build-up paths have a significant
impact. The simulations also highlight the critical region for fatigue crack initiation by
showing how residual tensile stresses are reduced near the surface of the rail or wheel and
increased at some distance below during operation for the repaired rail.

Keywords: Pearlitic steels, Phase transformations, Homogenisation, Cyclic plasticity,
Finite element analysis, Railhead repair, Welding simulations
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Part 1
Extended Summary

1 Introduction

1.1 Background and motivation

The historical impact of railway networks on shaping our industrial society is undeniable.
One simple but powerful illustration of this leading influence is the introduction of the
standard time system. Other examples include significant contributions to economic
development and social progress in regions where extensive railway infrastructure was first
established and expanded, such as Western Europe, Japan and North America. These
contributions were realised through improvements in the efficiency of inland transport and
long-distance public mobility, factors which in many respects still constitute the primary
advantages of railways over road transport [1].

These historical factors that made the railway industry an engine of progress also
extend into our future, firmly establishing railways as an integral part of sustainable
development. Acknowledging the often superficial use of the term sustainable, railways
do in fact contribute both directly and indirectly to the realisation of several of the
United Nations’ 17 Sustainable Development Goals (SDGs) [2]. Concrete examples are
found in SDG 9: Industry, Innovation, and Infrastructure; SDG 11: Sustainable Cities
and Communities; SDG 12: Responsible Consumption and Production; and SDG 13:
Climate Action, where the major contribution for all goals lies in the role of railways as
an energy-efficient and low-emission mode of transportation.

Empirical studies consistently confirm that rail transport has a low environmental
impact, producing the lowest CO5 emissions per distance travelled and per tonne trans-
ported [3]. This is particularly true for inland freight transport, where emissions per tonne
transported are around a tenth of those of road freight. Similarly, other authoritative
reports urge a shift towards rail and water transport to meet global mandates to cut
emissions [4, 5]. Recent statistics indicate an upward trend in European passenger train
occupancy rates and rail freight loads over the past decade, providing minor consolation in
the otherwise grim state of SDG realisation [6]. Nevertheless, the effective use of available
technologies, resources and collective knowledge is crucial for shaping a better future. In
light of this, growing demands on rail networks require increased reliability and efficiency,
which especially relates to the context of the work presented in this thesis.

The contact interface between the rail and the train wheels is crucial to the high
efficiency of rail transport. The use of hard materials in both components, i.e. (relatively)
high carbon steel, minimises rolling resistance but also results in exceptionally high contact



pressures [7, 8, 9]. As the wheel traverses the rail surface, the resulting rolling contact
load generates a complex multiaxial stress state comprising high compressive and shear
stresses. These stresses place severe demands on the materials of both rail and wheel
and, combined with the immense number of wheel passes over a given material point,
can lead to fatigue damage. In addition, trends in the ongoing efforts to improve the
competitiveness of rail transport point towards increased traffic, higher speeds and higher
axle loads [10, 11, 12]. Each of these factors alone increases the stress on the track system,
presenting inevitable challenges in terms of increased fatigue damage and wear, as well as
increasing the need for effective rail maintenance.

The primary objectives of rail maintenance are to restore the railhead profile and to
remove discrete railhead defects. Typically, the former is achieved by grinding or milling,
while the latter involves welding to either replace entire rail sections or perform in-situ
railhead repairs. These operations expose the rail to significant thermal loads, potentially
inducing undesirable microstructures and detrimental residual stress states. Intense
localised thermal loading may also occur under operational loading conditions, such as
poor wheel-rail friction. Combined with the high magnitude contact stresses and large
number of rolling contact load cycles, this can have devastating consequences. Therefore,
a comprehensive understanding of the high-temperature thermo-metallurgical-mechanical
behaviour of railway steels is essential for designing and planning rail maintenance
processes, as well as defining safe operating conditions.

At the Centre of Excellence in Railway Mechanics at Chalmers (CHARMEC), the
thermo-metallurgical-mechanical behaviour of railway steels has been studied both experi-
mentally, e.g. [13, 14, 15, 16], and with numerical simulation tools, e.g. [17, 18, 19, 20,
21]. These studies confirm that localised high temperature events can adversely affect
the structural integrity of railway components. Furthermore, the research highlights the
critical role of accurate simulation models in assessing the consequences under operational
conditions. To improve simulation fidelity, it is important to advance modelling by focus-
ing on the coupling between phase transformations and temperature-dependent cyclic
mechanical behaviour. Advances in simulation-based tools are equally important to facili-
tate large-scale simulations of high-temperature processes, in particular to analyse how
the material state after high-temperature processes is affected by subsequent operational
loading conditions. This background is the main motivation for the work presented in
this thesis. This is where we start.

1.2 Research objectives

The work presented in this thesis is part of the CHARMEC project MUS37 - Welding
and other high temperature operations in steel. The main objective of the project was to
improve numerical simulation tools for modelling high temperature operations on railway
steels. The main research objectives of this thesis are as follows:



e Develop sufficiently advanced numerical tools to gain insights into the thermo-
metallurgical-mechanical material behaviour during cyclic high-temperature (close
to and above the melting temperature) processes. Assess and improve existing
material models for accurate predictions of residual stresses and material phase
evolution in railway applications.

e Implement the developed material model within a finite element framework, carefully
balancing computational limitations, simulation fidelity, and engineering objectives.
Explore and advance the capabilities of numerical tools to simulate full-scale high-
temperature processes in railway components.

e Using the developed numerical tools, enhance the understanding of how operational
loading conditions may impact the material state resulting from high-temperature
events in railway steels. Ensure simulation precision through validation against
experimental and field data.

e Present a simulation-based assessment tool which can be used to investigate con-
sequences and mechanical performance following high-temperature processes in
railway operations. This tool should provide accurate and predictive methods
to support technology development and design of maintenance procedures in the
railway industry.

1.3 Scope and limitations

When working towards research objectives, it is crucial to recognise inherent limitations
and also to impose limits on the scope of the work. For instance, computational constraints
will restrict the proposed material models to be of macroscopic type. A multiscale type
of material modelling would therefore not be computationally feasible for the targeted
railway applications in this project. The accuracy of the models and simulations will
rely on the availability and quality of experimental data for calibration and validation,
both in terms of material and process data. Additionally, the complexity of real-world
conditions, combined with the challenges of multi-scale and multi-physics simulations,
will introduce unavoidable inaccuracies in the simulation results. The scope of this study
is limited to pearlitic rail and wheel steels, and extending the findings to other steel
compositions may require further investigation. Furthermore, the study is restricted to
two high-temperature processes for railway components: hard train wheel braking and
railhead repair welding. The evaluation of the simulation results will focus mainly on on
stresses, phase transformations, and fatigue crack initiation.



2 Railway steels

2.1 Rail and wheel materials

The production of all metal objects involves heating and cooling processes at various
stages of manufacturing. For steel alloys, these processes include both liquid-to-solid and
solid-to-solid phase transformations. In its solid state, the base metal for steel, iron, exists
in different crystalline structures (allotropic forms) depending on the temperature and its
rate of change. These crystalline structures, combined with alloying elements, provide a
wide range of possible properties. Interstitial carbon solutes are of particular importance
as they hinder dislocation movement during deformation and influence transformations
due to the varying solubility of carbon in different crystalline structures. For example,
the face-centred cubic (FCC) structure of the austenite phase, which is stable at elevated
temperatures, allows for more interstitial carbon than the body-centred cubic (BCC)
structure of the ferrite phase, which is stable at lower temperatures [22, 23].

The appended papers focus on local heating events in railway steels and the resulting
mechanical and metallurgical changes. Two common railway steels are examined: ER7T
wheel steel (Papers A and D) and R260 rail steel (Papers B, C, D and E), with their
respective chemical compositions shown in Table 2.1. At these near eutectoid compositions
(close to 0.77 wt% carbon), austenite primarily transforms into pearlite, i.e. a two-phase
microstructure consisting of lamellar arrangements of ferrite and cementite, with nearly
all of the carbon bound in the cementite phase. The lamellar network makes pearlite
ductile and relatively wear resistant, making it well suited to both railway wheels and
rails. Examples of the wheel and rail microstructures, obtained from [24], are shown in
Figure 2.1.

Table 2.1: Typical chemical compositions of train wheel steel grade ER7T and rail steel
grade R260 [25, 26].

wt% C Mn Si Cr Ni Cu Mo P S V  Fe
ER7T 052 08 04 03 03 03 0.08 0.02 0.02 0.06 bal.
R260 0.74 125 0.6 0.15 0.1 0.15 0.02 0.03 0.03 0.03 bal.

Figure 2.1 demonstrates that both materials exhibit an almost fully pearlitic mi-
crostructure after manufacturing, despite the hypoeutectoid compositions. The wheel
material obtains a finer lamellar spacing due to intricate cooling procedures, and has
some free ferrite. The rail, with its higher carbon content, has no free ferrite and a higher
cementite volume fraction. This comparison of microstructure supports an important
aspect mentioned in Paper B and discussed in detail in Paper D. Namely, both materi-
als have similar mechanical properties, such as comparable strength and cyclic plastic
behaviour at room temperature, but differ in their phase transformation kinetics. This



Figure 2.1: Pearlitic railway steel microstructures, reprinted from [24] with permission.
Low magnification light optical micrographs of the ER7T wheel material (a) and (b) R260
rail material. (c) High magnification scanning electron micrographs for R260 rail material.

observation supports the use of wheel material mechanical data in the absence of rail
data, coupled with material-specific transformation data from JMatPro, for the analyses
presented in Papers B, C and E. It should also be noted that this assumption is further
justified by the comparative nature of the respective analyses.

2.2 Phase transformations

The main focus of this thesis is on macroscopic simulations using a phenomenological
modelling approach, whereby several simplifications and discretisations are introduced in
the following chapters. Regarding phases and phase transformations, no strict distinction
is made between phases or microstructure. Instead, all basic forms of steel are referred to
as material phases. Moreover, as only near-eutectioid wheel and rail steels are considered,
not all possible phases or transformations are studied in this thesis, for simplicity. Those
considered are described briefly in the following text for the processes of heating, cooling
and reheating. Extensive descriptions can be found in e.g. [22, 23].



Heating

In all of the attached papers, the initial pearlitic material is subjected to heating above the
austenite transformation temperature, resulting in the diffusive transformation of pearlite
to austenite. This process is influenced by the morphology of the material, the carbon
content and the heating rate. Higher heating rates result in increased austenitisation
temperatures, as demonstrated in the time-temperature austenitisation (TTA) diagram in
Figure 2.2. At these temperatures, austenite has a hardness similar to its pearlitic parent
phase but with increased ductility due to its denser crystalline structure having more slip
planes [27, 28, 29]. With continued heating, as considered in Papers C, D and E, the
solid-to-liquid transformation takes place and the austenite melts. Therefore, a liquid-like
melted material phase was introduced for reasons discussed in Chapter 3. Regarding the
austenitisation, it should be noted that for the material composition presented in Table
2.1, the software used to produce the austenitisation data (JMatPro [30]) presented in
Figure 2.2b predicts that the alloying elements will give an effective eutectic point below
the R260 carbon content of 0.74 wt%. Hence the A.,, transformation line representing
the cementite transformation.
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Figure 2.2: Time Temperature Austenitisation (TTA) diagrams for (a) ERTT wheel mate-
rial and (b) R260 rail material, based on data obtained from JMatPro [30]. Ay represents
pearlite to austenite transformation, Az represents ferrite to austenite transformation and
A represents cementite to austenite transformation. Dashed diagonal lines represent

different heating rates.

Slow cooling

When cooled, the melted steel (modelled as a liquid-like state) solidifies into austenite. In
continued cooling and depending on the cooling rate, the continuous cooling transformation



(CCT) diagram presented in Figure 2.3 shows that several phase transformations are
possible. In the case of slow cooling rates, which are relevant to the heat affected zone
(HAZ) in the repair welding processes considered in Papers C and E, a diffusive pearlitic
transformation occurs, resulting in slightly different microstructures for hypo-, hyper-, or
eutectoid steels. In short, eutectoid steel produces a fully pearlitic microstructure, while
hypoeutectoid steel results in pearlite nodules surrounded by ferrite, and hypereutectoid
steel results in pearlite grains surrounded by cementite [27, 28, 29]. It is important to
note that for the hypoeutectoid wheel steel cases discussed in Papers A and D, the

cooling rates are high, and therefore, the austenite to ferritic-pearlitic transformation is
not considered.
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Figure 2.3: CCT diagrams for (a) ER7T wheel material and (b) R260 rail material, based

on data obtained from JMatPro [30]. Dashed diagonal lines represents different cooling
rates.

Rapid cooling

At high cooling rates, i.e. quenching, insufficient time for carbon diffusion leads to
unstable austenite followed by very rapid diffusionless transformation to martensite. This
transformation is highly relevant in multi-pass welding. The resulting microstructure
has a carbon-supersaturated body-centred tetragonal lattice structure which causes
substantial shear and volume expansion. Applied stress during this transformation results
in transformation induced plasticity (TRIP), which is characterised by a significant local
plastic effect and an orientation effect. It is particularly important in processes involving
local heating, as volume changes are constrained by the surrounding material. The TRIP
effect was therefore introduced in Paper B and incorporated into subsequent works. The
martensite transformation is considered to be an athermal process governed by the degree
of undercooling below its transformation start temperature. As discussed in detail in
Paper D, most alloying elements contribute to the lowering of the starting temperature,



with interstitial carbon and nitrogen having the most significant influence. The carbon
content also affects the strength and hardness of martensite through interstitial hardening
and through the sheared lattice structure which produces high densities of dislocations
and twinning [27, 28, 29]. This brittleness makes martensite potentially detrimental in
railway applications and investigating its consequences is a key aspect of the appended
papers.

Moderate cooling

In the intermediate temperature range between the high-temperature pearlite transforma-
tion and the low-temperature martensite transformation, the bainite transformation takes
place, as shown in Figure 2.3. This results in a microstructure with finely dispersed plate-
or lath-like cementite and ferrite. As carbon diffusion is somewhat restricted at these
temperatures, the nature of the bainitic transformation is both displacive and diffusional.
Similar to martensite, bainite grows without diffusion, but due to the elevated tempera-
tures, carbon from the ferrite partitions back into the residual austenite or precipitates as
cementite, distinguishing upper and lower bainite [27, 28, 29]. However, this work does
not distinguish between these forms. Furthermore, as observed for the weld filler metals
in Papers C and E, bainite transformation is facilitated by alloying elements that retard
ferrite and pearlite transformations.

Reheating

When carbon-supersaturated metastable phases are subjected to a second heating below
austenitisation in a process known as tempering, excess carbon precipitates as carbides,
while substitutional solutes remain unaffected. Tempering of martensite results in coarse
carbides in a ferritic matrix, increasing its ductility while maintaining high strength.
Tempering mechanisms occur in steps with overlapping temperature ranges. Steels with
high martensite starting temperatures experience some degree of auto-tempering during
transformation. Tempering is primarily driven by non-equilibrium phases obtaining a more
stable state, whereby bainite also experiences tempering. Due to its high transformation
temperatures, autotempering is unavoidable. This makes bainite less sensitive to additional
tempering reheat treatments [27, 28, 29]. For the railway related processes considered
in this thesis, tempering is not the result of an additional heat treatment to improve
mechanical properties. Instead, it is an accidental reheating in Paper A and an inherent
reheating processes in Papers C, D and E.



3 Material modelling

3.1 Phase transformation kinetics

As explained in the previous chapter, the thermo-metallurgical-mechanical behaviour
of steel is complex and the material properties change significantly during heating and
cooling, where solid-state phase transformations result in permanent changes. The
literature on modelling these transformations and the resulting mechanical behaviour
spans half a century, with different approaches depending on the intended application.
Anisothermal phenomenological models commonly use the well-established Johnson-Mehl-
Avrami-Kolmogorov (JMAK) equation for diffusive transformations and the Koistinen and
Marburger (KM) equation for displacive transformations, see e.g [31, 32, 33]. Alternative
approaches using exponential functions or differential equations to capture the typical
behaviour of gradual to rapid to gradual nucleation rate for diffusive transformations
have also proved useful, see e.g. [34, 35]. For simulations involving both heating and
cooling cycles, linear approximations to the initial austenite transformation can be used
to simplify the modelling, see e.g. [36]. Furthermore, although not considered in the
appended papers, several works in the literature modelling the isothermal transformations
using a thermodynamic transformation potential or driven by the stress-strain state of
the material, see e.g. [37, 38, 39]. At an even greater level of detail, other works present
phase transformation modelling using various multi-scale and phase field approaches, see
e.g. [40, 41].

In the attached papers, the modelling of phase transformation kinetics use an anisother-
mal phenomenological modelling approach using the aforementioned JMAK and KM
equations. Paper A introduces the implementation of the modelling framework, which
is then expanded in Papers B and C. The material phases considered are identified by
the following indices: austenite (a), pearlite (p), bainite (b), martensite (m), tempered
martensite (tm), and a liquid-like phase (¢). The phase volume fractions, py, indicate the
amount of each phase present at each time instance, with the constraint that their sum
must always equal 1:

mezl forr=a, p, b, m, tm, £ (3.1)

T

The underlying physics of the phase transformations is briefly presented in Section 2.2.
Using a similar structure, this section presents a summary of the corresponding modelling
during heating, cooling and reheating. It is important to note that the same volume fraction
variable, py(t;T), is calculated using different formulas depending on the temperature
range and the rate of heating or cooling.



Heating

As stated in Section 2.2, the transformation kinetics for heating above the austenitisation
temperature are described by TTA-diagrams (similar to Figure 2.2). In the numerical
implementations, presented in Paper A, line A; represents the temperature at which
1% of the pearlite has transformed into austenite, while A3 and A.,, represent the
temperature at which 99% of the pearlite has transformed. The transformation kinetics
of the decreasing pearlite volume fraction, p,, for a constant temperature, T, is described
by the JMAK equation, cf. [42, 43]:

pp(t5T) = py(F) exp (—by(T) (¢ — £)"+T) (3.2)

where n,(T) is the Avrami exponent, b,(7) is the overall nucleation rate constant at
holding temperature T', and £ is the “virtual time” required for transforming the initial
volume fraction p,(f) of pearlite into austenite. This somewhat awkward formulation is
used to handle varying temperatures using the Scheil’s additive rule [44] following the
implementation presented by [45]. Equation 3.2 thereby describes how the pearlite volume
fraction, p,(t; 1), decreases exponentially with holding time ¢ at temperature T from its
initial fraction p,(f). When multiple phases are present, the total amount of nucleated
austenite can be calculated by summing the decrease in volume fractions of the parent
phases during austenitisation:

Pa(t;T) =pa(f) + > (pe(f) = pe(t;T)) forz=p, m, b, tm (3.3)

where the respective parent phase volume fractions p,(¢; T') are computed using Equation
3.2. Upon further heating, the solid to liquid phase transformation, introduced in Paper C,
is modelled by linear temperature dependence of the liquid-like phase py(T), cf. [46, 47,
48]:

T —Tyo
Ty — Ty’

where the temperatures Tyy and Ty represent the onset of melting and the point at which

pe(t:;T) = Ty <T <Tn (3.4)

a fully melted phase is achieved, respectively. These temperature levels are set below the
physical melting temperature to act as a cut-off temperature in the multi-pass welding
(and heating) simulations presented in Papers C, D and E. In case of rapid heating
events, this may result in solid to liquid phase transformations without complete preceding
austenitisation, which could be considered as a modelling artefact. The volume fractions
of the melting parent phases, p,, are incrementally computed as a linear decrease from
the value at the onset of melting, p,(Ty):

Ape(tn; T)
Zyx (tn; T) ’

where the variable zx,(t,;T') represents the number of parent phases during the simulated

Pz(tn;T) = po(tn-1:T) — T <T <Tn (3.5)

melting, i.e. the number of non-zero solid phase volume fractions p,(7") at temperature
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T. Figure 3.1 illustrates that this formulation ensures that all solid phases have equal
melting rates, while obtaining the correct total melting rate. For comparison, the figure
also demonstrates non-equal melting rates, i.e. p,(T") = p.(Te) (1 — pe(T)). This concept
was disregarded as it led to prolonged states of small volume fractions, which caused
convergence issues for some homogenisation methods (introduced in Section 3.3).

(a) == Liquid-like =~ =—- Austenite = ——— Pearlite (b)
= 1.0
< - ’,/ e - ol
5 0.8 7 15 !
= ,// 2
O 0.6 — . e
o b 54 IR
‘o 041 R R S 1 P
- N > ..

0-0 T T T T - T T T T -
1400 1420 1440 1460 1480 1500 1400 1420 1440 1460 1480 1500
Temperature [°C] Temperature [°C]

Figure 3.1: Volume fractions during the simulated melting process using (a) equal melting
rates and (b) non-equal melting rates.

Slow or moderate cooling rates

Equation 3.4 is also used to model the transformation from the liquid-like phase to solid
austenite. Upon further cooling and under low to moderate cooling rates, austenite
transforms into pearlite and/or bainite. To describe these transformations, the diffusive
transformation kinetics illustrated in Figure 2.3 are modelled using the JMAK equation
and Scheil’s additive rule. Thus, in a fully or partially austenitic state, the volume
fractions of pearlite and/or bainite increase according to:

Pe(t:T) = po(D) + pald) (1= exp (=bu(T) (£ = D)™ D)) forz=p, b (36)

with the JMAK equation parameters as described above and with p, () representing the
austenite volume fraction at the start of the transformation and p, (f) the initial phase
fraction of the nucleating phase. The remaining austenite phase fraction, p,(t;T), is
computed by subtracting the sum of transformed phases from the previous austenite
volume fraction, p,(t;T), as follows:

pa(t; T) = pa(f) - Z (p.’E(t; T) - pw(f)) for x = b, b (37)

xT
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Rapid cooling

Quenching below the martensite starting temperature 7,5, as shown by the (near)
horizontal lines in the CCT diagrams in Figure 2.3, results in the formation of martensite
from any remaining austenite. This process is diffusionless and is modelled as purely
temperature-dependent using the KM equation [49] for the phase fraction of the austenite
pa(T):

pa(T) = pa(Tms) exp(—ke (Tms - T)) (3'8)

where the parameter kg determines the temperature dependent increase of the martensite,
and p,(Ts) is the decreasing volume fraction of austenite at T},,5. Based on the remaining
austenite, the volume fraction of martensite is computed as:

Pm (T) = pa(Tms) - pa(T) (39)

It was observed that during the sudden and rapid initiation of the martensite phase,
some of the homogenisation methods discussed in Paper B encountered difficulties with
FE-solver convergence. To address this issue, a smoother evolution of very low martensite
volume fractions was adopted by replacing the Koistinen-Marburger equation with a
hyperbolic tangent function during the initiation of the martensite transformation, as
illustrated in Figure 3.2.

(a) - Martensite - = Austenite (b)
— 10 Je—
< 08- . \
- Y
G 0.6 - \
g °
‘5 0.4 1 , ] L ,
= 335 330 & 340 335 330
3 0.2 A1 4 e
o Moo
> 0'0 — T T 1 7 —T T _I
400 300 200 100 400 300 200 100
Temperature [°C] Temperature [°C]

Figure 3.2: Martensite volume fraction evolution using (a) unmodified Koistinen-Marburger
equation and (b) the same equation modifed using a tangens hyperbolicus function at very
low volume fractions.
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Reheating

As stated in Paper A, a tempered martensite phase is introduced to capture the
changes in material properties and tempering stages discussed in Section 2.2. The
transformation modelling is derived by replicating dilatometry experiments adopted from
[50] and is assumed to be solely temperature-dependent. To capture the tempering stages,
a combination of sigmoid functions is used to describe how the phase fraction of martensite,

Pm (1), decreases from its initial value, py, (7'):

k1 n 1—K
1 + exp (k‘.gl (Ttms,l — T)) 1 + exp (kQQ(Ttm&Q — T))

Pun(T) = pun(T) ( ) (3.10)

from which the tempered martensite volume fraction, py, (1), is obtained as:

Pem(T) = pem(T) + p(T) = pn(T) (3.11)

Due to difficulties in interpreting the metallographic image microscopy of the experi-
mental procedures replicated in Paper C, it was decided to also model the tempering of
bainite using the Equation 3.10. This assumption would be valuable to assess against
experimental data in future research. The mechanical properties of tempered bainite were
given those of tempered martensite, resulting in that both the martensite and bainite
phases transforms into a single tempered phase. It should be noted, however, that this
particular approach was not used in the repair welding simulations presented in Paper E.

In summary, the presented phase transformation modelling is characterised by its
simplicity and versatility. It is capable of handling multi-phase material states and
accounting for a wide range of temperature rates during both heating and cooling cycles,
without requiring the resulting transformations to be known in advance. This facilitates
large scale multi-pass weld simulations. However, it should be noted that the model
does not account for stress or strain-induced phase transformations, nor the effect of
microstructural grain deformation. Other alternatives found in the literature include the
use of stress-conjugated extensions of the JMAK and KM equations, see e.g. [51, 52], or
isothermal potential-based phase transformation functions where transformation is only
triggered if it results in a decrease in the Gibbs free energy, see e.g [38, 53, 54].

3.2 Cyclic hardening plasticity

There are many methods for simulating plasticity, depending on the application and focus
of the simulation. In the context of this work, which involves phenomenological modelling
of the macroscopic behaviour during phase transformations, two approaches are typically
used to simulate the plasticity of multi-phase material states. One approach is to use
a single constitutive model with phase fractions and phase related variables as internal
variables, see e.g. [55, 56]. The other approach is to use multiple mechanical models,
where each phase is follows its own constitutive law, see e.g. [57, 58]. The work presented
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in this thesis uses the latter approach. Furthermore, the construction of a constitutive
model to simulate cyclic hardening plasticity requires the definition of a yield surface and
the implementation of hardening laws, i.e. the evolution of the yield surface. For steels
and other polycrystalline materials, the modelling should include the Bauschinger effect
to obtain the correct yielding behaviour under reverse loading. The modelling should
therefore include kinematic hardening and preferably also isotropic hardening. More
detailed descriptions of the mechanical phenomena and modelling can be found in e.g.
[59].

As mentioned above, the material phases introduced in the previous section are each
represented by their own constitutive model. These models are identically modelled and
run in parallel during simulations. Full descriptions of this constitutive model can be
found in Papers A, B and C, but a brief description is given below. The modelling
assumes small strains and that the strain components are additively decomposed as
follows:

€r =€+ €+ €V + el +eP el (3.12)

where total strain €, of each individual phase x is assumed to be composed of six strain
components; elastic €S, thermal, €'l', transformation €', plastic €?, TRIP €' and a
discretized annealing strain ei. For simplicity, the phase specific index [, is hereafter
dropped. Moreover, linear isotropic elasticity (Hooke’s law) is adopted whereby the stress,
o, is governed by the elastic strain, €°:

oc=E°:€® with E°*=2Glgey + K I®T (3.13)

where the fourth-order elasticity stiffness tensor E® is computed using the second-order
identity tensor I, the fourth-order deviatoric identity tensor lge,, and the shear modulus
G and bulk modulus Kj,.

Furthermore, the modelling is implemented in FE-simulations using a strain-driven
algorithm. Hence the global strain and temperature increments, de and d7', are given
for each time increment. In combination with the multi-phase homogenisation method
(discussed in Secion 3.3), these are used to calculate the elastic strain by applying Equation
3.12. In doing so, the incremental updates of the remaining five strain components are
calculated using the respective governing equation and evolution law, described in short

hereafter. Paper A introduces the computation of thermal, transformational, and plastic

th
x

thermal expansions and changes in density during phase transformations, calculated as
follows:

strains, €%, €'Y and €P. The first two are assumed to be isotropic strains resulting from

_ 1 o
e'"=a(T-Ty)I, €Y=~ (@ — 1) I (3.14)

3\p
where T, and py are global, i.e. non-phase specific, material parameters for the temperature
and density of the materials initial, stress free state. a and p are the phase-specific linear

thermal expansion coefficient and the density.
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The plastic strain component, €P, is computed by adopting a Chaboche plasticity
model, as proposed in e.g. [60], using the von Mises yield function and Kuhn Tucker
conditions to distinguish elastic and plastic response:

v — X|— (R
V[]Ud | = (B +ov) (3.15)
d<0, A>0, AP=0

where A is the plastic multiplier. The yield function, ®, is based on the deviatoric stress,
O dev, the isotropic hardening stress R, the total kinematic hardening stress (back-stress)
X, and the initial yield stress oy. When A > 0 and ® = 0, the material yields causing
plastic strain and material hardening to evolve according to Equations 3.16, 3.17 and
3.18. As stated in Equation 3.16, the plastic strain evolution, €, is assumed to be of
associative type:

ep—)\a—q)—)'\ 3 Taoy = X

- Zdev T 3.16
0o 2 |0dgev — X| (3.16)

The total kinematic hardening stress X is obtained by summing n kinematic hardening
stresses X ; following the Armstrong Frederick [61] evolution law:

: °L Odey — X
X = X; A f _ i X 3.17
R (e o
In addition, the evolution of isotropic hardening is adopted as follows:
R=Ab(Rs — R) (3.18)

Other established plasticity models are available in the literature, as discussed in
literature reviews by e.g. [62, 63]. In relation to the presented plasticity model, alternative
approaches may involve different formulations of the yield function, as well as different
kinematic and isotropic hardening laws. This can result in both other shapes and different
evolutions of the yield surface. Furthermore, in addition to the presented plasticity model,
other approaches may also include modelling of e.g. recovery mechanisms and viscoplastic
strain rate effects. As discussed in later chapters, such modelling additions could improve
the accuracy of process simulations at temperatures close to melting.

The material parameters for the presented plasticity model were calibrated by Esmaeili
et al. [17] at different temperatures to fit cyclic experimental measurements and material
data obtained from JmatPro [30]. The parameters for the pearlite phase were identified
based on experimental results from [64], while for the martensite and tempered martensite
they were identified based on experimental results from [50], and the bainite phase was
modelled based on data obtained using the JmatPro software [30]. The constitutive
model for the pearlite includes two back-stresses, while while for the other phases only
one back-stress is included. Material parameter values are linearly interpolated and
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extrapolated to cover the temperature ranges considered in this work. For the liquid-like
phase introduced in Paper C, a nearly incompressible very soft elastic-ideal plastic solid
is assumed, much like e.g. [65, 66, 67, 68].

Continuing the constitutive model summary, the TRIP strain component, €' was
added to the modelling in Paper B. This component describes the TRIP strain that arises
during phase transformations under applied stress. The underlying physics is described
e.g. in [69, 70, 71]. In simple terms, the expansion of the martensite phase causes
significant shearing of the surrounding austenite, resulting in local plastic deformation
(Greenwood-Johnson effect [69]). Furthermore, this expansion serves to alleviate stress in
the austenite, resulting in an orientation effect for the growth of the martensite (Magee
effect [70]). In the appended works following Paper B, TRIP is assumed to occur during
the transformation of austenite into martensite or bainite. Therefore, only the constitutive
models for these three phases include the TRIP strain component. The implementation
uses the formulation proposed by [72, 37, 56] and material parameters obtained from [33]

et — § df (p) .

= 9 Ktp O dev d—pp (319)

where f(p) is a saturation function in which p represents the increasing volume fraction

as follows:

of the phase transformation, described in further detail in Paper B. It is important to
note that the material parameter values for the TRIP strain adopted in the appended
papers are not for ER7 wheel steel or R260 rail steel. As parameter values for these steels
are not readily available, the values used are from a low-alloy tool steel [33], with phase
transformation kinetics similar to the wheel steel and a carbon equivalent similar to the
rail steel. For this reason, the TRIP strain computation for all three phases used the
same parameter values. Experimental work to obtain more accurate parameter values
would be valuable improvements in future research. Moreover, it should be noted that in
order for the material model to obtain the correct homogenised TRIP effect, Paper B
shows how the TRIP strain component had to be implemented not only in the nucleating
phase but also in the decreasing austenite parent phase.

Furthermore, in Paper C the annealing strain component, €‘, was introduced. This
was done to impose a zero-stress state at high temperatures and, in particular, to obtain
a virgin material at solidification. It was introduced as follows:

(3.20)

eé:_(etll+€tV+€P+etp—€), if pp=1
& =0, if pe #1

It is well established that modelling the recovery of a virgin material state during
melting and solidification is important in welding simulations, see e.g. [73]. To achieve this,
the annealing strain component €’ is fixed at the onset of solidification while simultaneously
resetting the internal state variables such as plastic strains and hardening variables. This
ensures that solidification starts from a stress-free, virgin material state. In addition,
to achieve realistic thermal contraction of the previously melted material, the reference
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temperature and density, T, and g, for the thermal and transformation strains, €' and

vV in Equation 3.14, are reset upon completed solidification such that Ty = Ty and

€t
po = pa. Experimental comparisons presented in Paper D confirm that the thermal
contraction behaviour is realistically modelled. Furthermore, this modelling assures the
preservation of total strain for each constitutive model while resetting the internal state
variables of all solid phases without affecting the stability of the numerical finite element
solver. This approach is similar to that proposed by [74].

In literature, it is generally accepted that using a mixed hardening plasticity model,
including the TRIP effect, and modelling of virgin material recovery are all important as-
pects for accurate welding simulations. However, there are a plethora of phenomenological
and macroscopic alternatives available for modelling these aspects. For instance, flow stress
modelling in welding simulations can be achieved using dislocation density based plasticity
models and elastic-viscoplastic models, as demonstrated in e.g. [75] and [76]. These
references also highlight the significance of stress relaxation, a feature that the presented
modelling does not include. Furthermore, some alternative formulations for modelling
TRIP strain in welding simulations do not require additional material parameters, but
instead use the specific volume change and yield stress of the material phases, see e.g
[77, 78]. With regard to the recovery of the initial virgin material condition, the recovery
(or annealing) process presented in this work is somewhat ad hoc and is enabled by the
parallel individual phase constitutive models. However, there are numerous examples in
the literature where annealing has been modelled by simply resetting the plastic strain
and hardening, see e.g. [79, 80]. On the other end, more complex temperature-driven
evolution laws for material recovery can also be found, see e.g. [81].

3.3 Multi-phase homogenisation methods

When modelling a multi-phase material state, the global constitutive behaviour can be
obtained by homogenising the behaviour of the individual phases, see e.g. [82, 33]. The
most common homogenisation method for phase transformation simulations found in the
literature is the linear mixture rule, see e.g. [32, 37]. However, examples of non-linear
mixture rules can also be found. For instance, in [83, 84], it is shown that linear mixture
rules may not be sufficient to replicate experimental material behaviour.

In Paper A an isostrain homogenisation method is used and in Paper B three
additional methods are used: isostress, a self-consistent model, and the linear mixture rule,
and the performance of all four methods is compared and evaluated. This brief summary
will begin with the linear mixture rule, which is the most straightforward method as it
does not require individual material models for the phases, see e.g. [20, 37]. The method
computes the material model parameter values by taking the phase volume fraction scaled
average. For instance, the initial yield stress &, is calculated as follows:

a'y:megy’r forx =a, p, b, m, tm, 4 (321)
x
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During each time increment, it is assumed that the temperature and phase volume
fractions remain constant. For the isostrain, isostress and self-consistent homogenisation
methods, this assumption allows for the homogenised strain and stress to be computed
from the phase volume fraction scaled averages of the individual strains and stresses as
follows:

de=) pode, do =) p,do, (3.22)

The isotrain homogenisation method assumes that all phases have the same strain
increment, i.e. de;, = de€. Therefore, the homogenised stress increment can be obtained
using the following formula:

do = Z ps By 1 (de, — detl — det) Z pr By 1 (de — de — del) (3.23)

where E, represents the tangent stiffness. In contrast, the isostress homogenisation
method assumes that all phases experience the same stress increment, i.e. do, = do.
Hence, the homogenised strain increment can be obtained as follows:

de=> p. (E,':d +def + del) (3.24)

However, in a strain increment-driven finite element algorithm, the stress increment
do is unknown. Therefore, an additional Newton iteration scheme is used to calculate
the individual phase strain increments de, to satisfy both the isostress assumption and
the homogenised strain increment (Equation 3.22).

The isostrain and isostress homogenisation methods provide theoretical upper and
lower bounds for elastic material response. Between these bounds, a physically motivated
alternative is the self-consistent homogenisation method. Based on Eshelby’s inclusion
theory [85], this method assumes each phase to be an inclusion in the surrounding body
of homogenised state. As such, the stress, strain, and displacement fields of each phase
are affected by the homogenised state, of which itself is a contributing part. Originally
formulated for elasticity, the method is extended to plasticity by [86]. Unlike the isostrain
and isostress methods, this method does not prescribe the strain or stress increments.
Instead, the strain increment for each phase de, is computed as follows:

de, = A, : de (3.25)
where the fourth order concentration tensor A, is iteratively computed based on the
Eshelby tensor, see e.g. [87], in a fixed-point iteration procedure at the start of each time
increment. This pre-processing procedure uses the individual phase tangent stiffnesses E,
from the previous time increment to compute the current time increment concentration

tensors A, described in further detail in Paper B. The homogenised stress increment is
then computed similarly to the isostrain method (see Equation 3.23):

do = me o0 (dey — detl — de) me o0 (Ag :de — detl — det) (3.26)
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Unlike the isostrain method, both the isostress and self-consistent homogenisation
methods require additional computational steps to obtain each phase’s individual strain
increments. Of these additional steps, the algorithm of the self-consistent method is less
computationally expensive and more numerically stable. Papers B and C demonstrate
that this method also produces more physically realistic behaviour during the multi-phase
stages of the welding process. This is achieved by not stringently imposing the stress
or strain state of the parent phase onto the nucleation phase. As a result, a softer
parent phase can undergo plastic deformation while a stiffer nucleating phase exhibits
elastic behaviour. Another often used analytically based homogenisation method with
this capability is the isowork homogenisation method, which assumes that all individual
phases perform the same internal work, see e.g. [88, 84]. However, this method requires
an additional Newtonian iteration scheme, similar to the isostress method, to obtain the
individual strain increments such that the isowork condition is satisfied.

In contrast to linear mixture rules or analytically based homogenisation techniques,
a third option for homogenisation is to use an FE description of either a unit cell or
a representative microstructure in multi-scale simulations. Although potentially more
accurate, this approach is significantly more complex and computationally expensive,
particularly for transient simulations. Consequently, transient 3D macroscale welding
simulations using this method are rare. Comparable examples are limited but include
mesoscale transient simulations that consider hot cracking phenomena [89] and post-weld
(as-welded) low-cycle fatigue simulations [90].

3.4 Material modelling demonstration

The thermo-metallurgical-mechanical behaviour of the material model presented in previ-
ous sections is here demonstrated using a conceptual 3-bar welding simulation, described
in Paper C. The material model is implemented as user-defined subroutines in the com-
mercial FEM software Abaqus [91]. Figure 3.3 shows the model used in the FE-simulation,
with the heated bar in the centre and the two cold bars on either side. The cold bars are
five times wider than the heated bar. In the model, the centre bar is heated by prescribing
its nodal temperatures while constraining its axial expansion by rigidly connecting the
free end of the bar to the ends of the cold bars. This set-up estimates the longitudinal
stress component in a butt weld fusing two large plates.
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Figure 3.3: 3-bar FE-model, with the heated centre bar highlighted in red and the five times
wider cold bars on either side. The bars are connected via a rigid coupling highlighted by
thin green lines at the top of the bars.

Figure 3.4 presents the simulation results of the conceptual 3-bar welding simulation.
The top graph shows the prescribed temperature of the heated bar. Three 10 second
heating cycles from 20 to 1600°C are simulated, with the final heating cycle having a
slower, 30 second cooling cycle. This temperature load results in the phase transformations
and multi-phase states demonstrated by the volume fractions in the second graph. The
third graph shows how, as discussed in Paper C, the homogenisation methods produce
significantly different stresses during the phase transformations, with the self-consistent
method considered to produce the most physically realistic material response. The graph
also illustrates the virgin material state achieved in each melting and remelting cycle,
where the material response is repeated in each subsequent cooling and reheating cycle.

The fourth graph in Figure 3.4 illustrates the stress obtained using the self-consistent
homogenisation method with various modelling features turned off. This demonstrates the
significant influence of the modelling features. Specifically, it highlights how the influence
of a particular feature can be small at one time instance but significant at another. An
example of this is how, for the simulated temperature load, the stress obtained with and
without the virgin material annealing feature happens to become similar at the final time
instance, while differing at other time instances. Moreover, running the simulation with
elastic material phases or without phase transformations results in an unrealistic material
response, as expected. However, it is important to note that simulations without the
modelling features could produce more accurate results if the material parameters are
tuned differently, e.g adjusting the yield stress to account for high-temperature softening
or to simulate TRIP effects.
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Figure 3.4: Temperature load and simulation results for the 3-bar welding simulation shown
in Figure 3.3. Top graph: temperature load. Second graph: phase transformations and
volume fractions. Third graph: Longitudinal stress obtained by different homogenisation
methods. Fourth graph: Longitudinal stress obtained without modelling features.
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4 Computational mechanics in high tempera-

ture processes

4.1 Thermo-metallurgical-mechanical finite element
framework

High temperature operations in steels involve simultaneous thermal, mechanical and
metallurgical processes occurring on different time and length scales, as discussed in
Chapter 2. Most of aspects these processes can be accounted for using FEM, some of them
are described in Chapter 3. Figure 4.1 provides a schematic view of the couplings between
the thermal, mechanical and metallurgical processes, which have been described in more
detail by e.g. [57, 92]. Certain simplifications of these interacting couplings can be made
without significantly compromising the accuracy of the simulation results, as shown by e.g
[93, 94]. In line with the scope of the present work, this motivates the adopted strategy of
decoupling the thermo-metallurgical-mechanical analysis into a transient thermal analysis,
followed by a quasi-static mechanical analysis. The temperature field history obtained
from the thermal analysis drives the metallurgical processes described in Sections 2.2 and
3.1. The combined effect of these processes, together with any additional mechanical
loading, then determines the mechanical response of the material. Figure 4.1 illustrates
these coupling phenomena, with the black and grey arrows indicating included and
excluded coupling phenomena, respectively. In reference to Chapter §3, the corresponding

strain components are eth, €',

€'® and €’. Moreover, the adopted quasi-static assumption
of the mechanical analysis is widely accepted due to the negligible inertia effects in fusion

welding processes [95].

Phase transformations
ey

Thermal Metallurgical

3

<
%,
7

Mechanical

Figure 4.1: Coupling mechanisms between thermal field, microstructure evolution and
mechanical field in the applied thermo-metallurgical-mechanical simulation methodology.
Mechanisms written in black text are considered, while mechanisms written in grey text
are not considered in this work.
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In this simplified modelling framework, the exclusion of latent heat is believed to have
the greatest impact on the accuracy of the simulation, according to the literature, e.g.
[96]. However, several authors, e.g. [97, 98], have effectively applied this simplification
by claiming that the influence in welding applications is negligible, likely owing to the
substantial local heat input inherent in welding processes. This also justifies the assumption
that the influence of the plastic dissipation is negligible compared to the welding heat
input and that the deformations are small enough not to affect the geometry, and therefore,
neither the thermal boundary conditions. Moreover, the final simplification assumes that
the stress field does not affect the microstructure evolution, i.e. excluding stress-induced
phase transformations and the Magee TRIP effect [70]. This is largely a micromechanical
effect and therefore out of scope for the scales of mechanical problems considered in the
present work. It is worth noting that many of the more detailed alternative modelling
approaches briefly mentioned in Chapter 3 would not allow for the decoupling or one-way
interaction simplifications presented here.

4.2 Local heating events

Concentrated localised heating on the wheel tread and rail surface is detrimental to the
mechanical performance of the wheel-rail contact interface, as documented in wheel-rail
thermal loading reviews by e.g. [99, 100]. Elevated temperatures, caused by intense
frictional heat generated during train wheel brake lock-up or inadequate traction during
acceleration, can induce austenitisation in the sliding contact interface. Subsequent rapid
heat dissipation results in martensite formation, leading to stress concentrations and
heterogeneous, brittle material properties. These phenomena are known as wheel flats
on the wheel tread and wheel burns on the rail surface, and significantly contribute to
rolling contact fatigue. Numerical simulations of wheel flats are relatively rare in the
literature, see e.g. [18, 101], and simulations of the corresponding wheel burn induced rail
surface damage are even less common, see e.g. [102, 103]. Papers A and B utilise the
presented modelling framework to simulate events related to these occurrences. Paper A
investigates a double wheel flat scenario on a railway wheel, simulating the repeated
occurrence of wheel skidding at the same location, as illustrated in Figure 4.2. Paper B
replicates an experimental procedure, see [104], using focused laser heating on the railhead
surface, as depicted in Figure 4.3.

Figures 4.2b and 4.3c show the 2D axisymmetric FE models used in Papers A and
B for thermal and mechanical simulations. Both studies apply uniform heat flux to a
segment of the model surface and, importantly, demonstrate the modelling framework’s
capability to simulate the resulting phase transformations. In addition, Paper A uses
a 3D simulation of the same heating event and investigates how residual stresses are
influenced by subsequent cyclic mechanical loading. Figure 4.2 demonstrates that the
simulated phase transformations of the double wheel flat, as presented in Paper A, closely
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experimental procedure by Jessop et. al [104] and (b) corresponding metallographic
microscopy. (c) illustration of 2D azi-symmetric FE model. (d) predicted material phases
resulting from the applied surface heat flux.
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align with experimental results in [15]. Similarly, the rail surface laser heating simulation
presented in Paper B and shown in Figure 4.3 shows a good correlation between the
simulated and experimentally observed phase transformations.

The resulting residual stress fields from heating on the wheel and rail surface are
presented in Figures 4.4a and 4.4b. The stress plots combined with the volume fraction
plots shown in Figures 4.2d and 4.3d offers valuable insights for evaluating the risk of
subsurface cracking in the HAZ of the wheel and rail. Paper B also compares the simulated
residual surface stresses to experimental measurements, as shown in Figure 4.5. Specifically,
the figure compares the residual stresses obtained using different homogenisation methods.
Although the results are of the same order of magnitude and the overall trend is valid, none
of the homogenisation methods gives a perfect match. Moreover, only minor differences
between the methods were observed due to the short duration of the multi-phase stages.
However, in the narrow multi-phase region a the 2 mm radius mark in Figure 4.5, the
homogenisation methods differ significantly. It is worth noting that the modelling at this
stage did not include the liquid-like phase and the discretised annealing strain component
later introduced in Paper C. Rerunning the simulation with these updates (using the
self-consistent homogenisation method) improves the experimental correlation, as shown
in Figure 4.5. As a qualitative validation, the updated simulation model correlates better
with the surface micro cracks shown in Figure 4.3b, as it predicts somewhat higher
tensile surface stresses. However, it is important to note that the correlation between
experimental and simulation results is not as strong as presented in Paper D. This
emphasises the value of the simulation methodology used in Papers C, D and E, which
will be presented in Section 4.3.3.

Radial Stress [MPa] Radial Stress [MPa]

Figure 4.4: Residual stress fields (radial stress component in axi-symmetric FE model)
resulting from the simulated surface heating events. (a) Wheel flat simulalion from
Paper A, illustrated in Figure 4.2. (b) Rail surface laser heating simulation from
Paper B, illustrated in Figure J.3.
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Figure 4.5: Comparison of simulated radial surface residual stress, obtained using different
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simulation is performed in Paper B, and illustrated in Figure 4.3. Rerun simulation

results uses the material model improvements presented in Paper C

4.3 Welding

As mentioned in the previous sections, welding is an inherently complex, multi-physics
and multi-scale transient process that requires the consideration of several overlapping
physical phenomena in simulations. Modelling of numerous interacting phenomena in
wire arc welding is highlighted in the review article [106]. Fortunately, many of these
interactions prove to be negligible compared to what Lindgren [95] refers to as classical
computational welding mechanics (CWM), which only includes the interactions shown in
Figure 4.1. However, depending on the scope of the analysis, additional interactions may
need to be included. For example, the heat source model may require the inclusion of arc
physics, see e.g. [107, 108], while a focus on mechanical and metallurgical interactions
may require considerations such as grain growth, see e.g. [109, 110], or alloy precipitation,
see e.g. [111, 112]. These processes affect the residual state of the material and influence
properties such as hardness, strength and toughness. However, in macroscopic welding
simulations it is primarily the phase transformation aspect that is most often considered,
the influence of which is illustrated by the 3-bar example presented in Figure 3.4.

To apply the macroscopic modelling framework of Papers A and B in multi-pass
repair welding simulations following typical CWM principles, Paper C introduces models
for both the heat source and the filler material.

4.3.1 Heat source modelling

3D welding heat transfer simulations typically require the modelling of the moving heat
source in the wire arc welding process. Two common techniques found in the literature
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are either the use of prescribed nodal temperatures, see e.g. [113, 114], or the use of
prescribed heat flux, see e.g. [98, 115, 116]. Modelling of the actual arc physics is a
complex area of research, although it is possible, see e.g. [117], it is not required at
the detail level considered in this thesis. In Papers C, D and E the technique with a
prescribed heat flux is adopted.

To model the heat flux from the welding arc, several heat distribution shapes have
been proposed in the literature. Common choices are the Gaussian distribution, see e.g.
[118], a double ellipsoid distribution, see e.g. [119, 120], and a conical distribution, see
e.g. et al. [121]. In [122], results of the three distributions are compared and it is shown
that all give valid predictions of the temperature field, with the latter two giving very
similar results. For high fidelity predictions of the fusion zone, intricate combinations of
heat flux distributions may be advantageous, see e.g. [123]. The simulations of manual
arc welding in Papers C and E adopt a double ellipsoid heat distribution, while the
simulation of laser weld heating in Paper D adopts a Gaussian heat distribution, as
shown in Figures 4.6a and 4.6b. These are implemented in Abaqus [91] as user-defined
subroutines and also include a cut-off temperature.

Figure 4.6: Generic illustrations of (a) a double ellipsoid heat source used in Papers C
and E and (b) a Gaussian heat distribution used in Paper D.

In CWM, it is widely acknowledged that the accuracy of the heat input modelling
significantly influences the fidelity of simulation outcomes, see e.g. [124, 125, 126]. This
can also be understood from Figure 4.1, as the applied heat flux dictates the temperature
field and thus indirectly the mechanical and metallurgical simulation outcome. To address
this crucial aspect, the heat source modelling in Papers D and E is carefully tuned by
comparing simulation results to experimental measurements demonstrated in Figures 4.7
and 4.8, respectively. In the tuning procedures, the power of the welding machine and
the traversing speed of the weld torch are known. Therefore, the tuning is focused on
adjusting the spatial distribution parameters of the heat sources and the heat source
cut-off temperature. These parameters are manually adjusted such that the simulated
regions undergoing phase transformations match surface hardness and metallographic and
cross-sectional hardness measurements.
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A similar approach is adopted in the welding simulations presented in Paper C.
However, this study replicates an experimental process from the literature [127, 128]
and could not be tuned as precisely due to the lack of data. A more accurate and less
ambiguous method for adjusting the heat source would be to calibrate using transient
temperature measurements, see e.g. [129, 130]. Unfortunately, no such measurements
were available for the work presented in the appended papers.

Moreover, the complexity of accurately modelling the heat source is emphasised by
the metallographic study of HAZs presented in Paper D. The study demonstrated that,
in certain cases, a significant difference in effective heat input had only a minor impact
on the resulting phase transformed region. This highlights the importance of knowing
process parameters, such as the input power and torch speed of the welding machine.
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Figure 4.7: Calibration of heat source used in simulations presented in Paper D. (a)
surface hardness measurement and simulate material phases. (b) simulated temperature
field. (¢) microscopic metallographic image of martensitic band. (d) simulated martensitic
band on the material sample surface.

4.3.2 Filler material modelling

In wire arc welding, filler material is continuously added during the welding process and
the applied heat melts both the filler and the base material, fusing the two components
together. To accurately simulate this process using FEM, the simulation model must be
able to handle elements that are continuously added during the simulation. Two common
approaches to this modelling challenge can be found in the literature; the quiet (or silent)
element technique, see e.g. [113, 131, 132], and the element birth (or inactive) technique,
see e.g. [129, 133, 134]. Comparative studies, by e.g. [135], show that both methods
produce similar temperature and stress fields in thermal and mechanical simulations.
However, the quiet element approach is more conveniently implemented in the software
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Figure 4.8: Calibration of heat source used in simulations presented in Paper E. (a)
surface hardness measurements and plot paths used in simulation calibration. (b) three
graphs showing hardness measurements and simulate material phases plotted along the
respective colour highlighted plot path.

used in this study (Abaqus) and can be easily incorporated into the multi-phase modelling
described in Section 3.2, and is therefore the preferred method in the presented work.

In the thermal simulations, the quiet elements, representing the non-activated filler
elements, are given a low thermal conductivity and an initial temperature equal to the
cut-off temperature of the heat source. When activated by the moving weld torch, they
are given regular thermal properties allowing them to absorb heat flux from the heat
source and to participate in heat transfer. To avoid fictitious temperature gradients
between the filler and base material elements, these elements do not share nodes. Instead,
the interface is connected by a conduction contact that is activated at the same time as
the quiet elements, similar to the gap conduction elements used by e.g.[136].

For the mechanical simulations, the quiet state of the filler elements is achieved by
assigning these elements the liquid-like phase. The mechanical properties of these elements
are then such that they do not influence their neighbouring activated elements. During
the solidification process, the annealing strain component removes the effect of any strain
accumulated in the quiet state, similar to the proposal in [74]. Similar to the FE mesh of
the heat transfer simulation, the filler elements do not share nodes with the base material
and tie constraints are used to permanently connect the surfaces. The nodal positions of
the filler elements are not adjusted upon element activation as in e.g. [137, 138]. This
simplification is valid if the deformations are small, which is assumed in the modelling
presented in Section 3.2.
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4.3.3 Methods for improved computational efficiency

When simulating the welding process, careful consideration must be given to which
and how to include the various overlapping multi-physics and multi-scale phenomena
discussed in Section 4.1. Computational modelling of these interacting phenomena is
computationally expensive and requires good knowledge of both material characteristics
and process parameters. Despite incorporating conventional CWM simplifications, as
shown in Figure 4.1, the computational time and amount of input data required to simulate
a full-scale 3D multi-pass welding process are often beyond the practical limits for the
modelling to be a useful engineering tool. This computational challenge underscores the
need to explore innovative methods that balance computational efficiency with accurate
representations of the inherent complexities of welding.

Using a coarser mesh to save computational cost is often not a viable option as a
dense mesh is required to accurately predict thermal gradients and thereby resolve stress
gradients in critical areas such as the fusion zone. A dense mesh also reduces the effects
of inconsistent continuity of the total and thermal stress fields, see e.g [139, 140, 141]. A
computationally efficient way to obtain a dense mesh in the moving HAZ while having a
coarse mesh in the far-field regions is to use an adaptive mesh scheme, see e.g. [142, 143].
Using combinations of shell and solid elements in the FE mesh is another way to gain
efficiency, see e.g. [144, 145, 146]. An alternative method to enable larger time steps in
the simulations is to not add or activate the filler elements one by one, but to lump them
into larger segments, so called macro beads, cf. [147], and activate them simultaneously,
see e.g. [148, 138]. When simulating multi-pass welding scenarios, it is also common
to lump multiple passes or layers together, see e.g [149, 150]. It should be noted that
although many of the mentioned discretisation techniques date back decades, they remain
highly relevant in modern applications such as additive manufacturing simulations, see
e.g. [151, 152].

As explained above, the computational cost is to some extent cumulative when different
thermo-metallurgical-mechanical phenomena are included in the transient weld analysis.
One remedy is not to simulate these interactions explicitly, but instead use the inherent
strain method. In this method, an a priori determined strain tensor, containing the plastic,
thermal, creep and transformation strains resulting from the welding process, is imposed
on the elements of the HAZ during the simulated welding process, see e.g. [153, 154].
Although this method is computationally efficient, some disadvantages are that all details
of the welding conditions may not be fully accounted for and deriving the inherent strain
tensor is not a trivial task.

The use of FE model reduction or sub-model techniques is another way to improve
computational efficiency without necessarily omitting thermo-metallurgical-mechanical
phenomena. The simplest and most commonly used model reduction is the use of 2D
simulations. For structures that are geometrically uniform in the weld direction, 2D
simulations have been shown to reproduce 3D simulations and experimental measurements
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with acceptable accuracy, see e.g. [155, 156, 157]. A similar approach is adopted in the
simulation methodology developed in Paper C. As will be described in Section 5.2, this
methodology takes advantage of the longitudinal uniformity of the rail by combining a less
computationally expensive, full scale 3D heat transfer simulation with a computationally
efficient 2D mechanical simulation. Although more sophisticated model reduction schemes
can be found, e.g. in [158], Papers C and D show that the 2D model simulation results
correlate reasonably well with experimental measurements and reproduces the results
obtained using a 3D mechanical simulation model, as shown in Figure 4.9. The figure
compares stress histories at two points in the rail repair procedure presented Paper C
(Figures 4.9a and 4.9b), and surface residual stresses from laser heating simulations, as
presented in Paper D (Figure 4.9d). Importantly, this modelling allows for full utilisation
of the material modelling presented Chapter 3 at a fraction of the corresponding complete
3D model simulation time, as demonstrated in Figure 4.9c.
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Figure 4.9: Comparison of 3D and 2D GPS simulation results. (a) and (b) presents
transient longitudinal stresses during preheating and one weld pass using the 3D and the
2D GPS model (from Paper C). (c) illustrates the computational times (from Paper D).
(d) shows surface residual stresses following laser heating of an ER7T material sample
obtained using the 3D and the 2D GPS models as well as experimental results (from

Paper D).
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5 Rail repair welding simulations

5.1 Welding of rails

Rail welding serves two main purposes: joining rails during track construction and repairing
damaged rail. In Sweden, rail sections are typically assembled by flash butt welding in
a stationary plant before being transported to the field and joined by aluminothermic
(thermite) welding [19]. In field repair welding, the damaged railhead material is removed
and new material is added, layer by layer, using arc welding. All three welding processes
induce phase transformations, residual stresses and variations in hardness and toughness,
see e.g. [159, 160]. This makes continuously welded rails discontinuous in terms of
microstructure, mechanical properties and residual stresses [161].

It is worth noting that these distinct rail welding processes differ significantly from
conventional arc welding. Thermite welding closely resembles a casting process, whereas
flash butt welding effectively forges the two rail ends together. Repair welding, as
investigated in Papers C and E, differs from conventional arc welding in terms of
material composition and welding process characteristics. The rail material has a higher
carbon content than typical steels designed for welding, and the repair welding process
is more akin to wire arc additive manufacturing (WAAM). Comparing the three rail
welding processes, the lower heat input in repair welding affects a smaller area, resulting
in higher cooling rates, and each new pass reheats the previous layers, causing more
pronounced cyclic strain and an increased risk of martensite formation. This increased
risk of unfavourable material phases is one of the motivations for the work presented in
this thesis.

5.2 Repair welding simulation methodology

The simulation of repair welding places higher demands on numerical tools than thermite
or flash butt welding due to the cyclic thermal loading and the complex evolution of the
stress field and microstructure. As discussed in Section 4.3.3, numerical simulations with
the required level of detail are computationally expensive. In response, Paper C presents
a repair welding simulation methodology that combines the constitutive modelling from
Chapter 3 together with the filler material and heat source modelling from Chapter 4 in a
2D Generalised Plane Strain (GPS) model of the rail cross-section. The 2D GPS models
used for the mechanical part of the repair welding simulations presented in Papers C
and E are shown in Figure 5.1. The figure illustrates how the 2D section is assumed to lie
between two bounding rigid planes that are capable of axial translation (Az) and rotation
about the pitch and yaw axes about a defined pivot point (A«). These translation and
rotation degrees of freedom allow the 2D model to simulate out-of-plane, membrane and
bending behaviour.
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Figure 5.1: Illustrations of railhead repair welding simulation models. a) the 3D and 2D
model from Paper C. b) the 3D and three 2D models from Paper E. c) a schematic
illustration of the 2D GPS model (from Papers C and E).

When compared to the corresponding full-scale 3D simulation, as shown in Figure 4.9,
the 2D GPS model reproduces the transient longitudinal stress component remarkably
well at a fraction of the computational cost. This correlation is achieved by assigning axial
and rotational stiffnesses to the degrees of freedom of the 2D model’s bounding planes and
matching these stiffnesses to those of the full-scale 3D FE model, schematically illustrated
by the spring stiffness K in Figure 5.1c. The numerical values of these stiffnesses have also
been confirmed using Euler-Bernoulli beam theory. The methodology is further validated
in Papers C and D by generating residual stresses that correlate well experimental
stress measurements. As mentioned in Section 4.3.3, 2D welding simulation models have
successfully reproduced the results of a 3D model several times in the past, typically for
butt or fillet welds in plates. The 2D GPS model extends the ability of 2D models to be
applied also to railhead repair welding.

Furthermore, in Paper D, simulations using the presented methodology provide
detailed insights into the interaction between thermal strain and martensite transforma-
tion in both melted and non-melted material. The simulations illustrates how thermal
contraction of previously melted material partially counteracts martensite expansion,
leading to increased tensile stresses in the previously melted part of the martensite region.
Experimental measurements confirm this phenomenon, validating not only the simulation
methodology but also the constitutive material modelling, see Section 3.2. However, it
should be noted, that the simulations presented in Paper D are for overlapping laser
heating sequences rather than welding, i.e. no filler material is added.
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5.3 Repair welding simulations

Although numerical simulations of railhead repair welding procedures are rare in the
literature, notable examples are [128, 162, 148]. Compared to these examples, the material
model used in Papers C and E allows for several interacting phenomena in CWM to be
modelled in greater detail, e.g. homogenisation of multi-phase material states and virgin
material state recovery. Furthermore, the presented simulation methodology uses other
FEM-based simplifications, which allow for e.g. continuous addition of filler material and
relatively fine FEM mesh discretization.

In Paper C, a repair welding experiment presented in [127, 128] is simulated and
results are compared to the experimental measurements therein. This repair welding
procedure consists of a rectangular cut-out of the railhead, see Figure 5.1a, followed by
several longitudinal weld passes to fill this gap, illustrated in Figure 5.2a. In contrast, the
repair welding procedure simulated in Paper E follows the Swedish regulations for stick
welding railhead repairs [163, 164, 165]. Here, the cut-out is made with chamfers at 45°,
see Figure 5.1b, and the repair weld is made by longitudinal passes along the outer edges
of the rail followed by powerful zig-zag passes in between as is illustrated in Figure 5.2b.
Comparing the two rail repair welding procedures, much fewer weld passes are simulated
in Paper C than in Paper E, 12 and 86 passes respectively.

- =

(b)

Figure 5.2: Railhead repair welding 2D GPS simulation models for cross sections 1 of
Figure 5.1a, from (a) Paper C and (b) Paper E. Separate colours indicate the individual
weld passes.

Figure 5.3 presents results from the repair welding experiment simulation presented
in Paper C. The left graph compares the longitudinal residual stress to experimental
measurements. Plotted from top to bottom through the centre of the 2D cross-section, the
figure shows how simulation results correlate well with the experimental measurements,
except for the surface measurement point. However, it is important to note that the
experimental procedure included corrective grinding after the welding, which may induce
compressive surface stresses, see e.g. [166]. The simulations do not explicitly include
the grinding process, which could explain the discrepancy in the residual stresses on the
rail surface. Furthermore, accident reports regarding the failure of repair welded rails
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often indicate that the fusion zone between the filler and base material, as depicted in
Figure 5.3b, is the critical region for fatigue crack initiation, rather than the surface
[167]. This critical region is also supported by the findings of the over-rolling simulations
performed in Paper E and presented in Section 5.4. The simulations demonstrate that
operational loads result in a redistribution of residual stresses on the rail surface, while
subsurface residual stresses remain high.

Furthermore, the study presented in Paper C also compares different homogenisation
methods, as shown in Figure 5.3. These methods produce stress-time histories that
differ significantly, resulting in distinct residual stresses due to the prolonged multi-phase
material states caused by the transformation kinetics of the weld filler material. This
significant difference in residual longitudinal stress is illustrated in Figures 5.3c and 5.3d.
The self-consistent method provides the best overall correlation with experimental results
and, as discussed in Section 3.3, gives a more physically correct material behaviour.
Therefore, only the self-consistent homogenisation method was used in Papers D and E.

In Paper E, a rail repair welding process parameters study is presented. The
study follows the Swedish repair welding regulations [163, 164, 165] and analyses how
variations in preheat and operating temperature conditions, as well as variations in repair
geometry affect the quality of the repaired rail. Simulation results for the reference case
of the parameter study are presented in Figure 5.4, illustrating the material phases and
longitudinal residual stress field for the three cross-sections presented in Figure 5.1b.
Noteworthy findings of the process parameter study include that the powerful final zig-zag
weld passes, illustrated in Figure 5.2b, generate significantly more heat than any additional
pre-heating, re-heating or post-heating. The process is thereby quite robust in terms of
its insensitivity to variations in the additional heating procedures. Moreover, in terms of
unfavourable material phases and longitudinal tensile residual stresses, the most critical
regions are identified at the final stretches of the repaired rail section where cooling rates
are more rapid. This can be concluded from the material phases and tensile residual
stresses presented in Figures 5.4b and 5.4e illustrating the rail cross-sections at the final
stretch of the repair (highlighted in Figure 5.1b).

When comparing the two welding procedures discussed in Papers C and E, it should be
noted that the process parameter study in Paper E also examines a rectangular railhead
cutout similar to that used in Paper C (see Figures 5.1a and 5.1b). The parameter
study shows that the rectangular railhead cutout results in higher residual tensile stresses
compared to the chamfered railhead cutout used in the Swedish regulatory procedure.
This difference can be observed by comparing the results shown in Figures 5.3d and 5.4d.
Furthermore, the zig-zag weld passes in Swedish procedure prove to be advantageous in
maintaining the operating temperature above the martensite starting temperature for a
longer duration and over a larger region compared to the longitudinal weld passes used
in Paper C. This can be concluded by comparing the results presented in Figures 5.3b
and 5.4a. These results indicate that the welding directions used when adding new rail
material, i.e. the build-up paths, significantly affects quality of the repaired rail. This is
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Figure 5.3: Railhead repair welding simulation results from Paper C, illustrating the
cross-section presented in Figure 5.1a. (a) Longitudinal residual stress along the center-line
of the repaired cross section, simulation results obtained using the linear mixture and
self-consistent homogenisation methods, experimental results obtained from [128]. (b)
Material phases resulting from the repair welding. (c) and (d) Longitudinal residual stress
field obtained using the linear mizture and self-consistent method, respectively.

anticipated when considering the aforementioned similarity to WAAM, where the effects
of different build-up path strategies have been investigated both experimentally and
numerically, see e.g. [168] and [169].

Furthermore, as discussed in Section 5.1, the different rail welding processes are
inherently different and results in dissimilar residual stress fields. Flash butt and thermite
welding involve high heat input over the entire rail cross section, leading to slow and
uniform cooling. Whereas repair welding, as presented in Papers C and E, involves
lower and cyclic local heat input in the railhead, resulting in faster cooling and more
complex microstructure evolution. Consequently, the temperature gradients during these
welding procedures are significantly different, resulting in distinct residual stress states.
Flash-butt and thermite welding typically result in a compressive longitudinal residual
stress field in the rail toe and head, and a tensile stress field in the rail web, see e.g. [19,
170]. In contrast, railhead repair welding produces the opposite relationship between
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Figure 5.4: Railhead repair welding simulation results from Paper D, illustrating the three
cross-sections presented in Figure 5.1b. (a), (b) and (c) material phases resulting from
the repair welding for cross-sections 1, 2 and 3, respectively. (d), (e) and (f) longitudinal
residual stress field obtained using the self-consistent method for cross-sections 1, 2 and 3,
respectively.

tensile and compressive stresses, as illustrated in Figure 5.3a. Hence, the residual stresses
resulting from repair welding may be more critical in terms of initiating fatigue cracks.
This is one of the motivating factors behind the studies presented in Papers C and E.

5.4 Railhead repair performance

There is a general consensus in the research community that rail welds constitute a weak
point in the railway network. It is estimated that between 25% and 70% of rail failures
occur in the vicinity of welds, depending on the type of rail and traffic, see e.g. [171, 172,
173]. Residual stresses resulting from flash butt welding, thermite welding and railhead
repair welding differ from manufacturing residual stresses and can adversely affect rail
performance, see e.g. [174, 175]. Rail welding also introduces additional complexities not
considered in the appended papers, such as surface irregularities that increase dynamic
loads, see e.g. [176, 177], subsurface defects that degrade fatigue properties, see e.g. [178],
and a microstructure with varying grain size, see e.g. [179]. The quality of a rail weld
is therefore not only determined by its residual condition, but also by its mechanical
performance under operational service loading. Therefore, rail welding simulations often
include over-rolling simulations to evaluate the fatigue performance of welded rail sections,
see e.g. [180, 181, 182, 183]. For this reason, in Paper E, the repair welding simulation
methodology is extended to also include over-rolling simulations and evaluation of fatigue
crack initiation.
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The over-rolling simulation setup uses parts of the over-rolling simulation procedure
presented in [184]. Starting from field measurements, a 2D equivalent over-rolling load
sequence is derived from 3D Hertzian contact loads. In short, the equivalent loads
implemented in the 2D GPS model use scaling of the boundary load per unit length to
match the same maximum von Mises stress as from a metamodel of 3D elasto-plastic
normal contact. The metamodel accounts for local radii at the wheel-rail contact points,
cf. [185]. The factors used in the scaling are computed a priori and implemented through
the force equilibrium in the element assembly of the FE-solver. Only normal and lateral
contact loads are considered in the simulations. However, the degrees of freedom of the
cross-section bounding planes of the 2D GPS model allow for bending and axial loads
in the rail to be included. The contact loads are obtained from multi-body dynamic
simulations performed in [186], where a curved rail section along the western mainline in
Sweden was simulated. In these multi-body simulations, a typical traffic sequence for the
curve was used with representative variations of vehicle type (90% passenger trains and ,
axle loads from 11.7 to 21.0 tonnes), wheel profile (based on 279 measured profiles) and
vehicle speed. The defined representative traffic sequence contained 483 different wheel
passages. The sequence is repeated several times to generate 2000 of over-rolling wheel
passages.

Figure 5.5 shows the longitudinal residual stresses resulting from the simulated over-
rolling simulations in Paper E. A comparison of these results with the welding residual
stresses presented in Figure 5.4 reveals that the welding residual stresses on the rail
surface tend to be redistributed and alleviated by train wheel passages. However, welding
residual stresses at some distance below the rail surface exceed over-rolling stresses by an
order of magnitude. As a result, the over-rollings have less impact on the stress state in
this region. Similar trends of surface residual stress redistribution are also observed in
simulations of flash butt and thermite welding over-rollings, see e.g. [170, 187].
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Figure 5.5: Ower-rolling simulation results from Paper D, illustrating how the repair
welding residual stresses presented in Figure 5.4 are affected by post-repair operational
loads. (a), (b) and (c) presents longitudinal residual stress field obtained using the self-
consistent method for cross-sections 1, 2 and 3, respectively.

38



In Paper E, the impact of repair weld residual stresses during operational over-rolling
loading is evaluated using the Dang Van stress fatigue criterion. This criterion is often
used in fatigue analysis for railway applications, see e.g. [188, 189, 162]. When interpreting
the Dang Van stresses calculated in Paper E, it is important to consider the limitations
of the 2D GPS model and the simplified modelling of the over-rollings. With these
limitations, the evaluation should be restricted to qualitative comparisons of the fatigue
performance effects of varying repair welding process parameters. In this context, most of
the repair welding cases considered in the parameter study produce similar Dang Van
stress results. Comparison with over-rolling simulation results from an unrepaired rail
demonstrates that fatigue performance improves in regions of high compressive residual
stress and worsens in regions of tensile residual stress, as expected.

It should be noted that, similar to welding simulations, full-scale 3D wheel-rail rolling
contact simulations require significant computational resources. Simulating a single day’s
traffic can take weeks [190]. Even with advanced simulation techniques, achieving a
computation time of less than one minute per over-rolling cycle is challenging [191].
Consequently, over-rolling simulations often use 2D models in the length direction of the
rail, see e.g. [192, 193], rather than the transverse rail cross-sectional models used for
the repair welding simulations presented in Papers C and E. As a rough comparison of
computational time, the over-rolling method implemented in Paper E performs about
three over-rollings per minute of calculation time.

When comparing the over-rolling simulations presented in Papers A and E, an
apparent difference is that the former focuses on the wheel, whereas the latter focuses on
the rail. However, there are several similarities between the studies. The 3D simulations
in Paper A also use a discretisation of the transient rolling contact problem by simulating
a traversing contact pressure distribution on the wheel tread. The shape of the pressure
distribution is estimated using a super-ellipsoid, which is adjusted to match indentation
simulations as presented in [17]. This approximation takes into account both the stiffness
variation due to the wheel flat and the traction variation in the contact patch. Although
the load magnitudes in Papers A and E are comparable (20 tonne axle load), the traction
loads are different. Paper A uses a tangential traction load simulating a brake or drive
wheel, while the 2D simulation in Paper E uses a transverse traction load derived from
multi-body simulations of a curved track section. Comparing the simulation results,
both studies show that during over-rolling, residual stresses induced by thermal loads are
redistributed at the surface, but increased a short distance below the surface. Highlighting
the subsurface region as the most critical in terms of the risk of fatigue crack initiation
due to unfavourable material phases and residual stresses following thermal loading.
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6 Concluding Remarks and Future Work

6.1 Concluding Remarks

A phenomenological material model was developed for thermo-mechanically loaded
pearlitic steels, incorporating cyclic plasticity, phase transformation kinetics and an-
alytically based multi-phase homogenisation. The phase transformations considered
included austenitisation, tempering of martensite and bainite during heating and transfor-
mation of austenite to pearlite, bainite or martensite during cooling. Cyclic plasticity was
modelled using a Chaboche plasticity model with a von Mises yield function, non-linear
isotropic and kinematic hardening, temperature dependent material parameters and
transformation-induced plasticity.

Dilatation simulations using the developed constitutive material model showed that the
choice of homogenisation method played a crucial role in the resulting stress-strain state.
This was particularly evident during multi-phase stages and cyclic thermal loading. Four
homogenisation methods were compared: isostrain, isostress, a linear mixture rule, and
a self-consistent method. Of the four, the self-consistent method was shown to produce
the most physically accurate material behaviour. The numerical demonstrations also
highlighted the importance of the model’s ability to account for the recovery of a virgin
material state during cyclic melting and solidification.

The material model has been implemented in finite element simulations of a double
wheel flat, involving two heat pulses on the tread of a railway wheel, followed by about
ten over-rollings. The simulations used a one-way coupling between the thermal and the
mechanical fields, where the temperature field from the heat transfer analysis drives the
subsequent mechanical analysis. The two heat pulses induced subsurface residual tensile
stresses which slightly redistributed and, importantly, stabilised during the over-rollings.

A railhead repair welding simulation methodology was developed incorporating the
material model. This methodology takes advantage of the axially uniform rail geometry
and combines a 3D heat transfer simulation with a 2D mechanical simulation. The 2D
model is a generalised plane strain model of the rail cross-section, which takes the out-of-
plane axial and bending stiffnesses of the rail into account. This methodology reduces
the immense computational cost normally associated with full-scale multi-pass welding
simulations, while still incorporating several interacting thermo-metallurgical-mechanical
phenomena of the welding process. The methodology was able to replicate the results of
the more computationally intensive 3D model and demonstrated reasonable agreement
with residual stress measurements from literature. Additionally, a laser heating experiment
was carried out further tune and validate the methodology. The simulations were able to
replicate residual stresses and material phases, as well as providing valuable insights into
the interaction between thermal strain and martensite transformation in both melted and
non-melted material.

40



The simulation methodology was used in a railhead repair welding process parameter
study to investigate the effect of variations in preheating, operating temperatures and
repair geometry on the residual stress state and the resulting material phases. Additionally,
a railhead welding experiment was conducted to tune the heat source modelling of the
welding simulations. The parameter study revealed that the powerful final weld passes
contribute significantly to the robustness of the process, making it less sensitive to
variations in additional heating procedures. Consistent with field observations, the
simulations identified the fusion zone of the base and filler materials, at the start and
end stretches of the repaired rail section, as the critical regions in terms of unfavourable
material phases and residual stresses.

Furthermore, the simulation methodology was extended to include over-rolling sim-
ulations, which represent train wheel passages on the repaired rail surface. The risk of
mechanical fatigue crack initiation was evaluated by comparing the Dang Van stress of
the repaired rail to that of an un-repaired rail, based on the results of 2000 simulated
wheel passages. The study demonstrated that welding residual tensile stresses at the
rail surface are redistributed and relieved by over-rollings, while residual stresses some
distance below the rail surface are less affected and remain high.

In summary, the research in this thesis achieved several key objectives outlined at the
outset. Firstly, a material model was further developed to accurately simulate the thermo-
metallurgical-mechanical behaviour of pearlitic steels under cyclic high-temperature
processes. Secondly, the model was integrated into a computationally efficient finite
element framework, allowing simulations of various railway scenarios, including railhead
repair welding processes, heating events on the train wheel thread, and over-rolling
simulations. Furthermore, several results were validated against experimental data to
ensure simulation accuracy. Although significant progress was made towards achieving
the stated objectives, there are still areas for potential future research, which are outlined
in the following section.

6.2 Outlook

Whilst the presented results underline the efficiency and accuracy of the material mod-
elling and finite element simulation methodology, it is important to note that several
simplifications and assumptions have been introduced which warrant further investigation
of their impact. Some possible directions for future work are outlined below, divided into
the categories of improving material modelling techniques and developing finite element
method process simulations.
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e Material modelling

The effects of including viscous material behaviour at higher temperatures and
physically based annealing in the modelling can be substantial during the prolonged
stages at elevated temperatures occurring in repair welding. The impact of including
these effects in the welding simulation methodology could be investigated.

Internal variable inheritance can be examined for better understanding and more
realistic modelling of how history effects of hardening and plasticity are transferred
from the parent phase to the nucleating phase. The development of a material phase
inheritance rule would be required.

The heat transfer simulation could be extended to account for latent heat during
phase transformations. Its influence might be considerable when cooling rates are
relatively slow, e.g. in certain repair welding procedures.

To increase the reliability of the simulation results, it is necessary to improve the
database of phase-specific material properties and calibrate the models accordingly.
For instance, the material parameters related to transformation induced plasticity
can be further investigated.

Repair welding simulations show that both martensite and bainite transformations
are likely to occur, and tempering of these transformations is expected. Improve-
ments in modelling of the tempering process could enhance the simulation outcomes.

Based on their effect on simulation outcomes, further investigation into homogeni-
sation methods may be worthwhile, e.g. using the iso-work method or multi-scale
modelling techniques. Also, multi-stage homogenisation may be explored to simulate
a parent and nucleating phase transforming while surrounded by a non-participating
matrix phase.

¢ Finite element simulations

The fidelity of the simulation procedure could be improved by more advanced
tuning of the heat source modelling, preferably using transient temperature history
measurements.

Simulation results from the presented methodology can be compared to those
obtained from commercial welding simulation softwares. Additionally, it may be
worthwhile to investigate the use of commercial software to facilitate the FE-model
setup procedure for large-scale simulations.

The ability to use the presented methodology to simulate other important railway
maintenance actions such as corrective grinding of the rail can be investigated.

The over-rolling simulations could be developed further by considering additional
realistic conditions and contact loading scenarios. For instance, including axial and
bending loads in the rail may improve the understanding of rail fatigue performance.
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Studying the influence of in-service operational parameters, such as train speed and
axle loads, on the repaired rail performance can provide valuable insights for process
optimisation. Similarly, the effect of post-repair subsurface material heterogeneities
and defects could also be studied.

Although the 2D simulation procedure is limited to axially uniform geometries, it
may be useful in other manufacturing processes, such as wire arc additive manufac-
turing, and for materials other than pearlitic steels. Additionally, it may be worth
exploring the possibility of using multiple 2D simulations to obtain an interpolated
representation of the material state in a 3D structure.

This outlook sets the stage for future research initiatives, aligning with the continuous
pursuit of advancements in the field of rail welding and thermo-metallurgical-mechanical
simulations.
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