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Abstract

Transport by train for passengers and for industrial logistics require advancements
on the maintenance and demand a deeper understanding of the damages that in-
fluence the railway system. Railways experience significant mechanical and thermal
loads at the wheel and rail interface, which demand materials with high durability
and to prevent failure mechanisms. While fine pearlitic steel (R260) is the predom-
inant material used in Europe, certain areas such as switches and crossings S&C'
employ alternative materials like Mn13, Hadfield steel, or bainitic steel to withstand
high dynamic impact.

By examining the microstructural changes and hardness variations in these railway
steels, this study contributes to a deeper understanding of the effects of mechanical
deformation and thermal exposure in the wheel and rail interface. These findings
can provide information to improve maintenance strategies aimed at preventing fail-
ures and increasing the lifetime of railway systems.

This project aims to characterise the microstructural changes and evaluate the hard-
ness properties of two railway steels, R260 and Mn13, in the heat-affected region. By
subjecting the materials to mechanical deformation and thermal pulses, this study
seeks to gain insights into the damage interactions that may occur at the wheel and
rail interface.

The result confirms that R260 steel transforms to martensite, forming a thin layer
known as a white etching layer (WEL) at the surface after thermal pulses. The rolled
austenitic manganese steel instead remelts and forms a layer with a combination of
dendrite and columnar structure, similar to cast or welded Mn13. Notable observa-
tions include the increased presence of segregated carbides along the heat-affected
zone, grain boundaries, and solute accumulation in between the dendrites.
Microhardness and microstructural evaluations were conducted on both untreated
bulk materials and those subjected to deformation and thermal exposure. In the
thermally exposed region, the R260 steel shows an increase in hardness, while the
hardness instead decreases in Mnl13. Insights into what affects the hardness and
why the microstructure changes are presented in the report.

Keywords: White etching layers WEL, austenitic manganese steel, Mn13, phase
transformation, railway steel, microstructure, hardness
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1

Introduction

In railway operation, thermal loads by frictional heating causes temperatures that
reach close to the melting temperature. Mechanical loadings by impact causes both
accumulation of plastic strains, and impact loadings with high local stresses and
strains. This study will examine the phenomena that occur when austenitic high
manganese steel and pearlitic steel is subjected to both impacts.

Trains are widely utilised for transportation purposes, including freight trains, for
various industries. To ensure reliable operations and extend the service life of rail-
ways, proper maintenance is crucial to preventing failure mechanisms. Existing rails
are exposed to varying types of loads and temperatures, which force the material
to undergo a metallurgical transformation. Different types of damaging mechanics
can be found, rolling contact fatigue (RCF') or wear and plastic accumulated defor-
mation for instance. These failure modes are particularly common within railway
systems [1].

The primary material employed in railway tracks is pearlitic steel (R260), which
exhibits sensitivity to both thermal and mechanical loads. However, due to its rel-
atively low fracture toughness, it may not be the optimal choice for switches and
crossings (5& ') components that experience high dynamic impacts. Although R260
is occasionally used in these applications, a more advantageous option is austenitic
high manganese steel, also called Hadfield steel. This type of steel offer superior
impact toughness and work hardening properties [2].

One way to prevent failure and increase the lifetime of railways is to develop knowl-
edge of the materials. In this report, changes in microstructure, and their hardness
distribution in the heat-affected region are analysed for two typical railway steels,
austenitic manganese steel (Mn13) and fine pearlitic steel (R260).

Frictional and mechanical loads from acceleration, deceleration, and sliding, between
the wheel and rail give rise to local thermal shock. At this temperature, pearlite
(o 4+ [-phase) transforms to austenite (y-phase). Due to the short time of contact
between the rail and wheel, self-cooling occurs immediately after passage due to a
large temperature gradient between the surface and the bulk material. The high
cooling rate will lead to a layer of a martensitic structure defined as a white etching
layer (WEL) [3]. A WEL can be visible at the surface when thermal impact and
rapid cooling occur, this phenomenon gives rise to new mechanical properties. There
are two hypotheses on how the WEL occurs, one originates from repeated plastic
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deformations, which lead to increased strain in the cementite at the same time as
grain refinement takes place, referred to as a nanocrystalline microstructure. The
other hypothesis is phase transformation due to heating and rapid cooling. How
these hypotheses interact is still unknown [4]. The wheel-rail interface experiences
a unique combination of mechanical and thermal stresses, which affects the under-
standing of why a failure has occurred and it can be difficult to identify the cause.
This is because the surface is gradually modified by the loads and exposed to tem-
perature changes [5] and the pressure between the wheel and rail decreases slightly
the austenitic temperature [6]. The WEL is estimated to be 20-100 pm in thickness
and the hardness varies in the range of 700 to 1200 HV [7]. Because of the low
resistance to crack propagation, the lifetime decreases with a formation of WEL [1].

1.1 Material and alloy composition for railway
systems

Railway steels in the running rails are often a type of pearlitic steel. In Europe
R260 is common, which is a fine pearlitic steel [1]. In turnouts, manganese steel
or bainitic steel are often used. There are different grades of high manganese steel,
Hadfield steel, and Mn13 are two examples. Both of them contain a high percentage
of manganese. The specimens examined in this report consist of a composition
declared in table 1.1. All values are specified in weight percent [wt%)].

Table 1.1: Main alloying elements [wt-%]| for pearlitic and manganese steel balance
with Fe [1]

H Material C Cr Si Mn H

R260  0.76 0.04 0.20 0.93
Mnl3 1.14 0.18 0.36 12.25

Pearlite is a two-phase structure consisting of lamella of ferrite and cementite. It
has an interlamellar spacing of 100-150 nm with a colony size of 10 um. Manganese
steel consists of austenite, which is a single phase, in comparison, manganese steel
has a grain size up to 500 pum [8].
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1.2 Problem description and aim

The objective of this project is to analyse the susceptibility of Mn13 and R260 to
microstructural alterations under the influence of combined mechanical and thermal
loads. The primary aim is to assess and characterise the behavior of the steel in
both deformed and non-deformed states, focusing on the distribution of hardness
and evaluating any changes in the microstructure. The goal is to gain insights into
the effects of thermal heating on both non-deformed and deformed materials.

The main research questions are:
o Is Mnl3 prone to microstructural change after the mechanical and thermal
impact?

o Does recrystallisation occur in Mn13 and are there any associated changes?

o How do R260 and Mn13 respond to the same type of initiation of deformation
and heat treatment?

o How does the hardness distribution of Mn13 and R260 change after mechani-
cal and thermal impact?
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Theory

The upcoming chapter provides essential information to facilitate understanding and
interpretation of the results. It encompasses the equations employed for interpreting
the data generated from the experiments. Furthermore, it incorporates equations
that derive and elucidate the phenomena necessary for interpreting the informa-
tion. The theoretical section presents previous studies conducted on Mnl13 and
R260, along with an exploration of how prior research has addressed the behavior of
these materials which can be relevant to interpret the result provided in this project.

2.1 Railway geometry and material application

The project includes an investigation of fine pearlitic steel used as a common rail
material and Mn13 used in turnouts. The term switches and crossings (S&C) is
often used as a general term for curved rails which includes different parts, in some
cases the terminology turnout is used instead, but both are referred to the same
components. In a turnout, it is common to use high-manganese steel for example
Mn13, since it provides lower contact force compared to maraging steel. This is
because manganese steel has higher adaptability, and the material is favorable since
the material in turnouts needs to withstand plastic deformation and wear, to lower
the maintenance cost [9]. R260 steel is used as a common rail defined as running
rails or just rail. Below there are figures describing the different parts, where figure
2.1 a) shows a turnout and b) shows a crossing nose. In perspective, a freight railway
is shown in figure 2.2.
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Figure 2.1: a) Turnout components b) a crossing nose

Figure 2.2: Field example of a) a turnout and b) a crossing nose from a freight
railway located outside Gothenburg
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2.1.1 Theory of contact mechanics

Hertzian theory describes a simplified model of the contact between rails and wheels
and can be used to describe the contact forces created between the components
[10]. Tt is based on rolling-sliding conditions between the components and describes
normal and tangential load [11]. Because the contact between these components can
give rise to thermal shock due to friction and mechanical loads from acceleration,
deceleration, and sliding these conditions can have an unfavourable impact on the
microstructure [1]. The theory is based on assumptions regarding the profile of
wheel-rail contact, it is stated to be constant. The contact at the interface is assumed
to be an ellipse, with a pressure profile of a semi-ellipsoid [10]. To establish the
theory the surface needs to be flat and smooth, with no friction. The stiffness of
both components needs to be equal; the material is ideal elastic and the contact area
in relation to the profile needs to be small [11]. Figure 2.3 shows an illustration of
the wheel-rail profile, where the lower image shows the rail in profile.

Figure 2.3: The wheel and rail profiles respectively
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2.1.2 Sliding wear behavior of Hadfield steels

During sliding on manganese steel, the relationship between force, wear rate, and
surface oxide has been studied by analysing mass losses after friction induced by
force and velocity. With increased load and increased wear rate, the oxide on the
surface of the manganese steel increases. However, this is only valid to a limited
value of the force. After a limit value has been received, the mass loss starts to
decrease. A decrease in mass loss represents a higher force which increases plastic
deformation, adhesion, and abrasion at the oxidation layer [12].

When the oxide layer is destroyed or worn, the contact between the wheel and rail
increases. After a while, the oxidation layer forms again but will be uneven on
the surface. It could also establish that martensite arises in the manganese steel
due to the force applied, which confirms that manganese steel can undergo a phase
transformation via friction-induced wear [12].

2.2 Microstructure development and phase trans-
formations

Phase transformation refers to the process in which one phase transitions into an-
other. A phase, as per its definition, represents a homogeneous system with simi-
larities in both properties and chemical composition. Thermodynamics provides a
useful framework for describing phase transformation, as the system aims to achieve
a state of stability. In metals and alloys, the objective is to minimise the Gibbs free
energy, which characterises the relationship between enthalpy H, Entropy S, and
temperature 7, as depicted in equation 2.1 [13].

G=H-T-§ (2.1)

A phase transformation is when the crystallographic structure changes, and corre-
sponds to lattice changes as well as the properties of the material. It depends on
temperature, time, and cooling rate [14]. Temperature makes it easier for grain
growth, diffusion, and dissolution of carbides. Time and temperature give accom-
modation for grain growth and diffusion. The cooling rate decreases the ability for
diffusion and designates the final microstructure [15].

Within phase transformation, terms such as Gibbs free energy, energy barriers, and
stable and metastable phases are used. Generally, this means that a material strives
to obtain the lowest possible free energy, which influences the material to diffuse un-
der solid conditions to lower the free energy. A metastable phase is a locally stable
phase, for instance martensite. The energy barrier or activation energy describes
the extra energy needed for a transformation to take place.

As previously stated that defects, like dislocations, have an influence on phase trans-

formation, for nucleation; of the martensitic phase, dislocations provide hetero-
geneous sites for nucleation to grow, since dislocations provide interaction energy

8
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that lowers the transformation, see equation 2.2 [14]. Where VAG, is the volume
free energy release, Ay is the free energy increase, AGyrqin interfacial strain, and
AG gisication 18 the dislocation interaction energy.

NG = —VAGU + A'y + VAGstrain - AGdislcation (22)

2.2.1 Crystallographic structures and its planes

Metals are crystalline materials that obtain a crystal lattice with their atoms. The
atoms are placed on defined planes. The plane of the unit crystals is defined based
on Miller indices, namely (h, k, 1)-indices where the [100] direction is the side faces
of the crystal [16]. The lattice of solid metals acquires an almost fixed position
in relation to each other. When similar crystals are repeated, a three-dimensional
lattice is formed, called a space lattice. When the crystals grow in the same direction,
a grain is created. Where two differently oriented crystals meet, a grain boundary
(GB) is formed. The type of crystal a metal consists of primarily determines its
behaviour. Face-center cubic (FCC) has more active slip planes and provides a
greater opportunity for ductile properties. While a hexagonal-close-packed (HCP)
crystal offers little or no ductility [17].

Figure 2.4: Different types of unit cells a) HCP b) FCC ¢) BCC

Common crystals are FCC, body-centered cubic (BCC'), and HCP. Crystallography
describes the location of atoms, sliding system [18], and this influence mechanical
properties such as yield strength, ductility, and hardness varies. Stiffness is inde-
pendent and almost unchanged [8].

Crystal planes are determined where the atomic density is high. By using Miller
index notation, a plane can be described with three or four crystal axes, which
originate from the origin in cartesian coordinate system. The negative direction
is described as an integer with a dash above it; [111] is the opposite of [111], for
instance. FCC contains four atoms, BCC contains two, and HCP a total of 6 atoms
per unit cell. Each unit cell corresponds to an atomic coordination and describes
the number of nearest neighboring atoms, where both FCC and HCP is equal to 12
and BCC only 8. The crystallographic analysis defines how a crystal is deformed if
it is exposed to stress and its ability to store residual stresses within the metallic
structure [19]. A crystal system describes the symmetry of the unit cell, where a,b
and c are the scalar magnitudes and «,  and v describes the angle, see table 2.1[20].
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Table 2.1: Crystal systems

H Crystal system Unit cell size Unit cell angles H

Cubic a=b=c a=p0p=vy=90°
Tetragonal a=b#c a=p=v=90°
Hexagonal a=b#c a=0=90°y=120°

2.2.1.1 Stacking fault energy

Stacking fault describes an interruption of the closed-packed planes. This interrup-
tion gives rise to stacking fault energy (SFE). When there are stacking faults in
the close-packed plane of the crystal, dislocation glide is affected, which affects the
properties of the material [21]. This type of interruption is described as a planar
defect that arises due to voids between atoms. Since the atoms are placed on top
of each other, some voids between the layers generate interruptions in the stacking
pattern. Figure 2.5 a) shows a typical FCC pattern (ABC-ABC), but in b) inter-
ruptions in the pattern are visible, (ABC-ABA). This mistake creates a stacking
fault. This interruption can only be formed in closed-packed systems and occurs
due to grain growth or dislocation movement. Metals that are prone to produce this
interruption in the pattern, are said to have a low SFE. In general, SFE is related to
the surface energy, corresponds to the width of the interruption, and acts opposite
to the dislocation energy [22].

Figure 2.5: a) A perfect crystal, b) stacking fault
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2.2.1.2 Diffusion

Interstitial and substitutional diffusion are processes that describe the movement
of atoms within a metal lattice, known as atomic mobility. In interstitial diffusion,
small atoms can easily find available sites to diffuse into, facilitating their movement
within the lattice. On the other hand, substitutional diffusion requires vacancies and
significant oscillation for atomic movement to take place [13]. This phenomenon is
depicted in figure 2.6.

Figure 2.6: a) Interstitial and b) substitutional diffusion
2.2.2 Austenite

Austenite is a solid phase in steel that remains stable at high temperatures. Its
crystal structure is FCC, and it is commonly denoted as y-phase. The grain size
of austenite is influenced by time and temperature, with larger grain sizes observed
at higher temperatures; <Asz. The grain growth in austenite is controlled by a phe-
nomenon known as the "pinning effect." This phenomenon occur when solutes or
alloying elements hinder grain growth by impeding their movement.

Austenite exhibits high ductility due to the presence of multiple slip planes in its
FCC crystal structure. It is typically obtained in the upper temperature range, as
it tends to be more thermodynamically stable compared to other phases under such
conditions. However, there are exceptions where austenite becomes a stable phase
at lower temperatures. This occur during the process of solution hardening, which
involves the addition of high concentrations of nickel or manganese to the steel. In
such cases, the resulting steel exhibits good ductility and toughness as it can lever-
age the slip planes within the FCC crystal structure.

The concept of "prior austenitic grains' is often used as a reference to describe the
size of grains in austenite at elevated temperatures. When martensite is formed,
these prior grains can be identified because martensitic grains only grow within the
boundaries of the prior grain, without crossing over to neighboring grains|23].

11
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2.2.3 DMartensite

Martensite is a hard phase that forms in steel when it is heated to the austeni-
tisation temperature and then quenched rapidly. The formation of martensite is
characterised by athermal kinetics, meaning that no thermal activation is required
for the phase transformation to occur. Quenching, which involves rapid cooling,
limits the time for atomic diffusion, resulting in a diffusionless phase transformation.

In steel, martensite formation occurs when the starting microstructure is austenitic,
and the rapid cooling prevents diffusion. As a result, the composition from the
austenitic phase is retained in the martensite, and carbon is trapped in the octa-
hedral sites of the BCC crystal structure. Since BCC cannot fully dissolve all the
carbon, a distorted crystal structure known as body-centered tetragonal (BCT) is
formed, leading to changes in the distance between lattice parameters ¢ and a. The
tetragonality of the structure is influenced by the carbon content and can only be
relieved through reheating. At a certain temperature, carbon atoms can diffuse into
the material and replace the martensitic phase with ferrite and cementite (Fe3C) due
to the instability of the martensitic phase. The characteristic structure of marten-
site is often described as acicular or needle-like, with elongated and thin crystals,
exhibiting unique crystallographic features [24].

The total formation of martensite can be impossible to achieve. The phases will
then be a mixture of martensite and retained austenite. This is because martensite
is formed depending on the alloying elements with a large influence of the proportion
of carbon. This is usually described by Andrews equation, see equation 2.3 [25].

M,(oC) = 539 — 423(C) — 30.4(Mn) — 12.1(Cr) — 17.7(Ni) — 7.5(Mo)  (2.3)

2.2.3.1 Morphology of pearlite

Pearlite is a two-phase microstructure consisting of ferrite (Fe) and cementite (Fe3C)
that grow into alternating lamellae, as depicted in figure 2.7. The formation of
pearlite occurs through an eutectoid reaction during the cooling process from austen-
ite. This can be achieved through either isothermal cooling or continuous cooling
methods. In the case of isothermal cooling, the transformation of austenite takes
place at a constant temperature over a specific period of time, often represented by
a time-temperature-transformation diagram (77T7T-diagram). Continuous cooling,
on the other hand, involves a continuous decrease in temperature to transform the
austenitic phase into a pearlitic structure.

Both isothermal and continuous cooling methods result in the formation of nodules
and pearlite colonies, which are characterised by alternating lamellar structures.
The interlamellar spacing within the pearlite microstructure is influenced by the
cooling rate, either increasing or decreasing depending on the rate [26]. A continuous
cooling transformation is also a way to control the pearlitic structure [27]. The
interplay between cooling rate and interlamellar spacing has an impact on the final
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microstructural characteristics of the R260 steel. Both the CCT and TTT diagrams
for R260 steel are illustrated in appendix A figure A.1.

Figure 2.7: The morphology of Pearlite; black lines within the colony is Fe;C and
white is Fe

2.2.4 Pearlitic R260 steel

The mechanical properties of R260 steel are influenced by the manganese and carbon
content, as they play a role in determining the pearlitic morphology. Carbon con-
tent contributes to dispersion strengthening and affects strain hardenability, while
manganese influences the eutectoid composition and serves as a solid solution hard-
ener, controlling grain growth [28]. Pearlite formation follows isothermal kinetics
and occurs when the temperature decreases below the A; temperature with respect
to time [24].

2.2.5 Austenitic manganese steel

Austenitic manganese steel is known for its good impact toughness and work-
hardening which make it suitable for various industrial applications, such as railway,
mining, construction, and military applications [2]. But because of its high proper-
ties in terms of ductility, wear-resistance, and strength, affect the possibility of good
machinability, and the material is classified as difficult to machine [29].

In S&C materials with high resistance to dynamic impacts must be used, which
means that the material must obtain high toughness, making austenitic manganese
steel or Hadfield steel a more advantageous option. This steel is often produced via
monoblock casting. The manganese in the steel makes the austenitic phase stable
at lower temperatures [30], which means that the advantages of the FCC crystal in
terms of toughness can be used [23].

Carbides are often accumulated in this material. This has been proven if the ma-

terial is aged, where carbides forms along the GB of Mn13 [31] [32]. This affects
the material negatively, as the carbides are brittle and reduce toughness. Carbides
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are also formed during welding which makes the material difficult to process. If the
material is welded, the risk of forming carbides increases.

Another weakness that can be found in the assembly of Mn13 to other steels, since
Mn13 expands significantly more than for example R260. Mn13 has a 60% higher
thermal expansion coefficient than R260. To join R260 and Mn13, a thin layer of
stainless steel is used in between, due to the poor weldability of Mn13 [30].

Figure 2.8: Weld between turnout and rail from a freight railway located outside
Gothenburg
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2.2.6 Cast and rolled high manganese steel

There are two ways of producing high manganese steel, namely cast or rolled. In-
dependent of the method, the end result will still be an austenitic phase. To ensure
that the material gets the right properties at the end, both need to be annealed and
quenched in the last step. Cast Mn13 is primarily used in crossing noses and rolled
Mn13 is primarily used for rails connecting the S&C. The grain size differs between
the methods, where the rolling process results in larger grains. Casted materials are
also characterised by a greater proportion of pores. The hardness varies between
340-480 HV for rolled Mn13 [33].

Mn13 presents difficulties for casting, as it acquires properties that complicate the
process. For example, Mn13 obtains a high coefficient of thermal expansion, which
makes the process more difficult. The expansion depends on the high percentage of
alloying elements. However, this is not the only reason for difficulties in processing,
Mn13 also exhibits a slow solidification rate. Due to these properties, Mn13 has
a tendency to solidify and form a dendritic structure where solutes segregate and
accumulate between the dendrites. With this obtained structure, the quality of
the material decreases and the good properties of Mn13 are no longer present. It
is common to grow dendritic grains in cast austenitic high manganese steel. For
continuous slab casting, a casting speed of 0.9 m/min was reported to avoid excessive
dendrite formation and instead obtain a higher proportion of equiaxed grains [2].
Phase transformation for Mn13 are attached in appendix A figure A.2 it describes
the relationship described in section 2.2.3.1. The diagrams should correspond to
which phase is formed in Mnl13 depending on whether isothermal or continuous
cooling is performed.
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2.3 Laser heating

Laser welding has been used in earlier investigations to produce an experimental
martensitic microstructure on pearlitic R-260 steel. This technique can be used
for experiments to create a uniform starting condition. Calculation of heat input
[J/mm] can be calculated with the following equation, see equation 2.4. The quan-
tities are welding current [A], arc voltage [V] which can be replaced with applied
power in watt [IW], and travel speed in [mm/s].

According to the convention in equation 2.4, the speed of the scan determines the
outcome of heat input, as higher speed reduces heat input and vice versa. An
increase in heat input generates a larger area where the material is affected by heat
and a greater chance of being transformed [34].

J . Applied power [W]

Heat input |[—]

= 2.4
mm Travel speed [™"] (24)

In addition to the area that is directly exposed to heat input, the surrounding area is
also exposed, through thermal conductivity. Metals are conductive and heat is easily
spread by conductivity, Fourier’s law describes how the heat is spread in the nearby
area via an expression based on how heat spreads from high to low temperature.
Where ¢ is the heat flux in /[7W/m?/ in uniform with convenient z, y, 2 for direction,
k the thermal conductivity, and 7 the temperature [35].

dT
dTl’
dT

Heat flux can be rewritten as a vector denoted by the temperature gradient instead,
see equation 2.8

7 = kYT (2.8)
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2.3.1 Welding theory

According to the definition of laser welding, the bulk material is melted and un-
dergoes a phase transformation from solid to liquid state. When the laser source
is removed, the material transforms back to a solid state. Laser welding can be
performed either as a continuous weld or as single spots. Laser stands for Light
amplification by stimulated emission of radiation. There are two ways to achieve
different welds produced by a laser; conduction welding which is based on conduc-
tivity and realises heat to the bulk material, or by deep penetration keyhole which
corresponds to a hole in the bulk material, which penetrate the walls of the hole,
movement of the heat source will force the liquefied material to solidify [36]. The
heat-affected zone (HAZ) is the region from the fusion line out to the bulk material,
this is shown in figure 2.9. This is an area that has not been heated enough to
undergo a phase transformation but due to the heat conduction, it receives enough
energy to change the microstructure compared to the bulk material, for instance,
grain coarsening, grain refining and recrystallisation.

Figure 2.9: Welding theory, provided by WM, fusion zone, and HAZ

Laser focus energy via a nozzle, the type of laser depends on the desired result of
the weld. The most common is a laser provided by carbon dioxide CO,, depending
on the source, altering results of the laser beam and wavelength will arise. For a
COg source, the wavelength is in the infrared spectrum. What characterises welds
produced by the laser is the size of the weld and its impact on the surrounding area.
The nozzle is not in contact with the metal piece, since the laser beam emits energy
through the air. Via neodymium: yttrium-aluminum yarn Nd:YAG, the laser beam
is carried out via fiber optics. Like other methods, laser welding requires shielding-
or inert gas to prevent oxidation.
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Laser welding is narrow and can penetrate deep into the metal piece. The heat
source in a laser is considered to be low or lower compared to other methods, this
indicates that the area around the weld will be less affected in relation to other
methods, the speed of the laser beam’s movement is also faster, with a speed of
5-10cm/s compared to 2 -3 cm/s from other methods. This means that the heat-
affected zone HAZ becomes smaller for laser welding [37]

2.3.2 Weld solidification

Steels can contain different alloying elements, but similarities in the solidification
structure can be found for pure steel. During solidification, columnar grains will
most likely grow from previous grains in the bulk material closest to the liquid
phase at the fusion zone. This is referred to as epitaxial growth. Since the grains
grow in the same direction as the parent grains at the fusion line, anisotropy will
occur. The growth takes place in the same direction as the heat flow. Grains that
have their growth direction in the <100> direction as well as parallel to the direction
of the heat flow, will have faster growth. These grains will ultimately have a wider
grain in the final stage extended away from the fusion line [38].

2.3.3 Dendrite growth

Dendritic grains are a common structure observed in welds or cast materials, result-
ing from the solidification of metallic materials. During this process, there exists
a significant temperature gradient between the phases, leading to the nucleation of
crystals. These crystals exhibit a distinct characteristic as they grow in the oppo-
site direction to the heat flow, forming elongated grains, similar to columnar grains.
The temperature gradient plays a crucial role in determining the resulting structure.
Lower temperature gradients lead to the formation of equiaxed grains [39]. This is
reflected on a study where high manganese steel was subjected to laser remelting.
The structure became a mixture of superficial equiaxed, internal columnar grains
and carbon and oxygen that segregated to the dendrites [40].

What characterise dendrites is the special shape, see figure 2.10, where dendrite
arms and tipp are illustrated, this is often referred to as a branched shape. It allows
it to grow into the liquid phase due to constitutional supercooling. During solidifi-
cation solute atoms or concentration in the liquid phase will increase [41]. Dendrites
formation arises due to instability in the system, and there are two common options
which can be single-phase or two-phase instability. The single-phase is characterised
by the fact that a part has been more constitutionally undercooled, if this occurs
dendrites and interdendritic eutectic arises, which causes the growth rate to increase
in these parts. In the case of two-phase instability, a cellular structure similar to
eutectic colonies is instead created. The type of instability depends on the alloying
elements and concentrations of the allowing elements a material contains. Single-
phase characteristic occurs if the material contains a binary system. With more
substances, two-phase instability is formed instead. In that case, a layer is created

18



2. Theory

between the interfaces of the phases, in this way, they are separated and eutectic
colonies can be formed [42].

g
e
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B Solute atoms

Figure 2.10: Dendrite structure with segregated carbides

2.3.3.1 Dendrite kinetics

Dendrites differ in their growth from other types of grain growth. It is more complex
because there are factors that are unknown, for instance, the radius of the tip R
of the arms, defined as dendrite tips. The complex growth of dendrites is because
growth is a function of the unknown variables. Instead, a numerical function called
the phase field method can be used to describe the relationship between the radius
and the rate of growth v. To fully express the growth of dendrites capillary length,
solute diffusion length, solid-liquid interfacial energy, entropy of fusion, the interval
of solidification, and tangent of the liquid surface need to be known to express the
solute gradient of the interface close to the tip. By this convention, the radius
can be calculated by Kurz and Trived formula [43]. As dendrites grow along a
favorable direction in the metal, the mechanical properties will change from the
original base metal, it is therefore important to understand the growth such as the
length and direction of dendrites to satisfy the component’s properties [44]. Below
an illustration of the solidification direction and dendrite envelope are declared, see
figure 2.11. Modeling of dendrites and its kinetics is omitted from the work.

Figure 2.11: Dendrite kinetics and dendrite envalope
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2.3.4 Welding defects

There are different types of defects that can occur during welding and the solidifi-
cation of a weld. The type of defects depends on the welding method and the base
material. Hot cracks are common defects that can be found in welds. Between the
partially melted zone (PMZ) and the HAZ it is common to find hot cracks. They
occur because the liquid obtains different concentrations of solutes which means lig-
uid can exist even at lower temperatures than the solidus equilibrium temperature.
This entails the liquid does not solidify at the same rate as the rest of the weld. To
distinguish these cracks, solidification hot cracks at the fusion zone are defined as
a crack that occurs due to insufficient solidification, liquation crack occurs at the
PMZ and occurs due to reheating or multipass welds. Both of these are hot cracks
that occur but for different reasons [45]. See figure 2.12 for an illustration of the
different zones.

Figure 2.12: Welding theory and general welding structure, and shows the different
zones HAZ, PMZ and fusion zone

2.3.4.1 Solidification hot crack

Solidification hot cracks in welding can be observed along the solidification GB.
There are two hypotheses of why this type of crack occurs in the solidification of
welds. That the crack forms due to shrinkage during solidification, which is referred
to as intrinsic restraint, where shrinkage occurs due to changes in the volume during
solidification [45], which is convenient for altered unit crystals [18]. Apart from
the difference in volume, there are differences in the material properties between
the phases. The other hypothesis is that cracks occur due to extrinsic restraint,
which depends on mechanical fixturing. In addition to these, there are also various
theories that explain the origin of crack growth in solidified welds, the most common
of which are shrinkage-brittleness theory and strain theory. figure 2.13; shows how
the grains grow together before the weld has been filled by the melt. Right; shows
how shrinkage appears in the opposite direction to grain growth or the direction of
the solidification [45].
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Figure 2.13: Solidification cracks in welding

2.3.4.2 Formation and influence of solidification hot cracking

Solidification hot cracks form during the solidification of welds and are more prone
to occur if the metal exhibit poor thermal conductivity and large thermal expansion.
These cracks often arise if both welding speed and solidification rate are high, since it
proved thermal tensile strain in the remaining liquid [46], This results in shrinkage
in the opposite direction to the solidification direction [45]. However, there are
additional contributing factors that can lead to this phenomenon. For example, the
presence of alloying elements can lower the melting point, making the material more
susceptible to hot cracking. Additionally, the formation of micro-cavities within the
material serves as a site for initiation of micro-cracks, which can propagate and
eventually result in hot cracking as the strain in the material increases. The risk
of solidification hot cracks is also more prone to occur if grains or misorientation of
grains exhibits high-angle boundaries. The reason why the misorientation influences
are because it is related to the liquid film. It is most common to find cracks in a
transgranular direction to the welding direction [46].

2.3.4.3 Liquation cracking

Liquation cracks can be observed in the region of the PMZ and HAZ, due to reheat-
ing in the form of multipasses or prepared welds. The location of the crack signifies
the type of crack. Liquation cracks occur at the solidification grain boundaries or
at migrated grain boundaries (MGB). The crack appears because the reheating dis-
solves the old boundaries [45]. Another explanation for the appearance of these
cracks is the heating of the material at the interface is above the eutectic temper-
ature, which weakens the grain boundaries in the PMZ. In this scenario, during
solidification in the PMZ tensile stresses, and strains are generated, this in turn,
leads to the development of visible cracks [47].
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2.3.5 Weldability evaluation of manganese steel

It is stated that Mn13 shows poor weldability, due to their high thermal expansion,
low thermal conductivity [30], and also for the poor material properties it achieves.
During welding high manganese steel forms carbides along the grain boundaries and
thermal initiation should be avoided, since it accelerates early failure. In rail-road
crossing, turnouts or crossing noses work-hardening by impact loading occur, and
the maintenance is performed by grinding and maintaining the components. But
sometimes even welding is required, in that case, nickel is added since increased
carbon content increases the risk of martensite formation. Distinct levels of alloys
have been studied to prevent the weld from becoming brittle. Temperatures below
300°C do not lead to carbide formation. To avoid affecting base material in the near
region arc welding prevents best maintenance welds [48].

Even in other steels with a comparable high manganese content, subpar welding
properties are observed. In such cases, significant attention is placed on the segre-
gation of carbides around the dendritic arms, which contributes to the occurrence
of solidification cracks. These cracks are attributed to the specific conditions dur-
ing solidification. Additionally, these steels may exhibit deteriorated mechanical
properties, including decreased ductility [49].

2.3.6 Precipitates and carbides in austenitic manganese steel

Previous studies have provided evidence that mixed carbides tend to accumulate at
the GB during the aging process of Mn13 steel. Material homogenisation is achieved
at a temperature of 1050 °C. Heat treatment of the material at 475 °C for two hours
leads to the precipitation of carbides at the GB. Transmission electron microscopy
(TEM) analysis of the precipitates identified them as (Fe, Mn, Cr)s3 and (Fe, Mn,
Cr)7 [31]. The proportion of carbides increases when the cooling rate or solidifica-
tion rate is slow [32].

Aging between 400 and 500 °C results in a low carbide content, which is temperature-
dependent and increases with higher temperatures. At 600 °C, Hadfield steel reaches
the temperature for eutectoid transformation, where ferrite (a-Fe) and cementite
become visible. The precipitates formed at lower temperatures are mainly com-
posed of M3C carbides, although there is a lack of research on the crystallographic
characteristics under low aging temperature conditions. Normalising and quenching
treatments have been found to have no significant impact on the microstructure.
However, annealing, tempering, and cold working induce notable microstructural
changes. Tempering of Mn13 steel leads to the formation of a fine distribution of
carbides, while annealing results in precipitation at and within the grain bound-
aries. Cold working reveals twin boundaries and compressed carbides that have
grown along the previous grain boundaries, martensite in the form of a needle-like
structure can also be visible. From X-ray diffraction this is reported as HCP Mn;5Cy
and Fe3C and ~-Fe [50].
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2.4 Thermal damages in railway steel

Thermal damage is common in railway steel and requires maintenance, to avoid
increased and unanticipated costs. Maintaining thermal damages can be made by
grinding and milling to remove the damages at the surface. The influence of ther-
mal damage is changed mechanical properties, residual stresses, and microstructure
degradation. In contact between wheel and rail at the interface between flange and
tread, there are elaborated high loads and in this intersection, the frictional forces
cause local thermal heating. Thermal damage leads to phase transformation at the
surface, called the White etching layer [28].

2.4.1 White etching layer

Friction and mechanical loads caused by acceleration, deceleration, and sliding be-
tween the wheel and rails generate local thermal heating when the contact friction
gives rise to an increase in the temperature to austenitisation temperature. At this
temperature pearlite (« 4+ [5-phase) transforms to austenite, (y—phase). Because of
the short time, the rail and wheel are in contact, self-cooling will occur due to the
large temperature gradient. Because of the high cooling rate, this will lead to a layer
of a martensitic structure [3].

Several plastic deformations increase strain in the cementite and promote grain re-
finement, influencing the phase transformation under varying pressure conditions.
The presence of higher pressure, combined with elevated temperatures, can acceler-
ate the transformation. The application of pressure results in a slight reduction of
the required temperature. A complete phase transformation can therefore be a result
of pressure and temperature interacting [51]. The interfacial contact is estimated to
be momentary, lasting milliseconds, further limiting the time for transforming more
than the surface before self-cooling occurs [4]. Consequently, a white etching layer
(WEL) with a thickness of 20-100 um is expected, exhibiting hardness ranging from
700 to 1200 HV [7].

A WEL is a thin layer of a martensitic structure sometimes defined as nanocrys-
talline martensite, austenite, and cementite. The WEL consists of martensite with
high dislocation density, occasional twins, and cementite particles. The appearance
of the WEL can vary depending on factors such as temperature, strain, strain rate,
hydrostatic pressure, and cooling rate, as it is influenced by the history of the sam-
ple. It is named white because of its appearance in an optical microscope, which
makes the phase appears as a white layer. The reason depends on corrosion resis-
tance when it is etched with Nital [5]. The presence of the WEL leads to changes
in material properties, such as increased hardness and brittleness. Because of the
low resistance to crack propagation, the lifetime decreases [1]. There are also cases
where a brown etching layer is visible, which is a consequence of tempered marten-
site. After martensite has formed tempering under austenitic temperature leads to
a brown layer of martensite [3].
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The phenomenon of the white etching layer (WEL) can be observed in various
components. While the term "WEL" is commonly used in the railway industry,
similar phenomena occur in other components and may be referred to by different
terms. For instance, in the case of core teeth of cylinder disks used as saw blades,
the microstructure observed at the surface is referred to as troostite [52] rather
than a white etching layer. Regardless of the specific terminology, these structures
are characterised by the presence of a martensitic surface layer formed by thermal
increase and rapid cooling.

2.4.2 Influence of oxidation on white etching layers

The interface between wheels and running rails receives high load drops due to
acceleration, deceleration, and sliding, often referred to as the contact mechanism.
This gives rise to local thermal shock forming WEL on the surface. It has been
found that oxidation has great importance since WEL has only been created on
oxidised surfaces, however, wear could be observed more clearly on surfaces where
oxidation has not occurred [53].

2.5 Hardness testing

The hardness of a material can be determined using various methods and units.
The Vickers method is commonly used, but other methods such as Rockwell are
also utilised. The key distinction among these methods lies in the indentation pro-
cess [54], [55].

Hardness can be measured in Vickers, which uses several indentations with a dia-
mond pyramid to decide the hardness of a material. Hardness equates to character-
isation in determining the degree of deformation created on the surface of an object
when a hard object is pressed against it with a predetermined force. According to
the definition, hardness is determined based on the penetration into the surface of
a perceived object. A material is said to have high hardness if it can resist the
penetration of an object. This can be calculated using A. Marten’s expression, see
equation 2.9. Where H is the hardness of the test object, F' in [N] is the force that
is predetermined and A is the area in m? of the indentation surface [54].

F
H=" (2.9)

The Rockwell method is a widely used technique for measuring the hardness of ma-
terials. It involves penetration of an indenter into the material under controlled
conditions. The indenter leaves an indentation mark on the material, and the depth
of this mark is used to determine the material’s hardness. The Rockwell method
utilises either a ball or a spheroconical diamond as the indenter shape. The test
procedure involves applying a predetermined minor load, typically around 10 kg,
followed by a major load, which can range up to approximately 150 kg [55].

24



2. Theory

2.6 Mechanical deformations

There are two major ways a metal can be deformed, either elastic or plastic, which
indicates a reversible and irreversible deformation. It is a critical value defined as
the yield point which separates the two deformations apart, after the yielding the
material will either deform plastic or immediately break which corresponds to a
permanent deformation [56]. The movement of deformation for plastic deformation
can proceed in different ways. [57].

2.6.1 Slip bands

A slip band is visible as a line on a polished surface [58]. The phenomenon comes
from the definition of physics of plasticity and is defined as a slip in a crystal due
to shear stresses. All crystallographic structures have different slip planes and the
slip plane for a given crystal defines the amount of plasticity. When slip bands in a
grain increase, dislocation movement decreases and the material decreases its abil-
ity to further strain. The initiation of defects increases the accessibility of a phase
transformation to occur since the nucleus can grow on defects such as slip bands
and dislocations [59].

Slip according to the definition is a plastic deformation that is irreversible and occurs
due to shear displacement between two nearby crystals and describes the direction
on a specific plane [60]. Slip occurs within the plastic region, which indicates a
residual deformation. It occurs either as a slip over a plane or slip over layers of
atoms [57]. The direction of slip is according to the definition called slip direction
and enables the crystallographic direction of the slip. The direction can be observed
in slip bands, which is accumulated closed packed slip lines, and it can be observed
as parallel lines in a grain, see figure 2.14 b) [60] The orientation of the slip bands is
parallel in a single grain but differ between other grains, such as in Grain 1, 2 and
3 in figure 2.14 b). It should be mentioned that metals of similar crystallographic
structures slip on the same slip plane, in the same direction, even though the ad-
jacent grains may have a different direction from each other. Why slip occurs is
because the shear stress between the planes has overcome a critical value, to cause
a slip, the force needs to be higher than the force provided by the friction between
the planes which comes from the metallic bonds [57].
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Figure 2.14: Characteristics of three grains in two different states a) without
mechanical deformation, no slip bands b) with induced mechanical deformation,
visible slip bands.

The possibilities for slip differ between different crystals, this is because the slip plane
varies between the crystals. In the case of a uniform crystallographic structure, the
displacement will be uniform, since the displacement will occur at the same plane.
Since slip in reality occurs gradually, there are instances where displacement is not
completely penetrating the plane, this is more commonly known as dislocations, see
figure 2.15 [57].

Figure 2.15: a) Dislocation b) edge dislocation with a slip plane.

2.6.2 Dislocation theory

Plasticity occur due to movement of dislocations, which are line defects. Dislocation
movement decides how the metal will respond to increased stress, and it is measured
in dislocation density [units m/m?3] which is an expression of how many dislocations
there is in a given material [61]. There are several different types of dislocations,
the most common once are edge- and screw dislocations or a combination of both.
The procedure of how the dislocations differ is declared in figure 2.16. An edge
dislocation moves inwards an atomic spacing, the movement causing one extra half-
plane in the upper face. In figure 2.16 a) the dashed plane illustrates the separation
between slipped and unslipped area, by movement the dashed plane will move to
the unslipped side, movement according to the red arrow. The blue line is what a
theoretical edge dislocation can be illustrated as. In figure 2.16 b) an illustration of
the screw dislocation is declared, and the dashed line illustrates the burger vector.
A screw dislocation will move in the same direction as the normal to the slip [57].
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Figure 2.16: a) Edge dislocation b) screw dislocation.

Movement of dislocation is based on Burgers vector and the activation barrier, so
called Peierls stress. If the applied stress overcomes the Peierls stress slip oc-
curs. When dislocations move, only a certain position of the dislocation can move
freely within the lattice, because parts of the dislocation will be stuck at defects and
interruptions which prevents dislocation motions. For example, grain boundaries,
stacking fault inclusions and pint defects [61].

Cold working or strain hardening is a technique that strengthens materials by in-
creasing the density of dislocations within the material. As the dislocation density
increases, the movement of dislocations decreases, resulting in the hardening of the
material. This method is typically employed at temperatures ranging from room
temperature (Tg) up to 30% of the material’s melting point (T,,). In addition to
the strengthening effect, cold working can also lead to grain refinement as the grains
become disrupted during the process [62].

2.6.3 Mechanical twinning

Another mechanical deformation that can appear within plastic deformation is de-
formation twinning. Twinning gives rise to plasticity due to applied strain [61]. Tron
has a tendency to deform by twinning or by Neumann bands and the difference be-
tween twinning and slip is how the atoms move. By twinning every single atom in
each plan can move by different distances because of the shear and it will rearrange
the lattice of the crystal. By moving different distances the twinning plane exhibits
a mirror-like structure around the plane [56]. In the case where slip band is hard to
initiate, twinning can be performed instead to achieve plastic strain. Depending on
which crystallographic structure the material exhibits the outcome will differ. For
HCP crystals where only one slip plane is possible, twinning has a huge influence
because it enables deformation to occure. For HCP crystals the value of ¢/a has a
great influence. A ¢/a is calculated as the ideal axial ratio where a is the interatomic
distance and c¢ is the stacked plane. The value comes from stacking faults which
describe two-dimensional planar defects within a crystal. For HCP crystal due to
the ¢/a value the crystal will deform anisotropic [61], how ¢/a value is measured is
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illustrated in appendix A, figure A.3.

2.6.4 Mechanical deformation by biaxial Torsion-compression

Biaxial torsion-compression can serve to experimentally simulate a severely deformed
surface layer, and replicate what is observed in a worn railway. This technique in-
volves applying mechanical deformation to cylindrical test bars through controlled
twisting using a predetermined force or torque. The application of biaxial torsion
induces slip bands and deformation twins, effectively activating the material’s de-
formation characteristics [26].
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Methods

3.1 Experimental procedure

The project focused on inducing mechanical and thermal damages in two different
railway steels through experimental methods. The main objective was to evaluate
and analyse the microstructural changes and hardness variations in the damaged
zones. A comparison was also made between the damaged zones and the respective
bulk material for each test.

Both Mn13 test bars and field samples from damaged turnouts were assigned for
this study. Field samples were provided by Voestalpine Railway Systems. The test
bars were machined by rolling, while the field samples were manufactured through
casting. In the case of R260, it comprised test bars and a section of rail that had re-
mained unused. The test bars were machined from bulk material, which was initially
undamaged in its virgin state. However, to investigate the initiation of mechanical
stresses in connection to thermal damage, these samples needed to undergo prede-
formation. The field samples, on the other hand, were induced with thermal damage
only. All material samples experienced deformation through Rockwell C testing to
study the hardness after mechanical deformation had been initiated. The mechan-
ical impacts in field are difficult to achieve in a laboratory study, but indentation
testing at least give large plastic strains locally, and can be used for interpretation.

The study entails simulated frictional heating in railway operations using laser heat-
ing. This approach has the limitation that it can lead to surface melting. Conse-
quently, the heating in the experiment is more aggressive that in railway operation.
However, at larger depth, the material experiences heating cycles similar to what the
surface experiences in field operation. Also, crossing noses are often repair welded,
and there evidently temperatures exceed the melting temperature, and the experi-

ments done in this study tells how the material could behave during repair welding
in field.

The composition of both steels is provided in 1.1. In the subsequent chapter, the
analysis methodology for this project is outlined. It encompasses all the necessary
steps that were performed in this report
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3.2 Mnl3-steel, field samples

The components provided for analysis were sourced from damaged crossing noses.
Figure 3.1 and 3.2 displayed the specific regions from which the field samples were
extracted. Sample I represented a crossing from 2017, and Sample 2 was from 2015.
None of the specimens consisted of repair welds.

Figure 3.1: D (2017); field sample of a damaged turnout.

Figure 3.2: S (2015); field sample of a damaged turnout
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3.3 Predeformation via biaxial twisting

For the experiments, cylindrical test bars were utilised. All specimens had a similar
cross-sectional area, with slight variations within a tenth of a millimeter. To ensure
force control, the cross-sectional area was measured for the gauge length of each
specimen. The force was calculated using the normal tensile test ratio, and an
initial nominal stress of -500 MPa [8]. In total, there were nine samples of Mn13
and R260, respectively. The force applied varied slightly among the samples, as
indicated in appendix A in table A.1, to ensure a nominal stress of -500 MPa.

Predeformation was employed as a method to simulate the appearance of the ma-
terial when used in an actual railway application. This process triggered the ini-
tiation of slip bands and resulted in significant surface deformation. By applying
stress slightly above the yield stress, slip bands and deformation twins were induced
within the plastic region. Biaxial twisting was only used as a method to perform
several deformations at the surface.

The samples were delineated by lines that enclosed the specimen, with a separation
of two millimetres. Afterwards, 45° were marked around the sample. The lines to-
gether formed a perpendicular grid, as depicted in figure 3.3 ¢). The grid was used
for measuring the severely deformed surface layer and served to indicate the total
surface shear strain achieved once the test was concluded.

The MTS 809 Axial Torsion machine was employed to enable controlled rotation of
the specimens. By utilising the normal tensile test ratio, the forces applied to all
specimens could be determined to maintain a stress level of -500 MPa. The rotation
cycles were divided into 90-degree increments, with each cycle corresponding to
a rotation from -45° to 45°. During the testing, each sample was rotated until
the maximum values were reached. Once the specimen had been rotated 90°, the
stress and pressure were released, returning the sample to its initial position. The
rotation process was then repeated until the specimen reached its maximum torsional
capacity and could no longer be rotated further. Figure 3.3 shows the methodology
for predeformation in the starting position. The samples were held together at both
ends in a fixed position, and the grip was sufficient to prevent the samples from
sliding when the lower part rotated. It also shows the insertion and how the grid
looked before rotation. Figure 3.4 shows the sample appearance after it had been
rotated, where the grid had acquired a different geometry due to the rotation. In
appendix A, figure A.4 provides a visualisation of the forces acting on each specimen
throughout the duration of the testing process. The testing of all samples was
dependent on the failure torque, which was a predetermined value of -2 Nm.
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Figure 3.3: Predeformation, a) assembling the specimen in the desired configura-
tion, b) Specimen fixed at both ends c) initial state of the Mn13 sample before any
predeformation occurs.

Figure 3.4: Predeformation, a) the samples are rotated until they reach fail torque
b) deformed grid, c) test bar after completing the test.
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3.3.1 Analysing the result from MTS 809 Axial Torsion

Each specimen was subjected to twisting until it reached its maximum torsional
capacity; the torque-threshold was reached. The data were analysed with respect
to the spring back effect. During each cycle, relaxation occurred, representing the
regression of the specimen due to the elastic region. Table 3.1 represents the number
of cycles and the actual rotation given in degrees. The spring back effect is illustrated
in figure 3.5, where a) describes the plane of rotation, b) illustrates the rotational
motion applied to the samples, ¢) depicts the spring-back effect, and d) represents
the actual rotation. The value for position d) are the cumulative sum of all cycles
and represents the total angle of rotation.

Figure 3.5: Predeformation; a) describes the plane in which the sample is rotated,
b) is how the samples are twisted, ¢) describes the spring back effect and d) is the
actual rotation
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3.3.2 Surface shear strain

Each specimen was marked with a perpendicular grid. Manual measurements of
the angles were performed, as seen in figure 3.6. Angle o was used in equation 3.1,
where 7 represents the surface shear strain. In table 3.1, the values of v are given.
Multiple measurements were taken for each specimen at various points along the
grid.

Figure 3.6: Measurement of surface shear strain, angle « is measured and used to
calculate v, which represent surface shear strain

v = tan(a — 90°) (3.1)

Table 3.1: Surface shear strain for R260 and Mn13

H Material Specimen Total cycles Angle of rotation Surface shear strain H

R260_R1 5 375° 40°
R260_R2 4 293 ° 35°
R260 R3 4 295 ° 34°
R260 R4 4 328 ° 37°
R260_R5 4 316 ° 40°
R260_R6 4 316 ° 35°
R260 R7 4 295 ° 35°
R260 RS 4 325 ° 35°
R260 R1 4 328 ° 30°
Mnl13_ M1 11 823 ° o8°
Mnl13_ M2 11 824 ° 95°
Mnl3_ M3 10 772 ° o4°
Mnl3 M4 7 220 ° 42°
Mnl13_ M5 6 365 ° 29°
Mnl13_ M6 6 442 ° 34°
Mnl13_MT7 10 756 ° 95°
Mnl3_ M8 10 750 ° 58°
Mnl13 M9 10 768 ° 62°
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3.4 Inducing thermal damage with a laser source

Thermal heat pulses were applied using Fiber Laser ALF 900 W to locally generate
thermal heat. The samples were exposed to local heating on a predeformed and
non-deformed surface. Self-cooling occurred in a similar manner to ordinary railway
rails. Due to the significant temperature gradient, heat was conducted into the bulk
material, eliminating the need for quenching.

The Fiber Laser ALF 900W was utilised as the equipment for achieving heat initia-
tion. Table 3.2 shows the capacity of the equipment, and the selected setting for this
project was a spot diameter of 2 mm whit a flat power profile. Although the equip-
ment is typically used for welding with a narrow welding profile, it demonstrated
notable efficacy in generating thermal pulses. Figure 3.7 illustrates the equipment,
where a) displayed a photograph of the equipment, b) demonstrate the expedient
arrangement of the samples, and ¢) shows the outcome of a heat pulse at a magni-
fication of 20.5x in R260 steel.

Table 3.2: Fiber Laser AL-F 900 W capacity

Fiber laser  Average Peak pulse Pulse energy Pulse Pulse Welding
1070 nm power power max duration  frequency Spot
Fiber-900 F 900 W 9kW 90 J 0.2 ms-CW  0-100 Hz 0.3-3 mm
optional 1.1-4 mm

Figure 3.7: Method description of LHT, where a) displays the equipment Fiber
Laser AL-F 900 W. b) demonstrates the attachment of the sample and the location
of the heat points for R260-R9 and c¢), the appearance of the local heat points is
depicted with a magnification of 20.5 for Mn13-Mb5
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3.5 Sample preparation for metallography

Sample preparation was a necessary step before analysis in an optical microscope.
All specimens had a cylindrical shape with a diameter deviation of a tenth of a mil-
limeter, while there was a significant deviation in gauge lengths. Since only a small
portion of each sample would be analysed, the effect of this deviation was assumed
to be minor and not of concern. The sample preparation process began with cutting
out a suitable size from the initial shape of the specimen. The cutting procedure
are illustrated in figure 3.8 and 3.9. The incisions were made approximately fifteen
millimeters apart and symmetrically around the heat pulse. This approach allowed
for the examination of interesting areas such as the heat pulse and the region for
possible recrystallisation.

Figure 3.8: Cutting technique for sample Mn13-M5

Figure 3.9: Cutting technique for sample R260-R9

The cutting can be performed manually or automatically, depending on the machine
setting. Since it was significantly important not to contaminate the samples with
other heat sources, each incision had to be relatively quick to prevent microstruc-
tural influences from saw blades. After the samples were cut, the surface edges had
to be ground. Manual grinding was carried out using a Struers Labopol-21. This
step aimed to remove any rough edges from the cut surfaces.

After the edges of the samples had been ground, the specimens needed to be
mounted. This was done using the citopress, 20 hot mounter. Each sample was
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Table 3.3: Polishing methodology for pearlitic and manganese steel

H Step Speed [rpm] Time [min] Force [N] Rotation Suspension Grit/polishing cloth H
1 300 7 15 ™ Water 2000 pm
2 150 7 20 n Water 4000 pm
3 150 9 15 e Diamond suspension 9 pum
4 150 9 20 A Diamond suspension 3 pm
5 150 9 20 A Diamond suspension 1 pm
6 150 5 15 A OP-S Colloidal silica 0.04 pm

mounted with a conductive polyfast resin, which is typically used for scanning elec-
tron microscopy (SEM). The Citopress could accommodate two different sizes, and
in this case, 20 ml of polyfast resin was used for each sample. The estimated time
for mounting each sample was approximately five minutes. Once the samples had
been mounted, the surfaces needed to be ground to remove any excess material.
This step was necessary because the samples had become embedded in the polyfast
resin. The samples were ground flat to ensure a smooth and even surface.

The penultimate step involved polishing the samples using the TegraPol-31 machine.
All steps are specified in table 3.3. The TegraPol-31 machine have the capability
to polish six samples simultaneously. After each polishing step, it was necessary
to clean the samples thoroughly with water to remove any residual particles and
impurities. The final step in the sample preparation was etching, where nital 2 %
was used as the etchant. Nital had been commonly employed for etching samples
in previous investigations of pearlitic steel, and it was also utilised in this study for
the etching of austenitic manganese steel samples.

Each sample was immersed in a 2% Nital solution for a duration of five seconds, fol-
lowed by immediate rinsing in 96% ethanol and subsequent drying using compressed
air. As the etching process could occur rapidly, each specimen was carefully moni-
tored every five seconds. The sample was repeatedly immersed in the Nital solution
until noticeable changes were observed on the surface, ensuring the desired etching
effect was achieved. Finally, the samples were thoroughly cleaned using ethanol and
dried using compressed air. To ensure proper etching had been carried out, each
sample was subjected to analysis under an optical microscope.
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3.6 Optical microscopy

Optical microscopy (OM) provides analytical information about the materials’ sur-
face and internal structures, it allows analysis of the material’s morphology, struc-
ture, grain, phase, embedded phases, and particles. The results are declared sub-
sequently as magnified images. The technology behind OM involves reflected light
from the surface of the sample, and the reflection subsequently creates a digital
image. The study of grains and phases is determined by the ability of an image to
create contrasts, which are manifested as variations in local colors and resolutions
under different lighting conditions [63].

The methodology employed in this study involved the metallographic sample prepa-
ration of the specimens. The prepared samples were then examined under the lens
of an optical microscope, with the lens positioned perpendicular to the sample sur-
face. The microscope was equipped with various functions that worked together to
produce magnified and clear images. These functions included magnification, sharp-
ness, and brightness. The images were stored and analysed in Zeiss Zen, a software
adapted for microscopy.

3.7 Hardness testing

Hardness testing for material characterisation was made by Struers DuraScan 70
machine with respect to Vickers scale (HV). The method was based on pressing a
diamond into the material with a predetermined force. The hardness of the diamond
was well-known, and by considering factors such as the angle of the diamond tip
and the force applied, the pressure exerted on the material could be determined,
thereby enabling the calculation of its hardness, as depicted in figure 3.10.

The machine is equipped with a microscope lens that enabled the analysis of the
material’s surface and facilitated the selection of specific grains or phases for ex-
amination. Once the appropriate surface was selected, the diamond indenter was
brought into contact with the material’s surface. The force applied gradually in-
creased until it reached the predetermined value set for the hardness test. Once the
predetermined force was reached, it was held constant for a specific duration of time.
After this holding period, the force was released, and the indenter was removed from
the material.

The indentation that was formed was analysed immediately after the force was re-
leased. Both d; and dy were measured as shown in figure 3.10. The Vickers hardness
value was calculated based on the previously discussed theoretical principles, which
involved dividing the applied force by the surface area A of the indentation. Manual
calculations were not required as the Struers DuraScan 70 machine was equipped
with software that automatically performed these calculations.
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Microhardness was evaluated as a line profile between the thermal pulse and bulk
material, as well as close to the deformed surface and slightly beyond for thermal
and /or mechanical spots. Illustrations of the different profiles are presented in figure
3.11. The method was used to study changes in the hardness of the microstructure
of bulk material as well as deformed or altered material. The settings provided by
microhardness were HV 0.1, with a spacing of 0.1—0.2 mm between each indenta-
tion. The method description followed the previously stated method, but the force
applied during indentation was significantly lower compared to valid hardness pro-

files.

Figure 3.10: Methodology hardness testing via Vickers hardness.

Figure 3.11: Hardness evaluation for different types of deformed/changed sample
a) demonstrate a line profile b) demonstrate the hardness profile at a thermal pulse
with an indent and ¢) demonstrate hardness profile around an indent
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3.8 Deformation by Rockwell C testing

The methodology for analysing resistance to mechanical deformation involved de-
forming the material using a specific force and subsequently measuring the resulting
hardness change near the indentation. The Rockwell C testing method was em-
ployed to perform the indents. This technique utilised a Rockwell indenter, in this
case, a spheroconical diamond, which was applied with a predetermined load of 150
[kgf]. To ensure proper contact between the specimen and the indenter, a preload
of 3 kgf was initially applied to the sample. The test was initiated by operating the
arm of the Wolpert machine. As the arm reached its highest position, a dwell time
countdown of 10 seconds commenced for these specific samples. Once the dwell time
elapsed, the test for the particular sample was considered complete. The machine
setup is illustrated in figure 3.12, while two indentations are depicted in figure 3.13.
Indentations were made on the surface of predeformed specimens and in thermal
spots.

Figure 3.12: Wolpert machine test set up with a) Rockwell indenter spheroconical
diamond, b) sample and indenter in contact ¢) Wolpert machine

Figure 3.13: Indents made in the following locations: a) on a predeformed surface
of R260 steel, and b) in a thermal spot of R260 steel
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The Rockwell C testing technique was utilised to induce surface deformation at the
thermal spot. The penetration of the indenter generated residual deformation at
the surface. This method was employed to investigate the alteration in hardness of
the material when mechanical loads were applied subsequent to thermal loads.

3.9 Assumptions and deviations for tests and prepa-
ration for tests

The test bars were inspected using a simple micrometer, although slight deviations
may have arisen due to the manual reading of the measuring tool. As many of the
preparation methods for optical microscopy (OM) relied on the manual operation
of machines, variations in spot size and roughness occurred, particularly during
grinding and polishing procedures. The duration of etching played a critical role in
the clarity with which phases and grains were revealed in OM. In certain instances,
over or uneven etching resulted in difficulties in interpreting the results.
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Results

The following chapter presents the results of the hardness profiles and microstruc-
tural characterisation for both materials. Furthermore, any defects that occurred
during the testing process are reported.

4.1 Results of hardness analysis
The microhardness profiles for both materials are reported. Hardness profile show
variations in hardness along the indentations from Rockwell c testing and line hard-
ness between phases of thermally affected material and unaffected material. The
hardness values provide information on the differences in phases and areas of the
exposed materials.
Hardness profiles were performed for the combinations to which the materials were
exposed to:

o Thermal pulse effects on virgin material

o Thermal pulse effects on severely deformed surfaces

e Thermal pulse and deformation by spheroconical diamond on severely de-
formed surfaces

o Deformation by spheroconical diamond on severely deformed surfaces
e Thermal pulse effects on field samples

e Thermal pulse and deformation by spheroconical diamond effects on field sam-
ples

e Deformation by spheroconical diamond effects on field samples
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The samples tested are assigned specific abbreviations for ease of reference. The
table 4.1 provides an overview of the abbreviations used to identify each sample.
The number of addresses to each specimen is only used to indicate the batch.

Table 4.1: Specific abbreviations used for test batches

H Abbreviation Explanation H
A% Virgin material subjected to thermal pulses
T Predeformed and subjected to thermal pulse
M Predeformed and subjected to mechanical impact
T+M Predeformed and subjected to thermal and mechanical impact
F Field sample
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4.1.1 Hardness distribution of sample Mnl13_ V;

Two line profiles, as depicted in figure 4.8, illustrate the characteristics of an un-
deformed Mnl13 sample subjected to a thermal pulse. Each line was positioned
approximately 0.1 mm from the surface, with a spacing of 0.1 mm between each
indentation. The findings revealed variations in hardness within the thermal pulse
and the bulk material. The highest hardness was observed near the HAZ.

Figure 4.1: Optical microscope image of Mn13 M5 V1 with microhardness in-
dents visible, specified in HV [0.1]
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4.1.2 Hardness distribution of sample Mn13_ V,

The second sample, similar to sample Mn13 'V, consisted of undeformed material
that was subjected to a thermal pulse. In this case, it was observed that the hard-
ness profile follows a pattern; hardness increased as the distance from the surface
increased. Within the HAZ, similar to sample Mn13 V;, the hardness demon-
strated an upward trend. Figure 4.2 presented the hardness profiles of the second
sample. The left profile showed overall variations in hardness, indicating different
hardness values at various depths. On the other hand, the right profile specifically
demonstrated an upward trend in hardness as the depth from the surface increased.
Notably, an increase in hardness was evident in the surrounding area of the HAZ.
The difference could be due to sampling, due to the large grain size.

Figure 4.2: Optical microscope image of Mn13_ Vs, with microhardness indents
visible, specified in HV [0.1]
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4.1.3 Hardness distribution of sample Mn13_ Tj

Figure 4.3 displays Mn13 subjected to a thermal pulse on severely deformed surface.
The hardness profile reveals an much higher increase in hardness with increased
distance from the surface. The hardness measurements range from 221 to 455 HV.
The indentations were made at a depth of 0.5 mm from the surface, with a spacing
of 0.1 mm between each indentation. The hardness is measured at the interface
between the phases and results in a hardness of 281 HV.

Figure 4.3: Optical microscope image of Mn13 Tj with microhardness indents
visible, specified in HV [0.1]
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4.1.4 Hardness distribution of sample Mn13_ T},

The hardness profile of Mn13 T, is consistent with the results from Mnl13 Tjs.
Figure 4.4 reveals the hardness profile. Both samples were subjected to a thermal
pulse on sever deformed surfaces. In Mnl13 Ty, the hardness ranged from 236 to
463 HV. The distance from the surface to the first identification point was slightly
over 0.1 mm, with a subsequent indent spacing of 0.1 mm. In the proximity of the
interface between the phases, a hardness value of 263 HV was observed.

Figure 4.4: Optical microscope image of Mn13_ T, with microhardness indents
visible, specified in HV [0.1]
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4.1.5 Hardness distribution of sample Mn13_ T+M;

Figure 4.5 presents the hardness profile of Mn13 sample Mn13__T+M; that had been
subjected to a thermal pulse on several deform surfaces and mechanical impact by
deformation with a Rockwell C testing indenter. It was evident that the region
closest to the deformation caused by the mechanical impact exhibited the highest
hardness, reaching up to 609 HV. In contrast, the areas located outside the thermal
pulse and the deformed region exhibited lower hardness values, with the highest
value of 447 HV. These results were consistent with the values obtained from other
deformed bulk materials depicted in 4.3 and 4.4.

Figure 4.5: Optical microscope image of Mn13 T+M; with microhardness indents
visible, specified in HV [0.1]
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4.1.6 Hardness distribution of sample Mn13_ T;

The hardness profile of Mn13 sample Mnl13 Ty is declared in figure 4.6, which
exhibited a similar range to the previous Mn13 samples that had experienced severe
deformation with a thermal pulse at the surface. The indentations for hardness
measurement were spaced 0.1 mm apart, and the indent near the surface was also
spaced 0.1 mm. The highest recorded hardness value was 479 HV, while the lowest
value was 279 HV.

Figure 4.6: Optical microscope image of Mnl13_ Ty with microhardness indents
visible, specified in HV [0.1]
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4.1.7 Hardness distribution of sample Mn13__ T+M,

The second Mnl13 sample Mn13 T+M,, with a combination of severe surface de-
formation, heat treatment with a thermal pulse, and deformation with an indenter,
exhibited the same behaviour as Mn13_T+M;. The hardness profile is shown in
figure 4.7. Within the deformed zone from mechanical impact and a thermal pulse,
the hardness reached its highest value, with a maximum measurement of 837 HV.
In the region outside the deformed surface but still within the thermal zone, the
hardness dropped significantly to 295 HV. Outside the area of deformation in the
severely deformed surface, the hardness was comparable to the previously deformed
bulk material, ranging from 369 to 516 HV.

Figure 4.7: Optical microscope image of Mn13_T+M, with microhardness indents
visible, specified in HV [0.1]
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4.1.8 Hardness distribution of sample Mn13_ M;

The Mn13_M; specimen experienced a combination of severe surface deformation
and mechanical impact through deformation by a Rockwell C testing indenter. The
result of the hardness profile for this specimen is shown in figure 4.8. The hardness
profile exhibited variations, with regions near the deformation showing high hardness
values, reaching up to 729 HV. However, there were also areas along the profile
where the hardness was lower compared to the hardness profile outside the deformed
surface.

Figure 4.8: Optical microscope image of Mn13_M; with microhardness indents
visible, specified in HV [0.1]

4.1.9 Hardness distribution of sample Mn13_ M,

Mn13 M, comprised the same combination as Mnl3 M;. The hardness profile
is shown in appendix B, figure B.1. The hardness profile displayed a similar pat-
tern to the previous observations in Mnl13 T+M; and Mnl13 T+Ms,, where the
highest hardness was observed in the deformed region and gradually decreased with
increasing distance from the deformation.

51



4. Results

4.1.10 Hardness distribution of sample
Mnl13_field sample F;T,

The specimen labelled as Mn13_ field sample_F; Ty Specimen S (2015), which is
depicted in figure 4.9, exhibited a hardness profile similar to that of rolled Mn13
when subjected to thermal heat. Four hardness profiles were created for analysis;
one near the solidification hot crack, another near the liquation crack within a white
region, and two hardness profiles at a distance of 0.1 mm from the surface to establish
a stable hardness distribution between the thermal region and the bulk material.
Each indentation was spaced 0.1 mm apart. The results indicated that the thermal
heat received the lowest hardness within the region and increased as the depth
from the surface increased. The cracks did not display any significant deviation in
hardness compared to the surrounding regions within the same phase. The lowest
measured hardness, recorded at 0.1 mm from the surface, was 275 HV. On the other
hand, the highest hardness value, reaching 531 HV, was attained within the bulk
material.

Figure 4.9: Optical microscope image of Mn13_field sample F;T; with micro-
hardness indents visible, specified in HV [0.1]
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4.1.11 Hardness distribution of sample Mn13_ field sample
F,T,

The hardness profile of Mn13_ field sample_FyTy Specimen D (2017) is depicted in
figure 4.10. The specimen exhibited variations in hardness distribution along the
hardness lines. The lowest hardness value, measured at the thermal region, was 246
HV. However, relatively lower values of 264 HV were also detected within the bulk
material.

Figure 4.10: Optical microscope image of Mn13_field sample FoT; with micro-
hardness indents visible, specified in HV [0.1]
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4.1.12 Hardness distribution of sample Mn13_ field sample
F,T,

The hardness distribution of the second sample; Mn13_ -field sample FoT5 extracted
from Specimen D (2017) exhibited similar behaviour to rolled Mn13. It displayed
lower hardness values in the thermal region, which then increased as the distance
from the surface increased. The indents were spaced 0.1 mm apart, with each
indentation positioned at a distance of 0.1 mm from the surface. The hardness
profile is displayed in appendix B, figure B.2, which showed two hardness profiles
that illustrated this trend.

4.1.13 Hardness distribution of sample Mn13_ field sample
F2T;

The third thermal sample extracted from Specimen D (2017) confirmed the previous
observations, but it exhibited lower hardness values compared to the first and second
samples. The hardness distribution of this sample is displayed in figure 4.11.

Figure 4.11: Optical microscope image of Mn13_field sample F2T5 with micro-
hardness indents visible, specified in HV [0.1]
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4.1.14 Hardness distribution of sample
Mnl13_field sample F2 M+T,

The extracted sample, Mn13_field sample F2_M+T; from Specimen D (2017)
continued to display a low hardness distribution, as seen in figure 4.1.13, further
confirming the previous observations. These samples experienced a combination of
heat treatment involving a thermal pulse, as well as deformation using a Rockwell
C testing indenter. However, in the case of this particular sample, the indenter was
not visible. The hardness distribution of this sample is presented in appendix B,
figure B.3.

4.1.15 Hardness distribution of sample
Mn13_ field sample_F,; M+T,

The second sample, Mn13_field sample F; M+T; extracted from Specimen S
(2015) exposed to heat treatment using a thermal pulse and experienced defor-
mation using a Rockwell C testing indenter. Five profiles were conducted, following
the same methods as previously used for samples subjected to Rockwell C testing.
The hardness distribution revealed high hardness values in the deformed region,
reaching up to 562 HV, as measured 0.2 mm from the surface. Additionally, one
measurement outside the deformed and thermally exposed region displayed an ex-
ceptionally high value of 511 HV. In contrast, the bulk material achieved hardness
values ranging from 256 to 369 HV. The hardness profile is illustrated in figure 4.12.

Figure 4.12: Optical microscope image of Mnl13_field sample F; M+T; with
microhardness indents visible, specified in HV [0.1]
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4.1.16 Hardness distribution of sample
Mnl13_field sample_ F2 M+T,

The second sample, Mn13_ field sample_Fo  M+Ty from Specimen D (2017), which
experienced a combination of a thermal pulse and deformation using a Rockwell C
testing indenter, reports five hardness profiles. These profiles revealed elevated hard-
ness values in the deformed region, reaching a maximum of 551 HV when measured
at a distance of 0.1 mm from the surface. Moreover, measurements taken outside the
deformed and thermally exposed region displayed higher hardness values compared
to many of the hardness values within the deformed region. The hardness profile is
depicted in figure 4.13.

Figure 4.13: Optical microscope image of Mn13_field sample F2 M+T, with
microhardness indents visible, specified in HV [0.1]
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4.1.17 Hardness distribution of sample Mn13__M,

Mn13 M, comprised the same combination as Mnl13 M;. The hardness profile re-
sult is depicted in figure B.1. It displayed a similar pattern to the previous observa-
tions in Mn13_T+M; and Mn13_T+Ms,, where the highest hardness was observed
in the deformed region and gradually decreased with increasing distance from the
deformation.

Figure 4.14: Optical microscope image of Mn13 M, with microhardness indents
visible, specified in HV [0.1]
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4.1.18 Hardness distribution of sample R260__V; and R260-
Vs

The hardness profile of virgin R260 steel is depicted in figure 4.8, which shows the
characteristics of an undeformed R260 sample with a thermal spot. The hardness
was highest within the thermal pulse, ranging between 808 and 959 HV. As the
distance from the interface between the phases increased, the hardness gradually
decreased. Same behavior was observed in R260 Vs, reported in appendix B, fig-
ure B.4. Nondeformed field samples that had not been used exhibited the same
pattern, with higher hardness observed within the thermal pulse, which decreased
as the distance from the interface increased. The results of the hardness profiles are
presented in appendix B, figure B.9, and figure B.11.

Figure 4.15: Optical microscope image of R260 V; with microhardness indents
visible, specified in HV [0.1]
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4.1.19 Hardness distribution of sample R260_R9 T,
R260 R9 T, and R260_R4 T,

When pearlitic R260 steel was subjected to the combination of severe surface de-
formation and a thermal pulse, the material exhibited a hardness profile similar to
that of virgin material exposed to thermal pulses. The hardness profile ranged from
971 to 361 HV. Lower values were obtained in the bulk material that had not been
exposed to thermal heat. Hardness profiles for this combination can be found in
appendix B, figure; B.5, B.6, and B.7.

4.1.20 Hardness distribution of sample R260_ R4 M; and
R260 F M,

Sample R260 R4 M; exposed to a combination of severe surface deformation and
mechanical impact by a Rockwell C indenter. The hardness profile is presented in
appendix B, figure B.8. The hardness profile exhibited similarities with the previ-
ously mentioned trend of higher hardness near the deformed surface, which decreased
as the distance from the deformation increased. This trend also aligned with the
findings from a non-deformed field sample subjected to mechanical impact. The
hardness profile revealed the highest hardness values closest to the surface. How-
ever, in the case of R260_F M;, the measured hardness was higher compared to
the previously mentioned samples. Near the surface, the hardness reached 837 HV,
while outside the deformed region, it was measured at 447 HV. The hardness profile
is shown in figure 4.16.

Figure 4.16: Optical microscope image of R260_F M with microhardness indents
visible, specified in HV [0.1]
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4.2 Results of Microstructure Analysis

Below the microstructure of both steels is shown. The result shows the impact of
thermal pulses on non-deformed and severely deformed surface.

Microstructure analysis was performed on the following combinations:
o Effects of thermal pulse on virgin material

o Effects of thermal pulse on severely deformed surfaces

o Effects of thermal pulse on field samples that were unused and had defects

4.2.1 Microstructure analysis of sample Mnl13_V_ 1

Virgin material from Mn13 steel was exposed to a thermal pulse, and the microstruc-
ture is displayed in figure 4.17. It revealed a combination of columnar and dendritic
structures in the fusion zone where the thermal pulse had been initiated. The ma-
terial had been selected from a virgin sample without any pre-deformation, as indi-
cated by the absence of visible slip bands or deformation twins in the bulk material’s
grains. However, upon exposure to thermal heat, segregated carbides accumulated
at both grain boundaries and in the heat-affected zone of Mn13_V;.

Figure 4.17: Microstructure of Mn13__M5 V1

Clarification of the result in figure 4.17 from sample Mn13_V_ 1 is provided in 4.18.
Figure 4.18 presented visible observations of transverse and parallel dendritic grains.
Additionally, columnar grains were observed in parallel to the image. The figure
also depicted black dots, which were residues from diamond suspension, presumably
originating from OPS. These residues were visible within the fusion zone, at the
heat-affected zone (HAZ), and within the bulk material.
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Figure 4.18: Explanations of the microstructure from Mn13_M5_ V1
4.2.1.1 Mn13, liquidus crack

Defects were observed in sample 4.2.1. At the interface between the thermally ex-
posed region and the bulk material, a visible liquidus crack was present, as depicted
in appendix D, figure D.1. The observed crack was positioned between the grains
in both the thermally exposed region and the non-exposed material. Furthermore,
around the heat-affected zone (HAZ), two potential fine liquidus cracks were ob-
served.

4.2.2 Microstructure analysis of sample Mnl13_V,

The second sample, Mn13V,, extracted from the virgin material, exhibited an in-
crease in slip bands, even though it had not undergone the same biaxial twisting
deformation as the other samples. The thermal spot was applied to the grip sec-
tion of the undeformed material; the observed deformation is a consequence of prior
mechanical impact that had deformed the material at some stage. The result is
reported in appendix D, figure D.2. The result shows slip bands in the microstruc-
ture, although not as distinct as in the predeformed samples; for instance, figure
4.19. Mnl13_V, displayed similar characteristics to Mn13_V;, with dendritic and
columnar grains observed at the fusion zone. Carbides were accumulated and seg-
regated between the grains and in the HAZ. It is worth noting that a small indent
was visible on the surface, but this was not a defect resulting from solidification, as
seen in other samples.
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4.2.3 Microstructure analysis of sample Mn13_ T

The first sample, extracted from a combination of thermally and predeformed ma-
terial, exhibited a microstructure similar to the virgin samples. The microstructure
of Mn13_Tj is reported in figure 4.19. However, a significant increase in slip bands
was observed in the bulk material. Apart from this increase in slip bands, the mi-
crostructure appeared consistent, characterised by dendrites and columnar grains in
the fusion zone, along with segregated carbides accumulated between the grains and
within the HAZ. Unlike the first extracted virgin samples, no visible liquidus cracks
were present in this sample.

Figure 4.19: Microstructure of Mn13_M5_ Tj

4.2.4 Microstructure analysis of sample Mn13_ T,

Mn13_ T, was the fourth sample, which was exposed to a thermal pulse on a pre-
deformed surface. The sample exhibited poor etching, resulting in difficulties in in-
terpreting the microstructure. While the bulk material displayed visible slip bands,
the area exposed to the thermal pulse was contaminated with residues from OPS,
which hindered clear observation. However, in certain regions, the microstructure
was consistent with the other samples subjected to the thermal pulse, characterised
by the presence of columnar and dendritic grains in the fusion zone. The HAZ could
not be determined. The corresponding figure can be found in appendix D, figure D.4.

4.2.5 Microstructure analysis of sample Mn13_ T}

The microstructure of Mn13 Ty also exhibited poor etching, with residues from
OPS hindering clear visualisation of the microstructure. However, it was still evident
that the microstructure followed the same pattern observed in the previous samples
examined from Mn13. The HAZ could not be determined. The corresponding figure
can be found in appendix D, figure D.5.
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4.2.5.1 Mnl3, hot cracking

Solidification hot cracks were visible in all Mn13 samples, including the field sam-
ples. Although the cracks may not have been apparent in all micrographs. The
cracks were observed in the stereo optical microscope before the samples were cut,
as depicted in figure 2.13 in appendix C. Images were captured at the surface after
the thermal pulse revealed the presence of solidification hot cracks. Notably, the
Mn13 sample labelled as Mn13_ T displayed a visible solidification hot crack in its
mimeographs from LOM, prompting further investigation using a scanning electron
microscope (SEM) to confirm its origin as a solidification hot crack.

The SEM images depicted four instances of solidification hot cracks in various field
samples, as shown in figure C.1 in appendix C. These cracks originated from the
outer edge of the thermal heat pulse and extended toward the center. An image
demonstrated the positioning of the indentation in these samples and the continued
presence of cracks afterwards. Upon closer examination, the SEM observations re-
vealed the appearance of the cracks at higher magnification, exhibiting the direction
of solidification and shrinkage. Additionally, a significant accumulation of segregated
carbides was visible, particularly in the thermal heat pulse and around the grains
closest to the solidification hot crack. Further magnification revealed the presence
of smaller hidden cracks in the region, which also exhibited an increased proportion
of carbides. The area closest to the surface was susceptible to the accumulation of
segregated carbides as well. Figure 4.20 a) displayed the largest crack, while figure
4.20 b) presented additional cracks near the surface. Furthermore, figure 4.21 a)
displayed the middle section of the crack, and 4.21 b) showed the end of the crack,
located closest to the interface between the phases.

Figure 4.20: Two solidification hot cracks performed via SEM for Mn13-T}
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Figure 4.21: Solidification hot crack a) at the middle b) at the end near the
interface between the phases for Mn13-Tj

4.2.6 Microstructure analysis of sample Mn13_ field sample
FiT,

From the specimen labelled as Mn13_ field sample F;T; extracted from Specimen S
(2015), the material that was subjected to one thermal pulse is shown in figure 4.23.
The material exhibited a microstructure similar to rolled Mn13 when exposed to a
thermal pulse. The fusion zone displayed a combination of columnar and dendritic
grains. In figure 4.23, epitaxial growth was evident, as the grains in the fusion zone
grew in the same direction as the preexisting grains within the bulk material close to
the melt pool. While the HAZ was not clearly visible due to poor etching. significant
defects were present in the sample, in the thermal region, a large solidification hot
crack was observed, penetrating from the surface down to the interface of the bulk
material. The crack was further examined using SEM, as depicted in figure 4.24,
4.25, and 4.26. Additionally, there were visible liquidus cracks at one location at the
interface of the partially melted zone (PMZ). It could be observed that a crack be-
low the thermal spot was present around the grain boundaries, as seen in figure 4.22.

Figure 4.22: Crack around the grain boundaries in the bulk material for sample
Mn13-field sample F; T,
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Since this sample was extracted from a damaged turnout, deformation from me-
chanical impact was observed in the microstructure of the bulk material. A high
percentage of slip bands were detected, especially closest to the surface of the sample.

Figure 4.23: Microstructure of Mn13-field sample F1T1

Figure 4.24: Solidification cracks of Mn13-field sample F1T1 performed via SEM
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Figure 4.25: Different sections of solidification cracks of Mn13-field sample F1T1
performed via SEM

Figure 4.26: Branching of solidification hot crack of Mnl13-field sample F1T1
performed via SEM

4.2.7 Microstructure analysis of sample, field samples

The other samples extracted from Specimen S (2015) and Specimen D (2017) are
document appendix D and depicted in figure D.10 to D.14. The microstructure of
these samples did not show any significant variation and remained similar to each
other, including the observed defects. The samples were obtained from both the flat
and curved sides of the turnout, and no notable differences were observed based on
the sampling location.
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4.2.8 Microstructure analysis of sample R260

The microstructure remained unchanged regardless of whether the samples under-
went predeformation or were taken from the bulk material. Similarly, no significant
differences were observed in the microstructure of the field sample. During the ther-
mal pulse, the formation of WEL was evident, aligning with previous studies. The
thermal pulse also led to the presence of martensite, as indicated by the substantial
increase in hardness.

Figure 4.27 shows a virgin sample extracted from the bulk material subjected to
a thermal pulse, and figure 4.28, represents the predeformed material subjected to
a thermal pulse. Despite the difference in size, both images exhibited the same
microstructure. However, it should be noted that the presence of white spots in
figure 4.28 indicated uneven etching. The remaining microstructures of the samples
extracted from R260 are presented in appendix D, figure D.17 to D.22.

Figure 4.27: Microstructure of R20 R9 V;

Figure 4.28: Microstructure of R20__R9_ Tjy
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4.3 Thermal width and dept dimensions

Table 4.2 presented measurements of various dimensions resulting from laser welding
exposure, HAZ, and the width and depth of the fusion zone for each sample. The
measurements are reported in table 4.2 and the results from the settings defined in
chapter 3 were a spot diameter of 2 mm whit a flat power profile. Error indicates
samples that could not be measured.

Table 4.2: Dimensions of HAZ and fusion zone

H Material Sample

HAZ [nm] Pulse width [gm] Pulse depth [um] H

Mn137V1
Ml’l137V2
Mnl13 T,
Mnl13 Ty
Mn13_T5
Field sample Mn13_F1T,
Field sample Mn13_ F2T,
Field sample Mn13_F2T,
Field sample Mn13 F2T}5
R260_R9 V;
R260 R9 V,
R260 R9 Tj
R260 R4 T,
Field sample R260 T

18100
9700
21300
error
error
error
18764
13997
17824
0
20641
0
0
0

2072
1980
2005
error
error
>2207
2334
2375
2395
1067
error
2118
1588
2253

228
261
233
error
error
444
344
437
380
267
285
363
158
463
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Discussion

This chapter is dedicated to discuss the results obtained from the study and analysing
the potential factors that could have influenced these findings. It incorporates sup-
porting evidence from the theoretical framework in chapter 2. The investigation
provides a comprehensive examination of the microstructure and the hardness pro-
files. Moreover, since the results indicate the presence of defects, the associated
discussion addressing these defects is also included.

5.1 Hardness

The hardness of R260 steel was observed to increase when it was subjected to thermal
exposure, indicating a phase transformation from pearlite to martensite. Previous
studies suggested that the high temperature gradient during the thermal pulse led
to self-cooling of the material, facilitating martensite formation [3]. The conclusions
drawn from these conducted tests were consistent with the previously mentioned
observations, where the increase in hardness associated with martensite formation
was evident [7]. However, it was noted in the report that the presence or absence of
deformation after the thermal pulse did not significantly affect the hardness, as the
region of the thermal pulse converted all phases into martensite.

In accordance with the established theory, the hardness values obtained in this study
align with previous research on the WEL. The hardness range of 700-1200 HV [7]
reported in earlier studies is consistent with the findings from the hardness profiles
in this investigation.

The hardness of Mn13 steel was observed to increase when it was subjected to a
thermal pulse and subsequently deformed by mechanical impact, specifically through
Rockwell C testing. The formation of new grains during solidification was charac-
terised by dislocation-free grains, which contributed to lower hardness. However,
when the material was exposed to mechanical impact, the deformation caused the
newly formed grains to experience strain and an increase in the insertion of disloca-
tions, consistent with the theory of dislocation density increase in work hardening
[62]. This cold processing of the material in the deformed area altered its properties,
resulting in an increase in hardness due to large plastic strains locally. This obser-
vation is in line with previous studies that demonstrated an increase in hardness
through gradual impact with Mn13 [2].
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Deformation in the form of slip band initiation prior to the thermal pulse did not
impact the hardness of the material, except in the bulk material. This observation
suggested that the material transformed from a solid austenitic phase to a molten
state. Austenitic manganese steel is known to exhibit a low solidification rate, lead-
ing to the formation of defects such as carbide segregation and welding defects [49].
Consequently, upon completion of the solidification process, the material tended to
exhibit lower hardness. However, the hardness profiles might have displayed diver-
gent values due to the formation of carbides, which possessed significantly higher
hardness than the surrounding bulk material [31] [32]. When hardness tests were
conducted on these carbides, they contributed to an increase in local hardness at
the testing point, thereby yielding somewhat misleading results. The SEM images
in figures 4.20 and 4.21 provided clear evidence of carbide segregation and accu-
mulation at the grain boundaries, particularly along the secondary dendritic arms
near the solidification hot crack and close to the surface, during the thermal pulse.
These regions exhibited a significant concentration of carbides, surpassing that of
the surrounding material. As a result, localised changes in hardness occurred in
these specific areas due to the pronounced accumulation of carbides.

As a result of the formation of columnar and dendritic grains, Mnl3 exhibited
anisotropic properties, with dominance in a specific direction, as supported by [38].
This characteristic had significant implications from an operational standpoint, as
the material could deviate from its intended properties. Consequently, it was advised
against welding Mn13, and alternative materials, such as certain types of stainless
steel, were used for connections to prevent the material from melting.

To accurately assess the hardness distribution of Mn13, it is essential to conduct
a comprehensive mapping of both vertical and longitudinal hardness profiles. This
mapping approach would have enabled better visualisation of variations across the
material’s profile. However, instead of performing this thorough analysis, only two
line profiles were typically conducted, with roughly equal distances from the surface.
This limited approach failed to capture the full extent of variations in the material’s
hardness properties.
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5.2 Microstucture

Previously, it was mentioned that R260 transforms to martensite, which was evident
through the occurrence of WEL formation. The figures obtained from R260 clearly
demonstrated this phenomenon, indicating that the application of thermal heat to
R260 resulted in a phase transformation. However, due to the etching process, the
bulk material became challenging to analyse as it appeared very dark. No discernible
HAZ was observed at the interface between the bulk material and the fusion zone.
The material within the fusion zone displayed a consistent microstructure charac-
terised by the presence of martensite. In comparison to Mn13, none of the R260
samples showed cracking in the form of solidification hot cracks or liquation cracks.
In one of the R260 samples, a crack was observed that penetrated from the surface
into the bulk material, as seen in figure D.17 in appendix D.

Previously, it was established that R260 undergoes a martensitic transformation,
resulting in the formation of a white layer known as the WEL on the surface. Ac-
cording to existing literature, the formation of martensite typically occurs based on
prior austenitic grains [23]. However, the figures provided by OM do not reveal this
phenomenon.

Based on the previous statements, the formation of WEL could be attributed to
either martensite [3] or nanocrystalline martensite [5]. In the present case, the
transformation aligned with the hypothesis from [3], where the phase change was
induced by heating and rapid cooling. The hypothesis from [5], which proposed that
"'repeated plastic deformations leading to increased strain in the cementite along with
grain refinement, resulting in a nanocrystalline microstructure," remained untested
and could not be verified based on the obtained results.

During the thermal pulse of Mn13 steel, the material transformed from solid austen-
ite to a molten state and surface melting are reported from the findings are evident.
Subsequently, the cooling process took place slower than in R260, facilitating the
growth of dendritic and columnar grains originating from the weld pool. These ob-
servations aligned with the findings from previous studies in [2]. The growth of the
newly formed grains occurred from the austenitic grains present at the interface with
the molten material, a phenomenon known as epitaxial growth. The slow solidifi-
cation rate allowed for the diffusion of carbon within the material. As solidification
progressed, carbon present in the steel diffused and migrated away from the solidify-
ing grains into the surrounding liquid. However, as the solidification process neared
completion, the diffusion of carbides became restricted, resulting in their fixation
around the secondary dendritic arms.

It was worth noting that these observed defects could potentially be attributed to
manufacturing techniques and specimen shape. The field samples were manufac-
tured by casting and obtained a flatter profile. Consequently, when the laser was
applied, it could directly impact the surface without deviation, exposing the entire
laser spot perpendicular to the surface. On the other hand, the specimens pro-
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duced through rolling were typically circular specimens with a diameter of a few
millimeters. When the laser interacted with these specimens, there was a possibility
of deflection or interference, potentially affecting the initiation process. Given the
multifaceted nature of the issue, it could only be speculated that these factors may
have had an impact on the observed outcomes.

Slip bands and deformation twins affect recrystallisation. In the HAZ small grains
were visible in one sample, indicating that recrystallisation had occurred. However,
in the other samples where predeformation was present, this phenomenon could not
be observed due to uneven etching. But it aligns with earlier statements of nucle-
ation sites [14].

The crystal structure in R260 was observed to transform from ferrite and cementite
to a BCT crystal, as indicated in [24]. However, in the case of Mn13, the initial
determination of the crystal structure as FCC could not be substantiated using
the methodology employed in this investigation. Therefore, further research is re-
quired to determine whether the crystals have undergone transformation or if only
the microstructure has been affected. The current status of this matter remains
unresolved.

5.2.1 Defects

Defects in the form of solidification cracks were observed in all Mn13 samples, in-
cluding both rolled test bars and cast field samples. Previous literature had already
established the poor weldability of Mn13 due to its high coefficient of thermal expan-
sion and slow solidification rate, as discussed in [2]. As the material heated up, its
volume expanded, but during solidification, it experienced shrinkage, a phenomenon
referred to as intrinsic restraint [45], indicating opposing movements between shrink-
age and solidification as depicted in figure 2.13. This phenomenon increased the
probability of solidification hot cracks, which are cracks formed due to incomplete
bonding of the material. Examination of the crack appearance through SEM, fig-
ure; 4.20, 4.21, 4.25, and 4.26 revealed the presence of dendritic secondary arms,
suggesting shrinkage during the solidification process. This phenomenon was also
observable in OM of the field samples. Furthermore, hardness testing conducted
around the cracks on selected field samples showed no significant differences along
the line profiles, indicating that no other types of cracking existed apart from voids
created during solidification. The hardness profile around the crack is presented
in figure 4.9. Additionally, smaller types of solidification hot cracks or incomplete
fusion could be observed through SEM, as shown in figure 4.20. However, these
cracks or voids were not studied based on hardness tests due to their small size,
which could not be detected under the magnification used, but they became visible
when using SEM.

Solidification hot cracks are commonly manifested in materials characterised by low
thermal conductivity and high thermal expansion [46]. It is noteworthy that Mn13
exhibited low thermal conductivity [30], implying that the presence of slow solidifi-
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cation combined with thermal expansion was more likely to render defects visible.
Previous studies demonstrated that the occurrence of cracks was not solely reliant
on welding speed and solidification rate but also influenced by alloying elements
with low melting temperatures, the presence of microcavities facilitating microcrack
nucleation, and the misorientation of grains characterised by high-angle boundaries
[46].

Distinct variations were observed in the appearance of cracks between field samples
and cylindrical test bars. As mentioned earlier, sample preparation significantly im-
pacted the examination since the samples were not analysed at the center but rather
within the thermal pulse region. Nevertheless, cracks were visible in materials where
deformation was initiated, thus speculating on the potential impact. Shear stresses
induced atomic plane displacements during twisting, leading to increased dislocation
density, initiation of slip bands, and formation of deformation twins, as per theoreti-
cal understanding. The extent to which atomic displacement affected misorientation
was challenging to determine, and grain orientation may have remained unchanged
among the original grains tested.

The grain shape, both before and after deformation, remained uniform; however, the
grains experienced deformation and might have undergone grain refinement during
heat treatment due to recovery and recrystallisation, resulting in the emergence of
new grain boundaries with partially altered grain orientation. Nonetheless, perhaps
the most significant influence on solidification hot cracking lay in the presence of
finer grains, nearly dislocation-free grain, which experienced shrinkage in the oppo-
site direction to the solidification direction.

Liquation cracks were observed at the interface between the PMZ and the HAZ, both
in field samples and test bars. Typically, these cracks were associated with multipass
welds or reheated welds [45], but such explanations were insufficient in this case as
the weld consisted of a single thermal pulse that penetrated the surface only once.
The presence of liquation cracks was observed in both virgin materials and used field
samples, suggesting that they occurred independently of the material’s origin. The
crack was likely a consequence of the contrast in tension between the liquified and
solidified PMZ, as suggested by [47]. It could have been a combination of stresses
resulting from variations within the PMZ between the solidified and liquid metal,
along with stresses arising from the expansion of the liquid in the fusion zone.

5.3 Thermal width and depth

Several of the values presented in table 4.2 could not be accurately measured due
to inadequate and incorrect etching procedures, resulting in unclear boundaries be-
tween distinct zones. The table exclusively displayed thermal pulse values, as the
other pulses had been distorted and lacked substantial data. Fluctuations in the
fusion zone’s size could be attributed to the pulse, not being entirely centered or
cut. Values below 2 mm could be considered off-center, whereas values exceeding 2
mm exhibited deviations in the welding equipment.
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Conclusion and future work

The conclusion encompassed the outcomes of the project’s inquiries and highlighted
any areas for future investigation aimed at gaining a deeper understanding of the
obtained results and the materials involved. The following were the key conclusions
derived from the results presented in Chapter 4.

Conclusions:
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Mn13 experiences significant changes when subjected to thermal impact. The
microstructure of Mn13 revealed a combination of dendritic and columnar
grains that exhibited directional growth from the grains at the interface to-
ward the molten region. Carbide segregation was evident around the dendritic
secondary arms and along the HAZ.

Recrystallisation was only visible in one sample, Mn13 Tj3, which was sub-
jected to thermal pulse on a deformed surface. No other images showed this
phenomenon, likely due to poor and uneven etching. However, Mn13_V; was
well etched, and there was no sign of recrystallisation. From this, it can be
deduced that slip bands provide sites for recrystallisation. However, to confirm
this, several samples need to yield the same result.

The hardness profiles suggested that the grains formed in the thermal zone
were nearly free from dislocations. This conclusion was supported by the sig-
nificant decrease in hardness observed after the thermal pulse. It was expected
that new grains would be formed during melting, which would not possess
defects such as dislocations unless the material was exposed to mechanical
impact.

The HAZ in Mn13 showed an increased presence of carbide segregation, but
the grains in close proximity to the segregated carbides appeared unchanged
compared to virgin state.

Mn13 and R260 were found to be distinct materials that exhibited significant
differences in their response when subjected to a thermal pulse. Phase trans-
formation was observed in R260, with a transition from pearlite to martensite,
resulting in a substantial increase in hardness up to 1000 HV. No evidence of
carbide segregation was found in R260. In contrast, Mnl3 experience mi-
crostructural changes that led to a decrease in hardness. Within the thermal
pulse, R260 showed no significant difference in hardness when exposed to me-
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chanical impact, whereas Mn13 demonstrated a strong increase in hardness.

o Heating both materials revealed weaknesses in their respective properties. In
the case of pearlite, it exhibited high hardness along the surface, resulting in
increased brittleness. On the other hand, the presence of carbides in Mn13 led
to localised increases in hardness, but this also resulted in unreliable mechan-
ical properties.

o Defects were observed when Mn13 was heated, as confirmed by this study and
previous research. The segregation of carbides and the occurrence of common
weld defects such as solidification and liquation cracks were observed during
the solidification of Mn13. These findings provide evidence of the poor weld-
ability of Mn13.

o R260 formed a WEL upon thermal pulse and rapid cooling, whereas Mn13 did
not exhibit any WEL formation during the thermal pulse and rapid cooling.

o Defects became apparent in Mn13 when it was subjected to a thermal pulse,
regardless of the manufacturing method used or whether the material had an
undeformed or severely deformed surface.

Recommendations for future work:

o In order to obtain validation regarding the phase acquired by Mn13, further
investigation is recommended as it was excluded from the current study. The
formation of dendritic grains during the welding of Mn13 has been demon-
strated in this study and in numerous other studies. To ensure that the mate-
rial attains the desired properties for its intended application, a more indepth
study of the kinetics of dendritic growth in Mn13 could to be carried out.

o Recommendations on the welding process could be found in other studies and
in the theory provided by this project in chapter 2. However, information
regarding the impact resulting from wheel and rail contact was lacking. The
theory established that carbide accumulation and segregation did not occur
when the measured temperature was below 300°C. Future research was rec-
ommended to explore the specific effects arising from the interaction between
wheel and rail and investigate whether carbide segregation and other phenom-
ena were influenced by this contact.

e The execution of the experiments could have been further improved to enhance
accuracy, particularly in manual processing. In the case of field tests, auto-
matic settings were employed, resulting in more consistent outcomes. Con-
versely, for the test bars, manual execution was utilised. It was observed that
defects became more pronounced and visible when the experiments were car-
ried out meticulously using automatic settings, which ensured a higher level
of uniformity. Furthermore, it should be noted that the field samples were
extracted in close proximity to or directly within the center of the thermal
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pulse. Conversely, the test bars were only taken within the thermal area.

The SEM analysis provided a clear visualisation of the defects and their char-
acteristics. However, it is important to note that SEM analysis was conducted
on a limited number of samples, and it would have been beneficial to examine
a larger batch size to detect smaller cracks that may not have been visible
through OM. It is worth mentioning that the SEM analysis was exclusively
performed on the Mnl3 samples and did not provide evidence of the R260
material.

The etching process on several samples was found to be inadequate, and if suf-
ficient time had been available, it would have been necessary to re-etch them
in order to contribute to the conclusions regarding the microstructures.

Additionally, conducting hardness mapping on both Mn13 and R260 materi-
als would have yielded more comprehensive data on how the hardness profile
changed, particularly in relation to whether Mn13 acquired austenitic proper-
ties after solidification.
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Appendix

Figure A.1: a) TTT-diagram for R260 b) CTT-diagram for R260 performed in
JMatPro software

Figure A.2: a) TTT-diagram for Mn13 b) CTT-diagram for Mn13 performed in
JMatPro software
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Figure A.3: a) Plan view b) side view of ¢/a value based on HCP crystals
Table A.1: Dimensions and force ratio for each specimen

H Material ~Specimen number @ [mm] Force|;o, . [N] H
R260 R1 5.01 9856,8
R260 R2 5.01 9856,8
R260 R3 5.02 9896,2
R260 R4 5.01 9856,8
R260 R5 5.02 9896,2
R260 R6 5.02 9896,2
R260 R7 5.03 9935,6
R260 RS 5.01 9856,8
R260 R9 5.01 9856,8
Mn13 M1 8.03 25321,6
Mn13 M2 8.05 95447 9
Mn13 M3 8.05 254479
Mn13 M4 8.05 254479
Mn13 M5 8.03 25321,6
Mn13 M6 8.05 25447.9
Mn13 M7 5,08 10134,1
Mn13 M8 6,08 14516,7
Mn13 M9 6,06 14421,3
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Figure A.4: Methodology of predeformation, a) Before rotation (original grid), b)
Forces that are acting on the specimen, ¢) After rotation (Deformed grid).
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Appendix B

Figure B.1: Optical microscope image of Mn13 M5 M, with microhardness in-
dents visible, specified in HV [0.1]
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Figure B.2: Optical microscope image of Mn13_F2T5 with microhardness indents
visible, specified in HV [0.1]
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Figure B.3: Optical microscope image of Mn13_ F2 M+T; with microhardness
indents visible, specified in HV [0.1]
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Figure B.4: Optical microscope image of R260_ R9 V, with microhardness in-
dents visible, specified in HV [0.1]
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Figure B.5: Optical microscope image of R260_ R9 T3 with microhardness in-
dents visible, specified in HV [0.1]
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Figure B.6: Optical microscope image of R260_ R9 T, with microhardness in-
dents visible, specified in HV [0.1]
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Figure B.7: Optical microscope image of R260_ R4 T, with microhardness in-
dents visible, specified in HV [0.1]
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Figure B.8: Optical microscope image of R260 R9 M; with microhardness in-
dents visible, specified in HV [0.1]
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Figure B.9: Optical microscope image of R260_ Field sample T, with microhard-
ness indents visible, specified in HV [0.1]
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Figure B.10: Optical microscope image of R260_Field sample M; with micro-
hardness indents visible, specified in HV [0.1]
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Figure B.11: Optical microscope image of R260 Field sample T+M; with mi-
crohardness indents visible, specified in HV [0.1]
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Appendix C

Figure C.1: Presence of surface cracks in the Mn13 field samples
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Appendix D

Figure D.1: Liquidus crack from Mn13 M5 V1

Figure D.2: Microstructure of Mnl13 V,
XVI
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Figure D.3: Microstructure of Mn13 Ty
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Figure D.4: Microstructure of Mn13_ M+T,

Figure D.5: Microstructure of Mn13_ T}
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Figure D.6: Microstructure of Mn13_ M+T,

Figure D.7: Microstructure of Mn13_M;
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Figure D.8: Microstructure of Mn13_ M,

Figure D.9: Microstructure of Mn13 _field sample Fy T,
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Figure D.10: Microstructure of Mn13_ field sample FyT,

Figure D.11: Microstructure of Mn13_ field sample _FyTj3
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Figure D.12: Microstructure of Mn13_field sample _Fo T+M;, but mechanical
indent is not visible

Figure D.13: Microstructure of Mn13 field sample F; T+M;
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Figure D.14: Microstructure of Mn13_field sample _Fy T+M,

Figure D.15: Microstructure of Mn13_field sample Fo T+M;y
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Figure D.16: Microstructure of R260_V,

Figure D.17: Microstructure of R260 R9 T},
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Figure D.18: Microstructure of R260__R4 T,

Figure D.19: Microstructure of R260 R4 M;
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D. Appendix D

Figure D.20: Microstructure of R260_ Field sample T+M;

Figure D.21: Microstructure of R260 Field sample T,
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Figure D.22: Microstructure of R260_ Field sample_ M,
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