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ABSTRACT 

This research focuses on the impact of temperature variations on the 

mechanical properties of railway line steel. Railway line steel must be made 

from a strong material that endures wear, fatigue, and various temperature 

effects in order for the railway transport to supply an uninterrupted service 

of goods to customers. The mechanical properties of the structural materials 

strongly depend on their microstructure. The fatigue tests were conducted, 

and repeated linear load tests were applied to check the behaviour of the 

material. The reports released by the Railway Safety Regulator in South 

Africa 2017 reveal many defects found on the railway lines, and it cannot at 

this point be determined how they develop to the state of disturbing the 

transport service.  

 

Many researchers agree that temperature can have an impact on the steel, 

but it is not yet clear how temperature can affect the material properties of 

railway line steel. This research has discovered that temperature has an 

effect on mechanical properties of the steel. The microstructure results have 

shown that fatigue load causes microstructure grain transformation, 

dislocating element grains. The results have shown that as the temperature 

increases due to repeated cycle loading, carbon content decreases, so the 

steel hardens increased to 443.3 HV0.5. It is assumed that crack defects 

develop on the areas where brittleness has become the highest. 

 

Further research is needed to effectively evaluate and compare a sample 

which has been in use and a virgin sample to see the actual appearance of 

the microstructure results of both, this will help in defining the maximum 

lifetime of the rail steel and to know when it can be replaced. 
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1. CHAPTER 1 

 

INTRODUCTION 

 

1.0  Introduction 

 

Railway track is a structure that provides a levelled surface for the 

movement of railway vehicles. It consists mainly of rails, sleepers, fishplates 

and fasteners. The main component of the railway track is the rail, and it is 

made of a very strong material. The steel used to make rails must withstand 

stresses induced by the load applied (vertical, lateral, and longitudinal) to 

the rail during operation. Therefore, to withstand these stresses, the 

properties of rail-wheel material should possess high yield strength, 

toughness/tensile strength, hardness, wear and fatigue resistance 

(Bhadeshia et al., 2011).  

 

The steels that are normally used on railway rails are carbon-manganese 

steels with a pearlitic microstructure. Mechanical properties, achieved 

through the control of these compositions, ensure a safe railway system 

operation. Carbon and manganese content play a vital role in rail steel, such 

that the increase in carbon content in pearlitic steel improves strength 

properties, while alternatively, manganese content decreases the ability for 

the pearlitic transition (Ueda & Matsuda, 2019; Aniolek & Herian, 2008).  

 

1.1 Rail track production process 

 

To meet the requirements of high-quality steel with good microstructure and 

strong mechanical properties, a proper manufacturing process of rail steel 

is employed. The steel is processed in many steps to ensure the accuracy 

of the steel composition. These steps include pre-treatment, refining, 

vacuum degassing, continuous bloom casting, heat treatment, 

straightening, inspection, sawing, and drilling, all performed following 
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modern technology (Anyang General International Co [AGICO] Group, 

2020). 

• Pre-treatment: A process which reduces the content of harmful 

impurities in the molten steel. It dephosphatises and desulfurises the 

molten steel in the metal boiler in the blast furnace and then 

decarburises the molten steel in the converter.  

 

• Refining: This process takes place outside the furnace; its main 

function is to further remove impurities and adjust steel elements and 

temperature of the molten steel. 

 

• Vacuum degassing: This reduces the content of gases trapped in the 

molten steel such as hydrogen, oxygen and other gases, thereby 

improving the toughness of the steel.  

 

• Continuous bloom casting: In this process, the steel is formed into a 

rectangular solid slab. The molten steel is carried by a ladle to the 

tundish which distributes it in small, uniform amounts to the moulds. 

The moulds extract heat from the molten steel as efficiently as 

possible; steel then solidifies on the outer side when it leaves the 

mould while the core is still molten but continues to cool to solidify. 

The small amount supplied allows for a faster cooling rate of the steel 

and uniform density to improve the macrostructure of the final steel 

product. 

 

• Rolling: In this process, the slabs are formed into a rail shape either 

by groove or universal rolling machine. The steel slabs are directly 

pushed into the rolling mill which compresses the rectangular steel 

and forms an I-shape. This compression stretches the length almost 

to four times its original length. 
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• Heat treatment: This process stabilises the microstructure of the rail 

and drastically improves the mechanical property. The most popular 

heating technology is quenching, and tempering heat treatments are 

the most popular heat treatments. In addition, it undergoes a walking 

beam furnace heat treatment which controls the gas fractionation and 

prevents the decarburisation. 

 

• Straightening: This is the final step in the manufacturing of a rail steel, 

done after cooling through rollers to increase the yield, reduce the 

residue stress and lengthen the service life of the rail steel. 

 

• Inspection, sawing and drilling: These steps follow to complete the 

whole process. 

 

1.2 Factors affecting rail lives  

 

Rails do not last forever; their lives degrade. Corrosion, wear, rolling contact 

fatigue and thermal expansion are the main contributing factors that affect 

rail lives. Mitigating factors as to what can be done to overcome these 

common issues are discussed below.  

 

1.2.1 Corrosion 

 

Excessive corrosion is one of the main contributing factors that affects rail 

lives. Corrosion is mostly caused by weather conditions, constant exposure 

of the rails to moisture and sodium chloride in locations near the oceans.  

Corrosion has different effects on different parts of rail, but corrosion of the 

rail head can be a serious issue. Corrosion generally leads to the 

development of cracks in regions with a high concentration of stresses.  

 

Corroded rail heads or a build-up of debris on them distracts electrical 

contact so contact can be lost entirely, and that can render the signalling 
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system unable to detect the train location; obviously this leads to 

performance and safety hazards. For the rails to survive this issue, one must 

manually weld a zig-zag bead of stainless steel across the rail head to 

ensure that electrical contact is not distracted, and therefore the signal does 

not break. For the endurance of rail under harsh conditions which accelerate 

the corrosion process, coating is the most suitable technology for protection. 

This coating provides high corrosion resistance and high abrasion 

resistance with long-term durability (Xu et al., 2021). 

 

1.2.2 Wear 

 

Another main contributing factor that affects rail lives is wear. Rail wear is 

due to repeated wheel contact on rails which results in significant material 

loss from the rail. Lubrication is used to reduce the wear of the rail. However, 

side wear, which primarily occurs in curved rails and high traffic level areas, 

requires rail replacement depending on the severity of wear (Zhou et al., 

2020). 

 

1.2.3 Rolling contact fatigue 

 

Rolling contact fatigue (RCF) is another contributing factor that affects rail 

lives. Wheels rolling over the rail surface exert extremely high stress on the 

surface. This causes fatigue cracks at the surface of the rail once it reaches 

a certain extent of plastic deformation. There are many different types of 

RCF, namely gauge corner cracking, shelling and snakeskin. An S shaped 

cracking is a symbol representing RCF around the gauge corner of the rail 

(Chen et al., 2019). 

 

1.2.4 Thermal expansion 

 

Thermal expansion also contributes to reducing rail lives. When 

temperatures change, objects change size, sometimes even imperceptibly. 

An increase of temperature causes expansion of objects, and a decrease of 
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temperature causes objects to contract. The rails are usually stretched into 

position during installation to deal with this thermal expansion and 

contraction. This helps during cold weather, as rails contract; therefore, they 

operate under greater tensile stress. The more tension applied, the smaller 

the force required to break the rail. Hence, rail failures are more likely in cold 

weather than in hot weather (Pyke, 2020). 

 

1.3 Problem statement 

 

Railway lines support and guide railway vehicles safely and efficiently. 

Railway lines are made of a material that is assumed to be strong enough 

to withstand wear, rolling contact fatigue damage or various temperature 

effects. The mechanical properties of railway lines are strongly dependent 

on the microstructural arrangement of the material used to manufacture 

them. It is well known that microstructural changes of any material can be 

affected by various factors. For rails, this includes load changes and thermal 

changes. There are numerous railway defects typically observed on railway 

lines of South Africa, but their origin is remains unknown. This suggests that 

various studies need to be conducted with the purpose of identifying the 

cause of specific problems that South African railway lines are facing. This 

current work aims to analyse the microstructural changes that occur when 

the railway line is subjected to uniform fatigue under different temperatures.  

 

1.4  Background  

 

Railway transport is one of the most popular modes of transport service in 

South Africa, predominantly owned by the state. Railway transport is 

acknowledged as the most used mode of transport for humans and goods 

worldwide since it is one of the cheapest modes of transport. The recent 

increase in reliance on this mode of transport suggests an increase in the 

number of trains to match the demand. This then leads to a rise in traffic 

volume which has an impact on the service life of railways. The life span of 

the railway line gets reduced due to repeated rolling contact which might 
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lead to rail surface damage. Figure 1.1 shows a dangerous method of 

passenger riding, indicating the need for more trains: here, the train is full 

inside, so commuters are hanging on the outside of the train. Commuters 

are overcrowding the first train to arrive, as they do not wait for the next 

incoming train because it might come late or not arrive at all due to technical 

problems. 

 

Figure 1.1: Overcrowded railway vehicle in Cape Town area (Malan, 2014) 

 

Figure 1.2 shows a geographical distribution of derailment concerns in the 

country. The graph indicates that big cities, which are the places with the 

highest demand of rail vehicles, are experiencing many derailments, 

potentially due to rail line defects which can be caused by frequent contact 

of wheel and rail during the travelling of a rail vehicle. 
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Figure 1.2: Geographical distribution of consequences due to derailments expressed as fatality and 

weighted injury (FWI) (State of Safety Report 2019/20) 

 

 

Figure 1.3: Loaded freight rail from Bellville Transnet yard (Conradie, 2012) 

 

Figure 1.3 shows a coal freight rail fully loaded, departing from Transnet 

yard in Bellville. 
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An increase in train speed, reliability and safety should be the focus areas 

for railway companies. Railway lines require several mechanical and 

functional properties such as wear resistance, deformation resistance and 

high fatigue life on railway steel. 

 

This research aims to analyse the impact of temperature variation together 

with fatigue on the railway line steel, as this is assumed to be a factor 

contributing to the formation of defects. 

 

1.5  Aim and objectives 

 

The main aim of this study is to analyse the impact of varying temperature 

conditions coupled with fatigue on the mechanical properties of the railway 

line. This aim will be achieved through the following objectives:  

 

• The specimens subjected to fatigue loading will be studied 

comparatively with the fresh specimens. 

• Examine the impact of temperature variation caused by repeated 

cycle loading induced by the rail vehicle when it is in motion. 

• Determine the relationship between fatigue load, time, and hardness 

to the microstructure of the rail steel. 

 

1.6  Thesis organisation  

 

There are five chapters presented in this thesis which provide information 

related to the method in which the research was conducted. 

 

Chapter 1: Introduction: In this chapter, background is provided to give 

scope to the research; the research methodology is briefly explained; and 

the research delineation is identified. A high-level overview of the chapter 

and the content of the research is given. The chapter concludes with a list 

of primary research objectives. 
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Chapter 2: Literature Review: In this chapter, an in-depth literature review 

is conducted on the concept of impact of temperature variation on railway 

line steel microstructure. 

 

Chapter 3: Experimental Setup and Performance: Data collection and 

research methodology are discussed in depth in this chapter. The 

experimenting process is defined and the approach to data collection is 

clarified. The chapter concludes with a list of results obtained during the 

experimental process. 

 

Chapter 4: Experimental Results and Discussion: The results of 

experiments conducted in Chapter 3 are analysed and interpreted in detail 

in this chapter. 

 

Chapter 5: Conclusion and Recommendations: The research is 

concluded, and recommendations are provided. 
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2. CHAPTER 2 

 

LITERATURE REVIEW 

 

2.0 Introduction 

 

This chapter reports on the work surrounding the subject of failures 

occurring on railway lines due to temperature change. It starts with an in-

depth discussion of temperature effects on mechanical properties of the rail 

steel, including its microstructure, and concludes by discussing defects 

developing on the rail steel due to temperature variation. 

 

2.1 Factors influencing mechanical properties of rail steel 

 

There are various factors that can affect the mechanical properties of the 

rail material such as hardness, strength, ductility, toughness, wear and 

corrosion resistance. The major factors include thermal variation and 

unintended chemical exposure of the rail. There are various ways that the 

rail material can be exposed in these factors. These include sudden change 

in weather conditions (thermal variations) and leakage of chemicals being 

transported via railway vehicles. Studies have been conducted to analyse 

the impact of various factors on the mechanical properties of rail materials.  

 

Outinen and Makelainen (2004) have conducted extensive experimental 

research since 1994. For example, they have investigated mechanical 

properties of several structural steels at elevated temperatures to determine 

the temperature dependencies of the mechanical properties, using the 

transient state tensile test method. Their findings for structural steels 

S350GD+Z and S355J2H showed that mechanical properties such as yield 

strength, modulus of elasticity and thermal elongation of cold-formed   steel 

after heating do not change much, as they remain at around the nominal 

values of the material. They reported that the behaviour of mechanical 
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properties at different temperatures should be well known to best 

understand the behaviour of steel and composite structures after heat.  

 

According to Matsumura et al. (1991), the mechanical properties of a 

material are those properties that involve a reaction to an applied load.  The 

mechanical properties of metals determine the range of usefulness of a 

material and establish the service life that can be expected; they also help 

to classify and identify material. Kang et al. (2021) claim in their recent study 

that there are two forces acting on the rail tracks: vertical and transverse 

force. Transverse force becomes larger on curved areas or on bridges 

where additional stresses are induced and superimposed in the rail foot. 

According to Kang at al., under cycle wheel load, the edge of the rail foot 

experiences larger stresses than the centre of the rail foot. These forces 

need to be taken into consideration when choosing the rail steel.  

 

Chen et al. (2020) report that the most common properties considered for 

the rail steel are strength, hardness, fatigue resistance, wear resistance and 

fracture toughness. The increased stresses from the high-speed of railway 

transportation cause stress on rail and deteriorate operating conditions. 

Meyer et al. (2018), studying the deformations occurring in railway lines, 

have determined that most of the occurring deformations are caused by the 

accumulation of large shear strains close to the rolling contact surface which 

changes the material behaviour. Considering the conditions that the steel 

rail is subjected to, Longa et al. (2020) agree that the enhancement of 

mechanical properties extends service life of rail steel. They claim that the 

new bainitic rail steels recently developed have very strong mechanical 

properties.  

 

Recent studies have also shown that embrittlement can be a problem that 

compromise the life of railway lines. The effect of the embrittlement 

characteristic in rail steel is caused by the hydrogen which is largely 

produced during the operation of the railway system. Li et al. (2016) report 

that the steel loses its ductility and strength when hydrogen diffuses to the 
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rail steel grain boundaries. This, in turn, affects the service life of the rail 

material. As railway steels are always subject to various loads that can 

initiate fatigue cracks, the material used in rail steel should withstand these 

kinds of failures. Yet embrittlement tends to affect this material property. 

Godefroid et al. (2020) have recently conducted a study looking at the 

replacement steel that can be used in railway lines (C-Mn-Si common steel 

vs Nb-V-microalloyed steel). While the two steels have similar properties, 

the microalloyed steel outperforms common steel when it comes to 

resistance to abrasion and fatigue crack growth; hence, microalloyed steel 

has been a recommended candidate for railway lines construction.  

 

Manufacturing process is one of the critical steps requiring extra care when 

certain properties are required from the material. Railway line steel is one 

of the materials required to possess certain properties due to the line 

operational conditions. Qiu et al. (2019) insist it is imperative to control steel 

cooling processes during the manufacturing stage. The proper control of this 

stage could lead to the attainment of uniform refined intergranular 

microstructures which can improve mechanical properties. The improved 

mechanical properties could result in an enhanced performance under 

various detrimental factors like change in weather conditions and loads. 

Likewise, Molyneux-Berry et al. (2014) are also in agreement that using a 

proper cooling system during the manufacturing process of the steel is vital, 

suggesting that controlled cooling also influences the spacing of the pearlite 

lamellae and gives a smaller spacing which result in a higher hardness. 

 

2.2 Impact of temperature on mechanical properties of rail 

steel 

 

Temperature influences hardness of the rail steel primarily on the surface 

where the wheel is making contact with the rail. It is important that the 

relationship between the rail and wheel is taken into consideration during 

the manufacturing of rail steel to ensure safe and economic operations of 

the rail vehicle. 
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Wang et al. (2007), in an experimental study of the impact toughness of rail 

steel on welded joint at low temperatures, have measured the U-notched 

and V-notched impact toughness of U71Mn and U75V rail steels from +20℃ 

to-60℃. The results demonstrate that the impact toughness of rail steel 

decreases significantly with temperature. Impact toughness decreases at 

low temperatures and brittle cracks occur more easily on the welded joints. 

They observed that U71Mn rail steel has higher impact toughness than 

U75V rail steel from −60 to +20°C. 

 

Hu et al. (2020), from their study examining the wear and rolling contact 

fatigue of materials, report that increasing temperature during loading 

causes debris which comes from the wheel and sticks to the rail surface, 

resulting in adhesive wear on the rail surface.  Olofsson and Telliskivi (2003) 

report that high temperatures of rail-wheel contact result from the slip 

causing thermal softening of material and leading to dangerous wear or 

causing oxidation if surface damage due to wear is smaller. Wang et al. 

(2016) released similar findings from their study of wear and damage 

transitions of wheel and rail materials under various contact conditions. 

Temperature variation may cause trains to derail due to excessive 

deformation or buckling which develop when the steel is exposed to high 

temperatures for a prolonged period (Hong et al., 2019).  

 

Sanchis et al. (2021) have conducted an experimental study assessing the 

risk of increasing temperature due to climate change on high-speed rail 

network in Spain. Their findings show that extreme high temperatures are 

associated with increased incidences of rail buckles. The impact of high 

temperatures on rail lines differs between geographical locations. They 

contend that the entire rail line in southern Europe is exposed to periods of 

elevated temperatures that can cause severe interruptions due to rail 

deformation, or in the worst case, rail buckling failures. They further justify 

that continuous change of temperature due to global warming conditions 

causes vulnerability to these rail lines.  
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Ferrant et al. (2016) used database failure information to examine the 

impact of temperature on the rail network in Southeast England. Their theory 

shows a strong correlation between high temperatures and the number of 

buckling events. They argue that if the temperature is very high, rail line 

buckling takes place; this is often caused by the additional energy provided 

by the rail vehicle when travelling on the rail line.  There is evidence that a 

greater number of temperature-related incidents occur in the summer 

season before high temperatures reduce significantly. They further 

recommend that speed restrictions at specific critical rail temperatures are 

executed to reduce the possibility of rail buckling and to minimise the 

severity of a consequential derailment. Dobney et al. (2010) share similar 

findings from their investigation of the effects of higher summer 

temperatures due to climate change on the UK railway network. 

 

Studies by Chinowsky et al. (2019) suggest that climate change is also a 

threat to the rail networks mainly due to projected temperature increases. 

The increase of temperature plays a role in rail line damages; it makes the 

line vulnerable to damages during periods in which temperatures exceed 

operating conditions. Rail steel is designed to operate in a narrow range 

based on the temperature in which it is originally laid, known as the Design 

Neutral Temperature. When this temperature is exceeded, the ability of the 

rail steel to support rail traffic begins to weaken. In extreme heat conditions 

where temperature increases exorbitantly, expansion and unevenness 

occur which, if undetected, result in derailment.  

 

The strength and ductility of steel is highly dependent on its chemical 

composition, particularly carbon content, and structure of the material, as 

proclaimed by Carroll and Beynon (2005). They indicate that carbon can be 

decarburised, describing decarburisation as the loss of carbon through 

oxidation from the surface of steel during the manufacturing process at high 

temperatures. This results in the surface of the rail having a lower carbon 

content and consequently the steel surface being softer. Msomi et al. (2020) 

share the same sentiments in their study, that decarburisation reduces 
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hardness of the material which causes reduction in wear resistance and 

strength, concomitantly enabling fatigue strength and accelerate crack 

growth. 

 

2.3 Rolling contact fatigue defects due to temperature 

variation 

 

Rolling contact fatigue defects are mainly due to excessive shear stresses 

on the rail-wheel contact interface. These defects are related to wear and 

tear caused by increasing temperatures resulting from the repeated loads 

applied on the rail steel during operations which brings fatigue and 

ultimately, rail failure. 

 

The experimental results published by Ma et al. (2017) from their 

investigation on fatigue crack growth and damage characteristics of high-

speed rail at low ambient temperature suggest that temperature influences 

rail material performance, such as stress-strain, yield strength and ultimate 

tensile strength, which increase as the temperature decreases. As a result, 

the fatigue crack growth rate and rolling contact fatigue behaviour are 

affected by temperature with enhanced brittleness and possibly changed 

pearlite at low temperature. When the temperature decreases from 20°C to 

0°C and even further down to −20°C, stress and strength increase, together 

with partial pearlite, showing different material structure and distribution at 

0°C and−20°C. This may improve the slight decrease of fatigue crack 

growth rate at the initial phase.  

 

Fang et al. (2017), studying fatigue failure mechanism at various 

temperatures of a high-speed railway wheel steel, have determined that 

fatigue at temperatures below the Fatigue Ductile-Brittle Transition (FDBT) 

is relatively a different crack growth rate than fatigue above FDBT 

temperature. Walters (2014) has defined the so-called Fatigue Ductile-

Brittle Transition (FDBT) in literature as the point at which the fracture mode 

of the fatigue cracks changes from ductile transgranular to cleavage or grain 
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boundary separation. Walters (2014) has shared the same sentiments in 

literature as Walters et al. (2016) when they were investigating the effect of 

low temperatures on the fatigue of S460 and S980 structural grade base 

plate material at room temperature and -70°C. The results show that the 

fatigue crack growth rate decreases with lower temperatures until FDBT, 

and then it increases again. When the temperature decreases below −20°C, 

the decrease of metal ductility slightly reduces the adhesion coefficient; that 

increases friction which causes wear on the rail line (Shi et al., 2018). 

 

Sundh and Olofsson (2011), investigating the effects of elevated contact 

temperature and severe contact conditions related to contact, contend that 

as the contact pressure and sliding velocity increase between wheel and 

rail, the contact temperature increases and leads to an increased rate of 

damage accumulation by ratcheting. This causes a significantly increased 

wear rate and propensity for crack propagation. 

 

Rolling contact fatigue property and failure mechanism of carburised 

30CrSiMoVM steel at elevated temperature were investigated by Wang et 

al. (2016). The results of the worn surface observations of the carburised 

layer at different temperatures (low –40°C and high –100°C) show that at 

high temperatures, rail steel develops dent failure whereas at low 

temperatures, the carburised layer is damaged by delamination. The failure 

of the carburised layer changes from delamination to dents as the 

temperature increases. There is evidence that high temperature reduces the 

RCF life of the carburised steel. 

 

Fang et al. (2020) have recently conducted a comparative study of fatigue 

crack initiation and propagation behaviours at various temperatures. The 

transition temperature was 40°C for the fatigue test under constant stress 

amplitude, and for the fatigue under alternating stress amplitude, the 

transition temperature was 0°C. Observations indicate that as the 

temperature increased under the constant stress amplitude, the fatigue 

lifetime decreased. At the alternating stress amplitude, the results show that 
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fatigue life is not sensitive to the testing temperature. Their finding 

demonstrate that main cracks tend to initiate from internal inclusions 

whereas secondary cracking mostly initiate from the smooth surfaces. 

 

Lewis and Olofsson (2009) report that stage 3 cracking is entirely driven by 

the bending and shear stresses introduced by wheel-rail contact loading, 

which results in change in temperature and residual stresses.  Other small 

cracks which cannot be shaved, or which wear off grow to a critical size, 

branching and deepening. Cracks can initiate as a result of white etching 

layers which result from modification of the microstructure of the rail surface 

material from pearlite to martensite. White etching layers normally occur 

because of high temperatures which originate from the wheel slides, if the 

stress along the front of the crack is equal or greater than fracture toughness 

of railway material, the crack extends, and the railway line breaks.  During 

the first two stages, the crack grows at an inclined angle with the running 

surface of about 10-40 mm, and at the last stage the crack first grows with 

the running surface of about 60-80mm then vertical and break.  

 

Kang et al. (2021) discovered that temperature of rails increased between 

4.7 K and 12.8 K, the maximum increases for individual rails, in the first 10 

h. Under transverse load, the fatigue crack initiated at the rail foot edge on 

the opposite side of the load application. Subsequently, the cracks 

propagated along the edge of the rail foot. The rail lines loaded in the 

transverse direction experience significant fatigue strength but endure fewer 

load cycles than those loaded in the vertical direction, but over and above, 

the rails experience larger stresses at the edge of rail foot than in the centre 

of rail foot under cyclic wheel loads. 

 

Nejad (2020) claims that the difference between the bias temperature and 

the operating temperature causes thermal stresses, affecting the rail steel 

fatigue life. The periodic overload needs a highest consideration fatigue life 

extension. The experimental results show that fatigue life is directly 
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proportional to the number of periodic overloads applied. Fatigue life 

reduces after tensile overloading and unloading at the created plastic zone.  

 

2.4 Impact of temperature variation on rail steel 

performance 

 

Rail steel has been a great challenge for the wheel and rail to operate under 

different temperatures due to weakening of mechanical properties of steel 

which increase the risk of material damage and failure. An increase in 

temperature causes expansion and a decrease causes contraction on the 

rail steel, which can bend or break. The change in temperature of the rail 

directly influences the rail thermal properties – stress and force. 

 

Zhou et al. (2020) recently investigated the wear and damage behaviours 

of hypereutectoid and eutectoid rail steels at room temperature and at -40 

°C (low temperature) using a rolling-sliding wear test machine. The results 

show that temperature has influence on the wear and damage behaviour of 

wheel and rail materials. Moreover, results show that surface damages, 

which appeared as surface cracks, were observed at room temperature on 

both kinds of rail steel, whereas at the low temperature, the surface 

damages of the same steels appeared as small surface cracks and oxide 

spots. 

 

The hypereutectoid steel presented favourable results of wear resistance at 

both temperatures – room temperature and low temperature – and a better 

RCF at room temperature but unfavourable RCF under low temperature. 

Wear resistance and RCF, however, were both favourable for the eutectoid 

steel at both temperatures. Wheel and rail materials show smaller wear at 

–40°C compared to 20°C and smaller damage was observed at 20°C than 

at –40°C. These views are supported by Zhou et al. (2021) who discovered 

similar results when testing the wear and damage of rail-wheel steels under 

alternating temperature conditions. They determined that the change in 

temperature influences the rail and wheel wear of material: the wear rate of 
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the material at –40°C was three times lower than at 20°C, but the wear rate 

of the rail material at –40°C was slightly lower than at 20°C. They also 

indicate that temperature change and humidity have significant influences 

on the wear and damage behaviours of rail-wheel materials, as they cause 

oxidation on rail-wheel surfaces. 

 

High temperatures cause expansion on the rail line, increase in stress and 

buckling. When the train travels faster, it can be difficult to respond to the 

rail failure, which is why speed restrictions are forced during high 

temperatures until they drop in the early evening to reduce the probability 

and severity of rail derailments due to track failure. Low temperatures cause 

the track to contract and tension cracks to occur (Chapman et al., 2008). 

 

Ma et al. (2018), studying wear and damage behaviours of U71Mn rail 

material and ER8 wheel material under different temperature conditions 

using a rolling-sliding wear testing device, determined that the wear rate of 

these materials at room temperature is lower than that at low temperatures. 

At the same time, the wear rate shows a mild decrease with the temperature 

reducing from −15°C to −40°C, which is related to the wear mechanism and 

material properties under low temperature conditions. 

 

Wu et al. (2017), from their analysis, have discovered that there is always a 

temperature difference between the wheel and the rail due to the heat 

generated by the contact friction during loading. Alternatively, the wheel is 

always at a higher temperature than the rail material area that comes into 

contact with the wheel. The rail is exposed to environmental temperatures 

and therefore is always experiencing thermal shock. The wheel temperature 

gradually increases as the train is moving, until it reaches a constant 

temperature where the heat transferred by means of conduction from the 

contact is the same as the one dissipated. The massive train kinetic energy 

is transformed into thermal energy due to sliding. Asih et al. (2012) propose 

that the temperature caused by the sliding contact between wheel and rail 

has been suspected to cause wear. The frictional force caused by rail-wheel 
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contact during operation raises the temperature that is causing thermal 

stress and changes the rail material strength, creating thermal softening. 

After the railway vehicle has passed, the rail cools down to the 

environmental temperature and the strength of the rail material returns to 

the previous condition. However, as the temperature increases, thermal 

stress and thermal softening may occur which can reduce the strength of 

rail material and make the material more vulnerable to wear (Lian et al., 

2020). 

 

Alonso and Gime´nez (2008) recommend that the most important function 

in railway operation occurs between wheel and rail; it is assumed that 

temperature plays a significant part in this area. Heat transfer occurs on the 

wheel and rail and heat exchange occurs on the surface between wheel and 

rail and surroundings after the rise of temperature. The rail steel has a 

tendency to vary in length due to the increase or decrease in temperature. 

The effects of expansion or contraction depend on the rate of change of 

temperature of the material (Bird & Ross, 2014).   

 

Vo et al. (2015) have investigated the wheel-rail contact condition to 

determine the temperature rise due to high adhesion contact and thermal 

influence on wear and rail life using a three-dimensional (3D) elasto-plastic 

finite element model. The results show that the residual heat of the first 

wheel passing on the rail, combined with the heat produced by the next 

wheel passing, results in an increase of temperature that can reach critical 

value of +720°C. This is the temperature at which the white etching layer 

begins to form, and plastic deformation continues to accumulate until the 

ductility of the material is exceeded and the rail ruptures. Vo et al. further 

explain that if the temperature at the contact zone surpasses 2501°C, the 

yield strength reduces. 
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2.5 Impact of change of weather conditions on rail steel 

behaviour  

 

Extreme weather conditions, even though they occur in the shorter term, 

have an impact on the railway transport and its management. Rainfall, high 

temperatures, cold snaps, high winds and snow all cause operation 

disruption and damage rail lines. During heavy rainfall, rails become slippery 

and train drivers are required to apply breaks at a far distance to ensure a 

safe standstill; this accelerates the rolling contact fatigue damage. 

 

Rossetti (2002) reports that if railway lines are exposed to extreme cold 

weather conditions (although not applicable in South Africa), railway lines 

freeze and become brittle, increasing the risk of railway line fracture. Climate 

change also has an impact on damaging railway lines because when these 

are exposed to sunny weather with high temperatures, they occasionally 

develop heat curves that cause thermal expansion. Uneven thermal 

expansion causes misalignments on railway lines that are often identified as 

a cause of train derailment, potential accidents, injuries, fatalities, property 

damage and toxic release of dangerous materials of which a train is 

comprised. 

 

Mirkovic et al. (2021) have claimed that rail temperatures are affected not 

only by the air temperature but also by other climatic parameters such as 

wind, rain, sun and cloudiness during the day. According to Ekberg and 

Pålsson (2019), in an open environment, friction characteristics of the 

wheel-rail can be affected by various third bodies which can be found at the 

rail-wheel interface. They get entrapped at the rubbing surfaces for a period. 

The third bodies can be sanding particles, natural contaminants such as 

leaves, anti-freeze, water, snow or wear debris of wheel and rail formed 

during rolling-sliding. In addition, Wang et al. (2021) report that Arias-

Cuevas found that excessive sanding particles potentially lead to electrical 

insulation of rail-wheel contact which can cause the failure of the rail vehicle 

detection system. 
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Koetse and Rietveld (2009) contend that cold weather conditions impact 

railway structures in a way that changes the material properties of the 

railway line and increases degradation rate. Frost in counterweight and 

substructure affects the global stiffness; therefore, the fracture toughness of 

railway line steel changes with temperature and can damages the railway 

line. 

 

Thaduri et al. (2020) have discovered a rarely considered point in research 

on space weather. This is one of the extreme climate changes that could 

potentially also threaten railway infrastructure. It is described as a branch of 

space physics and aeronomy, or Heli physics, concerned with the time 

varying conditions within the solar system, including solar wind, 

emphasising the space surrounding the earth, including conditions in the 

magnetosphere, ionosphere, thermosphere and exosphere. Railway 

infrastructure may be negatively affected by the extreme space weather 

events which can be due to effects on system components driving the whole 

rail system such as electronic components built in signalling systems. 

 

Bansal et al. (2019) suggest that brakes applied for a prolonged time raise 

the temperature of the wheel tread and rim of the rail. This may cause cracks 

and increase its growth rate. Sudden braking also has a major impact on 

temperature changes as temperature almost doubles if trains are brought to 

rest under emergency braking. 

 

Burroughs (2019) and Fu et al. (2019) share the same views about the effect 

of climate change on the railways system. Railways are always affected by 

different climatic events which impact its operations. Extreme climatic 

conditions such as storms, heavy rains, sun and snow disturb the rail 

performance, including colder winters or hotter summers or unpredictable 

extreme weather condition. All these increase the risk of damage to critical 

railway infrastructure and assets and frequently endanger safety and 

punctuality requirement. 
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2.6 Factors transforming microstructure of rail steel  

 

Microstructure controls the behaviour of mechanical properties of rail steel. 

Most rail steels are comprised of eutectoid steel with a fully pearlitic 

microstructure as pearlite provides the best mechanical properties. 

Changes of temperature influences these properties. Various microscopy 

methods are used to characterise the effect of the microstructure on the 

mechanical behaviour; the effect is determined by the grain size, structure 

or content distribution. 

 

According to Mitao et al. (2002), microstructure of rail steel is comprised 

entirely of pearlite which consists of a mixture of relatively soft ferrite and 

hard cementite. The rough parallel plates in a lamellar of railway line steel 

structure are formed by ferrite and cementite. This structure of rail steel 

creates good wear resistance due to hard carbide and a degree of 

toughness because of ferrite’s ability to flow in an elastic/plastic manner.  

However, during operation, rolling contact friction which generates heat 

commonly causes microstructure transformation on the rail surface (Chen 

et al., 2019). Meyer et al. (2018) also report similar views that railway rails 

are mostly made of carbon steel with a pearlitic microstructure. Due to high 

rolling contact loads to which the surface layers of wheel and rail are 

subjected during their service life, these building blocks provide an equitable 

trade-off between cost, wear and strength. 

 

Railway line steel with small pearlite interlamellar spacing is assumed 

harder and tougher. Atroshenko et al. (2020), in a study on the fractured 

certain steel rail, discovered that fracture is divided into three stages: initial 

fracture stage, intermediate fracture stage and end fracture stage. The 

structure of the initial fracture stage still shows lamellar pearlite with fine 

grain; structure of an intermediate stage shows the crack begins to form 

from clusters of non-metallic inclusions elongated during rolling, with 

microcracks located near the fracture surface; and lastly, at the end fracture 

stage, there is deformation with a branched network of microcracks, the 
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structure showing a mix of components, crystalised and increased pearlite 

grain size. These findings are the same as those published by Msomi et al. 

(2020). 

 

Maruyama et al. (2001) confirm that in rail steels, pearlite is an important 

feature of the microstructure, apparently achieving a high resistance to wear 

because of the hard cementite and its restriction by the more plastic ferrite. 

Consequently, carbon is an essential alloying element. However, it is not 

only the amount of pearlite that is important but also its shape and the 

distance between the cementite lamellae. The interlamellar spacing of 

pearlite is an important microstructural parameter for steels containing 

pearlite and increases in importance as the pearlite content increases 

towards a fully pearlitic microstructure. The finer the structure of pearlite, the 

higher its strength whilst still retaining reasonable toughness. Subsequently, 

pearlite interlamellar spacing and rail hardness have an inverse relationship. 

The shorter the inter lamellar spacing, the higher the hardness, wear 

resistance and tensile strength of the rail steel. 

 

Chen et al. (2016), experimenting on rail steel using different cooling rates, 

determined that when decreasing cooling temperature, the interlamellar 

spacing of pearlite decreases; this takes place during the pearlite 

transformation occurrence. The decrease in interlamellar spacing of pearlite 

increases hardness of the steel.  During heat treatment, conductivity limits 

the size of components that can be produced with the desired 

microstructure, since transformation depends on the cooling rate and 

temperature.  

 

Mishra and Singh (2017) explain that various researcher have attempted to 

clarify the relationship between the fracture toughness of pearlite with 

microstructural features such as prior austenite grain size, pearlitic nodule 

size, pearlitic colony size as well as interlamellar spacing. Studies show that 

fracture has a closer relationship with the pearlite nodule size than the prior 

austenite grain size. In pearlitic steel, the fracture toughness initially 
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decreases with decreasing of interlamellar spacing, whereas a complete 

brittle fracture surface develops when the lamellar spacing is too wide. 

 

According to Athukorala et al. (2016), in a study on ratcheting and 

microstructural characterisation of the rail head, interlamellar spacing 

strongly correlates with the cyclic softening and hardening of the head 

hardened rail steel. Samples also show a heterogeneous property of 

material. When the samples of wheels are subjected to rolling contact tests, 

samples show an increased tendency to reach rolling-contact fatigue failure 

prematurely due to high ratcheting rates. Chaves et al.’s (2020) study 

concluded that a decrease in the pearlite formation temperature leads to a 

reduction of the pearlite interlamellar spacing while increasing hardness. 

They also observed that pearlite interlamellar spacing reduction enables a 

better wear resistance performance in sliding wear tests. 

 

2.7 Summary  

 

The literature shows that while railway line material is a strong material, it is 

evident that temperature plays a significant role in influencing the rail line 

material when in operation. Researchers detect a strong correlation 

between temperature variation and certain problems occurring on the rail 

steel material. Elevated temperatures cause buckling failures on the rail line 

whereas low temperatures cause the steel to contract. This change of 

temperature on rail steel causes severe operation disruption and damages 

rail lines. It is apparent that temperature is another significant factor affecting 

microstructure of the rail steel. The rail steel microstructure transforms and 

becomes brittle due to temperature change which then leads to increased 

wear, reduction of material strength and fatigue failures which potentially 

increase crack growth rate and, in the end, reduce rail steel material life 

span. In some areas, speed restrictions are implemented to diminish the 

likelihood of rail buckling and to minimise the severity of a consequential 

derailment.  
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Numerous studies throughout many countries have investigated the impact 

of temperature change on rail line steel. It is evident that temperature, due 

to its variation, is a primary factor causing severe damages on rail line steel. 

In spite of this, many researchers still feel that more research in this area is 

required. However, as there has been little attention on South African rail 

lines, the purpose of this present work is to determine the impact of 

temperature variation specifically on South African rail line steel. 
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3. CHAPTER 3 

 

EXPERIMENTAL SETUP AND PERFORMANCE 

 

3.0  Introduction 

 

This chapter presents a discussion of materials and equipment used in 

fatigue experiments conducted for this study to determine the change in the 

microstructure of the rail line steel when a load is applied repeatedly. This 

chapter also provides in-depth information on microstructure tests 

performed on fatigue tested samples and equipment used to achieve the 

results.  

 

3.1 Experimental setup 

 

The following list contains the equipment used in conducting the 

experiments for the study: 

 

• Instron 8801 Servohydraulic Fatigue Testing System 

• Struers LaboPress-3 Thermal Compression Moulding Machine 

• Struers LaboPol-5 Polishing Machine 

• Innova Test Falcon 505 machine-hardness tester  

• Inverted Metallurgical Microscope, AE2000 MET   

• Scanning Electron Microscope (SEM) Analysis with Energy 

Dispersive X-ray 

 

3.2  Description of equipment 

 

This section briefly describes each piece of equipment used in conducting 

various tests and experiments for this research. 
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3.2.1 Instron Machine 8801 Servo-hydraulic Fatigue Testing 

System  

 

The 8801 Fatigue Testing System is a servo-hydraulic testing system for 

static and dynamic testing with a large workspace, rigidity, precision 

alignment and a capacity of up to 100 kN. 

 

 

Figure 3.1: Instron Machine 8801 - Fatigue Testing System 
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3.2.2  Struers LaboPress-3 Thermal Compression Moulding 

Machine  

 

Struers LabroPress-3 Moulding Machine is an automatic electro-hydraulic 

metallographic mounting press with 32mm mould cylinders diameter, 40mm 

diameter securing cap, water cooling supply and drain. It has temperature, 

force, and time (heating and cooling times) setting parameters for 

monitoring compressed samples. 
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Cylinder (inside) 

Securing Cap 

Figure 3.2 Struers LaboPress-3 Thermal Compression 
Moulding Machine 
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3.2.3 Struers LaboPress-5 Polishing Machine  

 

Struers LaboPress-5 is a manual and semi-automatic grinding and polishing 

machine used in the lab with variable speed up to 400 rpm and 250 mm 

diameter disk size. Holding three samples at a time, it has an automatic 

water valve, manual splash guard and bowl liner. Its endurance and speed 

keep up with 24/7 throughput, enabling faster and more reliable preparation 

of specimens.  
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Figure 3.3: Struers LaboPress-3 Thermal Compression Moulding Machine 
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3.2.4 Inverted metallurgical microscope, AE2000 MET  

 

This is a Light Optical Microscope with specifications of coaxial coarse and 

fine focus, five-fold nosepiece and a complete series of LM plan achromatic 

objectives. It is designed for inspection of bulk samples, mostly used in the 

steel industry. It can inspect large pieces and die casting for failure analysis, 

material research and quality control. It has high contrast and resolution in 

bright field as well as dark field, providing excellent images. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Inverted metallurgical microscope, AE2000 MET 

 

Figure 3.5: LM Plan Achromatic inverted microscope 
objectives: nosepieces 
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3.2.5 InnovaTest Falcon 505 Vickers Microhardness Tester 

 

This is a hardness tester which indicates the hardness of a material by 

measuring the effect on a material surface of a localised penetration, using 

a diamond indenter with a pyramid shape on the tip. It operates with a load 

of up to 200 kilogram-force for a maximum of 15 seconds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: InnovaTest Falcon 505 Machine – 
microhardness tester 
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3.2.6 Scanning Electron Microscope (SEM) analysis with energy 

dispersive X-ray  

 

This is a Scanning Electron Microscope – Tescan Mira 3 of the University 

of Cape Town – with specifications of 30 kV and the working distance of 

12mm max. This instrument is connected to Energy Dispersive X-ray. 

 

A scanning electron microscope (SEM) is a type of electron microscope that 

produces images of a sample by scanning the surface with a focused beam 

of electrons. The electrons interact with atoms in the sample, producing 

various signals that contain information about the sample surface structure 

and material composition. The electron beam is scanning in a raster pattern, 

and the position of the beam is joint with the intensity of the image detecting 

signal. Images are produced by making use of back-scattered electrons and 

secondary electrons generated within.  

 

SEM used in conjunction with energy dispersive X-ray spectroscopy (EDX) 

allows measurements of X-rays and gives images at larger depths of the 

sample. X-rays generated in an SEM are formed through an electron beam 

which traces the sample, transferring some of its energy to the sample 

atoms. This energy is used by the electrons of the atoms to move to the high 

energy shell, leaving a hole with a positive charge which then attracts the 

negatively charged electrons and fills the hole of the lower energy shell. The 

energy difference of this transition between high and low energy shells, 

released in the form of an X-ray, identifies the type of elements that exist in 

a sample and map the distribution of the atoms. 
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3.3 Preparation and performance of experiments 

 

This section is focused on the experiment conducted in this study. The sub-

sections discuss the details of each step of the experiment. The experiment 

begins with the preparation of specimens for performing the fatigue test, 

followed by the actual fatigue test, and lastly, preparation of specimens for 

analysing experiments. 

 

The experimentation was performed on four specimens. All four test 

specimens were from new rail material, never before used, and were cut 

from the railhead along the direction of the rail.  

 

3.3.1 Preparation of specimens for fatigue performance 

 

CNC was used to cut the rail head to 20 mm thick pieces: specimens were 

cut vertically down from the railway line material piece, hot rolled, high 

Figure 3.7: Scanning Electron Microscope (SEM) analysis with energy dispersive X-ray 
from UCT 
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carbon steel – R900A/R1100 UIC860. Only railhead was used for this 

investigation. They were then machined on one side using a milling machine 

to obtain the shape which would fit onto the Instron Machine clamps. 

Specimen dimensions during the fatigue test were 68 mm X 55 mm X 20 

mm (max); irregular shapes (see Figure 3.8 a, b, c). Specimens were cut to 

fit onto the Instron Machine clamps. The jig to strike specimens was cut from 

the rail line material since other available materials were too soft.  

 

3.3.2 Performance of fatigue test  

 

Three of four specimens were exposed to a fatigue test on a repeated 

vertical linear load of 50kN using the Instron Machine (see clamping of 

specimens in Figure 3.8 d). Each specimen was under the load of 50 kN, 

but the difference was in times. One specimen was under load for six 

minutes, another one for eight minutes and the last one for 10 minutes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Jig 

Sample 

(a

) 

(b) 

(c) 

(d) 

Figure 3.8: a) Side view of test piece for fatigue test; b) bottom 
view; c) top view; d) sample fitted on Instron machine for fatigue 

test 



 
 

45 
 

3.3.3 Preparation of specimens for test analysis 

 

This section presents information pertaining to specimen preparation.  The 

following sub-sections provide details for each step in the process of 

preparing specimens.  

 

Specimens were cut with a waterjet machine at Waterjet Technology (Pty) 

Ltd. Specimens were cut to the size of 25mm x 15mm x 15mm each (see 

cut-out expression drawing in Figure 3.9 a, b, c). The specimens were fitted 

into a moulding machine with a diameter of 40mm, surroundings filled with 

acrylic resin particles and closed at the top with a plunger to apply enough 

pressure for proper moulding. The mould was heated at 180oC, pressurised 

at 320 kPa and left to cure for 10 minutes. Then, as the mounted specimens 

were removed from the mould, they had a beautiful structure (see Figure 

3.9 d). This was done for easy handling during grinding, polishing and the 

microstructure examination process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.1.1 Polishing of specimens 

 

 

 

c) 

Targeted position for test 

a) 

b) 

d) 

Figure 3.9: Test specimens a) targeted position on rail line head for fatigue test; b) cut-out of 
specimen; c) specimen dimensions; d) mounted specimen dimensions 
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Table 3.1 illustrates the materials and chemicals used and the steps 

followed during the grinding and polishing of specimens.  

 

Table 3.1: Specimen preparation method 

 

 

3.3.3.1 Grinding process  

 

The specimens had a better surface finish as they were cut using CNC, 

waterjet and milling machine; however, they did have visible tiny scratches 

and deep marks.  

 

The appearance of specimens determined the grit size to use first. The first 

step started with 320 grit SiC paper as the lowest/rough grit abrasive.  

Specimens were manually held and rotated with their surface against the 

grit abrasive paper, continually changing the direction from 45 to 90o within 

the intervals of 30 to 40 seconds.  

 

The 320 grit was followed by 1500 grit, and the desired finish was achieved 

on fine 4000 grit SiC paper. Between the changing of grit abrasive papers, 

the machine was flushed, and specimens were rinsed meticulously with tap 

water to remove loose abrasive particles which can possibly cause 

scratches on the next step. 

 

Step Pad Polishing 

solution 

Lubricant Speed Time 

Plane grinding 320 grit SiC paper - Water 200 rpm 

 

5 min 

Fine grinding 1500 grit SiC paper - Water 200 rpm 10 min 

Fine grinding 4000 grit SiC paper - Water 200 rpm 10 min 

Polishing Daran/ Dac 3µm diamond 

suspension 

AKA-Lube/DP-

blue 

100 rpm 5 min 

Polishing Napal/ Nap 0.2µm OP solution Water 100 rpm 1.5 min 

Rinsing Napal/ Nap - Water 100 rpm min 
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3.3.3.2 Polishing process  

 

Specimens were polished on the Struers LaboPol-5 Polishing Machine (see 

Figure 3.10) using 3µm diamond suspension with AKA-Lube/DP-blue 

lubricant and 2µm OP solution for 10 minutes and 90 seconds, respectively. 

After each polishing step, the specimens were rinsed thoroughly with tap 

water, covered with a small amount of ethanol and dried with warm air from 

a household hairdryer. This was to avoid oxidation that can occur on the 

polished surface while changing to the next step of polishing. These 

polishing steps removed the top layer with tiny scratches and properly 

prepared specimens for etching and microstructure examination. 

a)     b)     c) 

  

  

 

 

 

 

 

 

 

 

 

3.3.3.3 Etching 

After completing polishing, specimens were etched with 3% Nital etchant. 

This was used to determine microstructure and grain boundaries of the 

steel. The specimens were immersed in the etchant for eight seconds and 

then thoroughly rinsed with distilled water. Afterwards, the surface was 

cleaned with ethanol and then dried with hot air. 

Figure 3.10: Polishing chemicals a) F3µm diamond suspension and 
AKA-Lube/DP-blue; b) 0.2µm OP solution 

 

Figure 3.11: Etched specimens ready for analysis 
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3.4 Microstructure analysis  

 

During the macrostructural analysis, specimens were placed on the flat 

stage surface of the microscope, facing down to allow the direct nosepiece 

projection to the targeted surfaces on the specimens without interfering with 

a mounting resin. LM Plan 10X/0.25 BD and LM 50 X/ 0.55 BD were used 

to magnify the microstructure images. Grain images were captured through 

the connection of the monitor to the microscope. This test provided detailed 

information of material microstructure.  

 

 

3.5  Microstructure characterisation  

 

This machine depends largely on the detection of high energy electrons 

released from the sample surface after exposure to a highly focused beam 

of electrons from an electron gun. This beam of electrons was focused on a 

small spot on the specimen surface, using the SEM objective lens. It used 

accelerating voltage and size of hole, and the distance between the sample 

and working distance was adjusted to achieve the best quality images.  

 

During the analysis of steel microstructure, the machine was set to a 

working distance of 10 mm, at the resolution scale of 1000µm and 

magnification of 100kx. During the testing process, chemical compositions 

across images were captured at an adjusted distance of approximately 

30mm using a backscattered electron.  An accelerating voltage rate of 20 

kV exposed specimen surface features. SEM was connected to the energy 

dispersive X-ray facilities to determine the chemical elements within the 

specimens using a 70 and 80 µA filament current. 
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3.6 Microhardness analysis  

 

A Vickers microhardness test was performed on the same samples used for 

microstructural analysis using InnovaTest Falcon 505 Machine hardness 

tester, with a load of 0.5 kilogram-force, interval of 2mm and objective 20x 

to conduct the hardness testing. The specimens were placed on the 

machine flat working table, face up, one specimen at a time. The test bed 

was adjusted to the level of contact with the specimens, and the machine 

was activated to begin the testing process. Indentation measurements were 

achieved on the cross-section of the specimens. Three lines of tests were 

completed on each specimen cross-section. As the machine is 

computerised, results were recorded automatically. 
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4 CHAPTER 4 

 

EXPERIMENTAL RESULTS AND DISCUSSION 

 

4.0  Introduction 

 

This chapter presents the analysis of microstructure results of the rail line 

steel observed using an optical microscopy (OM) with Scanning Electron 

Microscope (SEM) and a Vickers Microhardness. The results obtained were 

for the tests conducted on four specimens, three of which were exposed to 

fatigue test. Specimen microstructure images were taken from the positions 

where the fatigue load was applied: the head rail side, the surface which 

gets exposed to rolling contact when the rail system is in operation. This 

was to check the impact of fatigue on the material. 

 

4.1   Microstructure results  

 

Firstly, specimen surfaces were properly polished and etched by 3% Nital 

to easily observe the distribution of alloying elements. The metallurgical 

structure for specimen surface was observed by a light optical microscope 

(LOM) and images were captured. Micrographs were taken on low and high 

resolution to expose the appearance of alloying elements in the steel. 

 

Figure 4.1 shows base material microstructure results: a homogeneous 

mixture of elements, consistence of grain sizes of different elements, in both 

high and low resolutions, in black and white. Black represents pearlite while 

white represents ferrite grain boundaries (Kang et al., 2021). This indicates 

that the rail steel is strong and resistant to wear when it is in its original state, 

not subject to any load.  
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Figure 4.2 shows a slight change in the characterisation of elements. The 

imbalance of elements is identified in Figure 4.3 where the colour has 

slightly changed to brown, indicating the solubility of carbon in iron. 

 

In Figure 4.4 the micrograph observations show a continuous ferrite 

networks and pearlite grains. It was also observed that the grain sizes were 

rather heterogeneous with weak ferrite. This is the specimen in which 

fatigue load was applied longer. The observed results show a distortion of 

grains, elongated and smaller sizes of the pearlite colonies with shorter 

interlamellar spaces. Unfortunately, they were not quantified. Considering 

the weaker strength of ferrite distributed like nets compared with pearlite, it 

can be assumed that cracks on rail steel initiate from the ferrite networks 

where carbon reduction is observed (Masoumi et al., 2019). The rail steel 

fails due to repeated alternating stresses from the running rail vehicle. The 

results obtained in the study confirm that carbon content plays a significant 

role in strengthening, hardening, and generating resistance to wear in the 

steel. 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

1 mm 200 µm 

Figure 4.1: (a): Optical Microscope Micrograph – base material (a) at low resolution; (b) at high resolution 
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(a) 

1 mm 

(b) 

200 µm 

Figure 4.2: Optical Microscope Micrograph – Specimen 1 (a) at low resolution; (b) at high resolution 

(b) 

200 µm 

(a) 

1 mm 

Figure 4.3: Optical Microscope Micrograph – Specimen 2 (a) at low resolution; (b) at high resolution 

(b) 

200 µm 

(a) 

1 mm 

Figure 4.4: Optical Microscope Micrograph – Specimen 3 (a) at low resolution; (b) at high resolution 
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4.2   SEM microstructure analysis 

 

SEM micrographs in Figure 4.5 (a) to (d) show the microstructure of pearlitic 

rail steel, presenting lamellar structure of cementite (white) and ferrite 

(black). The interlamellar spacings look different in all specimens which 

were placed under load at various intervals. It can be observed that time 

has influenced the results. If specimens are placed under fatigue load 

longer, this affects the transformation of grains. By increasing cycle load 

time, carbon content decreases and caused weakness in the material 

(Masoumi et al., 2019). Figure 4.5 (a) shows fine thin ferrite grains of 

microstructure; Figure 4.5 (b) shows a slight grain elongation perpendicular 

to the direction of fatigue load; Figure 4.5 (c) shows a clear distortion with 

elongation and reduction of pearlite colon sizes; and Figure 4.5 (d) shows a 

complete dislocation of grains which confirms an increased amount of 

deformation due to fatigue. The curvy shapes and curly cementite lamellas 

have developed from the accumulation of dislocations in the 

ferrite/cementite interface (Zhang et al., 2020).  
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4.2.1 Energy dispersive X-ray analysis  

 

Tables 4.1 to 4.4 show chemical composition in percentage by mass of four 

specimens extracted from the rail piece, three of which underwent a fatigue 

test. EDXS characterisation of elements is presented in Figure 4.6. The 

focus is to determine which element is dominating after the application of 

fatigue load and its effect in the steel. The chemical composition was 

determined by analysing the average of different sections denoted by 

spectrum 1 to spectrum 5 on each sample, as shown in Figure 4.6 (a) to (d). 

The black particles indicate the existence of carbon, and the grey represents 

ferrite. The results of EDXS characterisation (in Table 4.1) show a standard 

average of carbon content on base metal sample. The rising of temperature 

due to fatigue load distributed carbon content and resulted in its reduction, 

(d) 

Broken and 

curved 

Cementite   

Figure 4.5: SEM micrographs of experimented rail steel showing elements transformation: 
(a) base metal; (b) Specimen 1; (c) Specimen 2 with element identification; (d) Specimen 3 

showing clear cementite transformation 
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as illustrated in Table 4.4. The longer the period of loading, the more carbon 

content diffuses (Jun et al., 2016). 

 

The grey microstructure consists primarily of iron and manganese, ferrite in 

its cooled condition. Furthermore, EDXS results show that the effect of 

increasing loading time not only reduces carbon concentration, but also 

increases brittleness; however, the manganese element is present to 

control the structure as it handles repeated impact (Jun et al., 2016). 

 

Table 4.1: Chemical composition impurities of a base metal at room temperature 

 

Table 4.2: Chemical composition impurities of Specimen 1 at room temperature 

Spectrum In stats. C Si Cr Mn Fe Total 

1 Yes 6.41 0.41 0.00 0 93.18 100 

2 Yes 8.16 0.63 0.00 1.07 90.14 100 

3 Yes 8.75 0.39 0.00 1.49 89.37 100 

4 Yes 7.55 0.71 0.37 1.17 90.21 100 

5 Yes 8.78 0.00 0.00 1.35 89.87 100 

Average 7.93 0.43 0.07 1.02 90.55 100 

 

Spectrum In stats. C Si Cr Mn Fe Total 

1 Yes 10.55 0 0 1.06 88.39 100 

2 Yes 11.8 0.4 0 1.4 86.4 100 

3 Yes 14.09 0.46 0 0.63 84.81 100 

4 Yes 13 0.35 0 0.96 85.69 100 

5 Yes 13.36 0.56 0.32 1.02 84.74 100 

Average 

 

12.56 0.354 0.064 1.014 86.006 100 
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Table 4.3: Chemical composition impurities of Specimen 2 at room temperature 

 

 

Table 4.4: Chemical composition impurities of Specimen 3 at room temperature 

 

 

 

 

 

 

Spectrum In stats. C Si Cr Mn Fe Total 

1 Yes 8.52 0.58 0.47 1.09 89.34 100 

2 Yes 7.39 0 0 0.84 91.77 100 

3 Yes 8.09 0.51 0 1.24 90.16 100 

4 Yes 7.76 0 0 1.14 91.1 100 

5 Yes 7.43 0.58 0 1.19 90.79 100 

Average 7.84 0.33 0.094 1.1 90.63 100 

Spectrum In stats. C Al Si Cr Mn Fe Total 

1 Yes 6.31 0.47 0.53 0 1.54 91.15 100 

2 Yes 7.41 0 0.68 0 1.42 90.49 100 

3 Yes 5.66 0 0 0 1.46 92.89 100 

4 Yes 8.64 0 0.69 0 0.97 89.69 100 

5 Yes 7.86 0.44 0.64 0.41 1.09 89.56 100 

Average    7.18 0.18 0.51 0.08 1.30 90.76 100 
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4.2.2 Energy dispersive X-ray spectrum analysis (EDXS) 

X-ray continuous and characteristic spectrum is shown in Figure 4.7. EDXS 

of a rail line steel was carried out at room temperature, with results indicating 

the presence of carbon, manganese, aluminium, silicon, chromium and iron 

phases. EDXS has recorded sharp short wavelengths of iron and 

manganese and identified a wide continuous wavelength of dislocated 

carbon content which is a good correlation with the SEM and hardness and 

microscopic observation of microstructure (Masoumi, 2018). 

(c) 

(b) 

(d) 

(a) 

Figure 4.6: EDXS analysis (a) base material; (b) Specimen 1; (c) Specimen 2; (d) Specimen 3 
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a) 

Characteristic 

X-ray 

spectrum Continuous X-

ray spectrum 

b) 

Characteristic X-ray 

spectrum Continuous X-

ray spectrum 

c) 

Continuous X-

ray spectrum 

Characteristic X-

ray spectrum 

d) 

Continuous X-ray 

spectrum 

Characteristic X-

ray spectrum 

Figure 4.7: EDXS patterns of rail steel (a) base material – no fatigue load applied; (b) 
Specimen 1 – loaded for 6 min; (c) Specimen 2 – loaded for 8 min; (d) Specimen 3 – loaded 
for 10 min 
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4.3 Microhardness observation and analysis  

 

This section discusses in-depth the microhardness results obtained. A 

hardness test was conducted across the entire length of specimens in three 

different lengths. The left-hand side highlighted on the mounted specimens 

(shown in Figure 4.8) is the head side, the surface where fatigue load was 

applied.   

 

4.3.1 Microhardness test pattern 

 

The four specimens tested in different intervals were carefully prepared for 

a Vickers microhardness test. The three lengths showing on tested 

specimens were described as upper, middle, and lower on each length. 

Indentations noticeable on specimens in Figure 4.8 (a) to (d) indicate this 

test pattern. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a

) 

(b) 

(c

) 

(d

) 

Figure 4.8: Specimens tested for microhardness showing test pattern (a) base 
material sample; (b) Specimen 1; (c) Specimen 2; (d) Specimen 3 
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4.3.2 Microhardness results  

 

The graphs in Figure 4.9 and Table 4.5 illustrate the results of Vickers 

microhardness test performed on four samples; Table 4.5 presents the 

statistical analysis of the hardness values. The graph in Figure 4.9 (a), an 

observation of a base material sample, shows trends of lower hardness 

values with a maximum value of 389.53 HV0.5 (ref. Table 4.5). Figure 4.9 

(d) shows the highest trend of hardness values, indicating an increase in 

hardness values. This is Specimen 3 which was placed under load for 10 

minutes: its maximum value obtained is 443.34 HV0.5. The observed 

increase in hardness is caused by a repeated load applied for a longer 

period on the sample which resulted in the reduction of pearlite interlamellar 

spacing. It can be assumed that the rail line surface where the rail vehicle 

wheels contact the rail can develop plastic deformation due to drastic 

change in temperature caused by repetitive loading, weather conditions and 

frictional heat coming from the rolling contact load (Franklin et al., 2008; 

Zhou et al., 2020).  

 

It is true that after many cycles of loading, the surface material hardens over 

time due to the high temperature on the contact surface and the 

development of a brittleness which renders the material more vulnerable to 

crack initiation and propagation. With the increase in rail hardness, the 

segment of broken cementite decreases, and the fraction of curled 

cementite increases These results correspond to the microstructure results 

observed with the Optical Microscope which have shown plastic 

deformation on Specimen 3 due to carbon content reduction (Masoumi et 

al., 2019). 
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Figure 4.9: Microhardness profiles (a) base material; (b) Specimen 1; (c) Specimen 2; 
(d) Specimen 3 
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Table 4.5: Hardness statistical analysis: Vickers microhardness results (HV0.5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specimen Mean   Min   Max  SD Range 

Base Metal 309.17 121.54 389.5 78 267.99 

Specimen 1 270.03 101.34 393 79.8 289.11 

Specimen 2 305.23 111.21 400.3 93.74 291.63 

Specimen 3 311.79 123.75 443.3 89.2 319.59 
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5. CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

 

5.1 Conclusion 

 

The objective of this study was to analyse the impact of varying temperature 

conditions, together with fatigue, on the mechanical properties of the railway 

line. The virgin rail line steel was used in the study. The specimens were 

subjected to fatigue loading with one exception for the purpose of a 

benchmark comparison. 

 

Microstructure and microhardness tests were conducted on the virgin rail 

material. Microstructural observations show the existence of ferrite grain 

boundaries and pearlite. The results show that rail steel microstructure 

transforms at the contact interface where repeated loading, which causes 

frictional heat, is occurring together with the environmental conditions. In 

this area, microstructural observations show the existence of ferrite at the 

grain boundaries and pearlite on the rail surface. Hardness test results 

reveal an increase in hardness values as the loading cycle time increases, 

while base material has lower hardness values. Higher hardness values on 

the loading surface indicate the development of a brittle material which is 

more vulnerable to crack initiation and propagation. 

 

Specimens which were subjected to fatigue load have shown microstructure 

grain transformation and increased hardness when compared to the base 

metal. This clearly indicates that varying temperatures, together with 

fatigue, impact the mechanical properties of the railway line. 
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5.2 Recommendations 

 

Railway lines need sufficient, regular care as railroad vehicles are in high 

demand in South Africa. Based on the results, there is a clear indication that 

temperature has an impact in the microstructure of the steel. If the material 

is left unattended, chances of developing defects are high. Rail line steel 

conditions change due to the transfer of rolling contact forces from the wheel 

of the rail vehicle to the rail line steel, and consequently this plays an 

important role in the material fatigue life. Therefore, regular inspection of rail 

lines is required to detect small deformations on the material and then to 

grind them to reduce defects from increasing. The process of a railway 

system is bound to experience too much stress due to rolling contact fatigue 

from multi-contacts of rail wheels, so manual inspection may not be 

adequate for detecting defects over time. Sensors would be the best 

solutions. The Railway Company should consider the installation of 

automated grease dispensing machines along the rails in areas where there 

is a high intensity of rail-wheel friction, such as on curves and where train 

speeds are at maximum. 

 

More research is needed to elicit sufficient information about the maximum 

lifetime of the rail steel in busy areas so that the material can be replaced 

as soon as it has reached its maximum lifetime. This will assist in controlling 

rail steel microstructure and defects developing in the rail line. 

 

To further understand grain transformation, it is recommended to compare 

a sample which has been in use but does not show any signs of defect with 

a virgin sample to see the actual appearance of the microstructure results 

of both. 
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