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CHAPTER 1: INTRODUCTION 

This chapter gives a general overview of the research study. The structure of the Thesis 

describes the chapter introduction includes a description of the methodology, and the last 

section in this chapter is where the author used to conduct the experiment. 

1.1 BACKGROUND 

Shortly, the railway network in Thailand will expand rapidly to meet people's increasing 

transport needs. This has required the introduction of rolling stock with higher axle loads 

and operational speeds to be gradually introduced, especially in urban areas where the 

higher population density and infrastructure of the built environment railways will play a 

critical role in enabling sustainable long-term transport. Although the railway network in 

Thailand is small compared with road transport, almost 40 million people travel on 

intercity railways and 200 million on urban railways each year. The current Thai railway 

network has about 4,507 km of meter gauge lines, 90% of which are still single track. 

There are also issues associated with outdated facilities, poor management, insufficient 

servicing, and low operational speeds in the majority of the railway network. Thailand 

high-speed rail construction will start involved in the first phase of the project, a 250-km 

(155 miles) line, which is expected to be operational in 2021. The emphasis has shifted 

away from high-speed railways and onto dual-track services, with new 1.435 km of meter-

wide tracks capable of accommodating trains at speeds of 160 km per hour being planned 

on two routes. Over 100 derailment accidents and more than 150 accidents involving 

personal vehicles in level crossings each year [1]. 
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Figure 1. A high-speed train project is planned to operate in Thailand, which consists of 

4 main lines. Starting from Bangkok to Chiangmai, Nong Khai, Rayong and Padang 

Besar (Malaysia) with a 250 km/hr speed for a distance of 1,039 km. 

 

With the expansion of the railway network in order to satisfy the increasing demands of 

urban transport, rail structures are being put under increasing high cyclic loads leading to 

increased wear and fatigue damage initiation to occur more and more regularly. Rolling 

contact fatigue (RCF) is a kind of surface fatigue damage produced by interactions at the 

wheel-rail interface. It is primarily related to contact stresses, although impact loads from 
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wheel flats and bending stresses also play a significant role. Regular inspection operations 

must occur at night to avoid disruption in normal operations or when rail traffic is reduced. 

Thus, the use of conventional inspection methods is not optimised to support high traffic 

densities. The limitations of state-of-the-art inspection methodologies have led to an 

increasing interest in using the Acoustic Emission (AE) technique to monitor and 

maintain reliable railway tracks, especially urban railway turnouts, which are more 

challenging to inspect and form bottlenecks in the network. Turnout component structural 

deterioration has been seen regularly, resulting in increased railway maintenance costs 

and downtime. 

1.2   STATEMENT OF THE PROBLEMS 

Defects such as fatigue cracks have been historically one of the leading root causes of 

many derailments due to broken rail sections. Structural damage in rails and crossings 

can develop with time due to the complex bending and contact stresses they are exposed 

to. Besides, manufacturing defects during the casting or welding process (e.g., porosity, 

segregation, and inclusions) can also arise occasionally, resulting in structural failure at a 

much earlier stage. Cracks initiating and propagating below the surface are difficult to 

detect using conventional Non-Destructive Testing (NDT) techniques. A more 

appropriate method for crack growth monitoring in real-time is AE. When a load is 

applied to a solid structure, it begins to deform elastically. Associated with this elastic 

deformation are changes in the structure's stress distribution and elastic strain energy 

storage. As the load increases further, some permanent microscopic deformation or crack 

growth may occur, accompanied by a sudden release of the stored strain energy, partly in 

the form of propagating elastic waves termed acoustic emissions. If these acoustic 
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emissions are above a certain threshold level, they can be detected and converted to 

electric signals by sensitive piezoelectric transducers mounted on the structure's surface. 

1.3   AIMS AND OBJECTIVES 

Although AE testing is widely used in many industries, it is relatively new and limited 

trials have been found in the railway industry. Most studies have focused on proving 

empirical correlations alone rather than examining the reliability of AE applications to 

quantify defects. They also neglected to study the effects of background interference with 

sensors, variables such as frequency or load used, and the study of microstructure nature. 

As a result, this thesis aims to fill some of these gaps. It is essential to develop reliable 

correlations to quantify damage propagation, guarantee that relevant information can be 

obtained from AE data, and increase our understanding of crack propagation and the 

associated AE in conventional rail steel and Hadfield manganese crossings. The following 

are the four aims presented in this thesis: 

(1) To study the applicability of the AE monitoring technique to acquire reliable 

quantitative relationships for a variety of AE parameters in conventional rail steel 

grades R220 and R260 compared to Hadfield manganese steel in order to quantify 

their damage propagation.   

(2) To further understand the link between microstructural features and AE signals 

generated from crack growth, fractography was conducted to investigate the 

characteristics of the samples crack surfaces. 

(3) To confirm that the customised AE techniques developed as part of this project 

will be possible to use in the field to detect any crack growth or impact damage 

that may occur on rails and crossings. 
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(4) To study the feasibility of using a 3D image analyzer (Laser Confocal Scanning 

Microscopy) to examine crack surfaces.  

This study will be used to support Thailand's transport infrastructure, which will be set to 

transform over the next eight years. 

1.4 SCOPE OF THE STUDY 

Fatigue and fracture behaviour of rail steel grades and cast manganese steel used for 

manufacturing crossings have been studied. The fatigue test and crack growth monitoring 

were carried out using Direct Current Potential Drop (DCPD), and AE whilst the failed 

samples were also evaluated using fractography to support the correlation of the Acoustic 

Emission data with actual features observed on the fractured surface of the samples. The 

research primarily focuses on Acoustic Emission applicability and reliability for 

monitoring pearlitic rail materials grade R260 and austenitic cast manganese steel or 

Hadfield manganese steel for quantifying damage evolution occurring due to fatigue 

under laboratory. 

1.5 THESIS STRUCTURE 

This thesis has been divided into eight chapters. The following is the thesis's detailed 

structure: 

Chapter 1: presents the background, statement of the problem, aims and objectives, 

structure of the thesis, and location of the study. It gives a general overview of the research 

study.  

Chapter 2: gives a review of the type of railway turnout and their components, failure 

mechanism in rail, and explains rail fatigue with emphasis on rolling contact fatigue and 

crack growth model. 
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Chapter 3: gives a review of general information on the AE technique and uses AE as an 

NDT method in rail and crossing.  Pearson correlation and linear regression analysis were 

used statistically for quantitative AE analysis. Signal processing under field conditions 

was reviewed to study the feasibility of future field trials. 

Chapter 4: presents results and characterization of the materials used in the experiment. 

The experiment used three methods: scanning electron microscopy with energy dispersive 

x-ray spectroscopy (SEM+EDS), X-ray diffraction (XRD), and micro vicker hardness 

test. The result gained will be used as the fundamental data for the fractography study in 

Chapter 7. This chapter also provides information on defects and micro-mechanisms of 

fracture in metals.  

Chapter 5: performed three-point bending fatigue testing on pre-cracked materials under 

laboratory conditions to investigate the feasibility of using AE quantity crack propagation 

in samples. The methodology for the thesis has summarised the steps below; 

 Step 1: preparation of samples for fatigue testing. 

 Step 2: a pre-fatigue cracking test is used to initiate the fatigue crack before the 

primary fatigue test and the initial crack size measurement. 

 Step 3: the three-point fatigue bending tests under laboratory conditions. 

 Step 4: the fracture surface analysis  

Chapter 6: presents fatigue testing results and discussion of R260 rail steel and Hadfield 

manganese steel. The results of the two major materials were analyzed together with the 

R220 rail steel tested in the past. The result will be explained using quantitative evaluation 

by analyzing the AE signal occurring in each parameter. 

Chapter 7: presents fractography of R260 rail steel and Hadfield manganese steel in 2D 

analysis using SEM and 3D analysis using Laser Confocal Scanning Microscopy 
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(LCSM). Non-metallic inclusions were examined to confirm the results of the surface 

analysis against the AE signal. 

Chapter 8: presents the conclusion,  major contribution and suggests further research. 

1.6 LOCATION OF THE STUDY 

The present study was carried out at the following locations: 

Metallurgy and Materials Department, University of Birmingham, Birmingham, 

United Kingdom  

Thailand National Metal and Materials Technology Centre (MTEC), Bangkok,  

Thailand 

State Railway of Thailand, Bangkok, Thailand 

EVOLEO Technologies, Porto, Portugal. 
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CHAPTER 2: RAILWAY TURNOUT AND INSPECTION TECHNIQUES 

In this chapter, the author reviews articles and literature related to physical characteristics 

of railway turnout and damage mechanisms were reviewed as a basis for analysing 

experimental fracture surfaces. 

2.1 TYPES OF RAILWAY TURNOUTS AND THEIR COMPONENTS 

Turnouts are the railway equivalent of railway network junctions, allowing rolling 

stock to be transferred from one track to another. They are important elements of the 

railway network since they make traffic operations more flexible and more complex. 

Turnout derailments are those that occur at the turnout area. Nearly 572 derailments have 

been recorded in the EU from 2010 to 2015, while losses amount to EUR 200 million per 

year [2]. Railway turnouts are typically subjected to impact wheel loading, which 

necessitates the use of cast manganese steel instead of plain rail steel grades [3-5]. Plastic 

deformation, wear, and rolling contact fatigue can generally arise from loading the rail 

and turnout structure during the rolling stock passage. All these mechanisms can result in 

deterioration of the profile geometry requiring maintenance action. 

2.1.1   Turnout components  

A standard turnout consists of several parts, as shown in Figure 2. The single 

turnout is the most popular type compared to others. This type of turnout consists of three 

main parts, as shown in Figure 3, including the switch panel or point panel, which includes 

the movable rail parts used to control the direction of the train passage. A closing panel 

or intermediate track consists of the straight or curved rails required to link the switch 

blades to the crossing and crossing areas. It is a vital aspect of the turnout since it is the 

only point where the line continuity is interrupted. 
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Figure 2. The geometry of a simple turnout [6]. 

 

 

 

 

 

 

 

 

 

Figure 3. Diagram showing the major components of a standard turnout or set of points. 

 

A crossing panel consists of a crossing nose, wing rail, and check rail. It helps trains to 

move in both directions. The panel's crossing is the place where two rails intersect. It is 

made up of two wing rails and a nose. Crossings may be either fixed type or movable. 

The three separate components are either bolted together (pearlite crossing) or cast 

together (Austenitic manganese steel crossing). When heavy axle load or high speeds are 

required, they are generally made of cast manganese steel. The guard rails run parallel to 
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the rails on both sides of the crossing. The railway wheels' lateral movements are limited 

by the check rails. As it involves combinations and discontinuities, switches and crossings 

are some of the most complex components of the rail network, resulting in increased 

dynamic loading and higher levels of degradation of these components relative to the in 

plain rails. In the crossing area, the wheel travels from the nose to the wing rail or from 

the wing rail to the nose, depending on the traffic direction. Damage in the crossing arises 

due to excessive impact loads at the nose area due to the discontinuity between the wing 

rail and nose. Due to the crossing design, there is a significant difference in the in-service 

conditions at the nose and wing rails. Because the nose of the crossing withstands contact 

stresses generated by in-service train wheels, the failure mechanism is spalling due to 

fatigue, but the wing rails exhibit wear due to the train wheels' rolling contact stress [7]. 

The typical damage mechanisms reported at crossings are defects such as rolling contact 

fatigue, wear, plastic deformation, breakage of parts in the railroad tracks, and other 

defects.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The various constituent components of a turnout, the pictures were taken at 

Bangsaphanyai railway station located in Prachuap Khiri Khan, Thailand. 

Frog 
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Steel rails built from a standard rail profile with one side straight and the other curved are 

stock rails. Rail bracing is installed on the outside of the stock rail to keep it from shifting. 

To increase wear resistance and surface hardness, the tops of stock rails are always 

quenched. 

Switch rails are moveable rails between diverging rails and guide trains from the rails to 

either the straight or diverging track. 

The rail turnout control system's executive component is the switch machine. The turnout 

can be adjusted using electrical or pneumatic systems. 

Straight rails and Guide curve rails, connection components are made up of two 

straight rails and two curve guide rails that link the switch rail to the frog and guard rail 

as a whole railway turnout. 

A check rail is a small section of rail running parallel to the main rail on the opposite side 

of the frog. They exist to guarantee that the train does not derail by following the correct 

flangeway through the frog. 

Crossing nose consists of a frog, wing rail, and connecting components used as the 

crossing part of two tracks. Multiple cutting and bending rail components or a single 

casting steel component can make a crossing nose. 

2.1.2   Common types of railway turnouts 

There are many types of turnouts. Figure 5 illustrates many major turnouts. 

Standard turnouts, also known as single turnouts, have a single through track and a 

diverging track. The right-hand turnout has shown in Figure 5(a), is where the diverging 

track departs the mainline to the right. Figure 5(b) shows an asymmetrical turnout to 

divert the track symmetrically from its regular route. The diamond crossing with double 

slips depicted in Figure 5(c) features two curves that connect two diagonal intersections, 
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bringing the total number of possible routes to four. In contrast, the diamond crossing 

with a single slip illustrated in Figure 5(d) features three possible routes due to the low 

number of intersections. Finally, the non-slip diamond crossing, as seen in Figure 5(e). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Common types of railway turnouts; standard turnout, symmetrical turnout, 

double slip, single slip, and diamond crossing [8]. 
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As for the crossings, the typical diamond crossing consists of two straight tracks. 

There are two acute angle crosses and two obtuse angle crosses. On both sides, the 

crossover angle of the regular diamond crossing is the same. This crossing type is the 

junction between a straight track and a curved track or between two curved tracks 

compared to a curved diamond crossing. Thus, the angle of the angled diamond crossing 

at both ends is different. The right-angled crossing has a severe effect on the joint as the 

train passes, while the oblique crossing has less damage to the joints. If the angle of the 

intersection is smaller, the incidence of unguided sections becomes greater. As for the 

angle of intersection less than 1:12, the movable switch blades are given on the side of 

the obtuse cross-section. The swing noses are used on the typical side of the cross-section 

as outlined. 

 

Figure 6. The most common types of turnouts are used in railway operations [9]. 
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2.1.3   Railway Frog 

The railway frog is a two-rail crossing point that is extremely important to the rail 

turnout's general functioning and the junction of two railway lines. As a result, passengers 

on the train will not feel uncomfortable owing to unexpected bumps. On the other hand, 

if the rail frog innovation is unreliable or if the rail frog is configured and geometrized 

incorrectly, irregularity will occur throughout the train's passage. As a result, selecting 

high-quality railway frogs is critical to the switch's safety and dependability and the 

overall reliability of the rail line. The rail frog can be divided into the fixed frog and the 

movable point frog (swing nose crossing) according to the structure type. 

. 

 

 

 

 

 

 

Figure 7. Fixed frog or Rail bound manganese frog (A), combined type rail frog (B), 

and movable point frog (C). 

 

Rail bound manganese frog (RBM) is a kind of one-piece cast frog with austenitic cast 

manganese steel or, as it is also known, Hadfield steel. RBM rail frog is recommended 

for mainline turnouts and crossovers subject to high speed and heavy traffic. The RBM 

frog's integrity and stability are better because the crossing nose and wing rail were 

simultaneously cast. High cast manganese steel is a type of alloy steel that consists of an 

austenite-grain matrix. It contains 11 to 15 wt% Mn, with 0.8 to 1.25 wt% C (roughly a 

ratio 1:10 between C and Mn content), non-metallic inclusions, alloyed cementite, and 

phosphorus eutectic. With high manganese alloy, the cast railway frog exhibits high levels 

of wear resistance, greater strength, longer service life, and more convenient maintenance.  

A B C 
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The combined type of rail frog contains the crossing nose, the wing rail, and other 

parts. The combined type of rail frog is not challenging to use because it does not involve 

any special process requirements. Therefore, the process and manufacturing technology 

are not complicated. However, the combined type of rail frog has more individual parts 

and thus, requires more maintenance. 

The movable point frog refers to the structure of a railroad frog with movable 

components. As the railway frog is partly movable, the undesirable space in a fixed frog 

is removed, making the transition smoother. There are three types of movable point frogs: 

mobile nose style crossing, mobile wing rail type, and other mobile railway frogs. 

2.1.4   Rail Materials 

In terms of the railway infrastructure, the rails are the most important component. 

High fatigue strength, High wear resistance, high deformation resistance, high toughness, 

excellent weldability, and low residual stresses after manufacture and maintenance are 

the most important structural requirements for rails. Some of the requirements are in 

competition with each other. Thus, choosing the most suitable rail steel grade is vital to 

improve the railway system's reliability and safety. The most common rail materials used 

are medium and high carbon steel heat treated to give a fully pearlitic microstructure. 

Rails in Europe were traditionally built to UIC standards, according to UIC leaflet 860-0. 

For infrastructure managers, however, the European standard EN13674 has been in place 

since 2001. The Brinell hardness (BHN) indicates the new standard's steel grade instead 

of the tensile strength. The Brinell hardness can designate the modern rail grades in 

Europe and America as R200, R260, R260 Mn, R350 HT, and R320 Cr. Tensile strength 

must be between 650 and 1100 N/mm2. Carbon, manganese, and chromium are the main 
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constituents of R320 Cr, a high strength steel grade. The chemical composition and 

mechanical characteristics of these steels are listed in Table 1. 

Table 1. UK rail steel - chemical composition and mechanical properties of pearlitic rail 

steel [8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At turnouts, the railhead is exposed to compressive rolling and sliding loads, as 

well as a significant dynamic impact load. The standard rail grade is incapable of 

withstanding the impact loads imposed on the turnout component. Therefore, Hadfield 

steel is used instead of plain rail steel grades. Hadfield steel is the best choice for this 

component because it has a good mix of toughness, hardness, flexibility, and abrasion 

resistance, as shown in Table 2. This material has a higher level of toughness than the 

pearlitic rail steels. It has a high work hardening rate due to deformation twinning, 

instability in the plastic flow of materials, and the interactions between stacking faults 

and dislocations [163]. However, brittle carbide particles tend to form on cooling in these 

austenitic steels, which must be reduced to reach the ultimate toughness required. Besides, 

Hadfield manganese steel thermal expansion is 60 percent higher than pearlitic grades. 

Because of the formation of undesirable carbides after welding, these factors cause 

Hardness 

(BHN)

Rm 

(N/mm2)

Elongation 

(%)

R200 0.40-0.60 200-240 >680 14 Non- heat treated

R220 0.50-0.60 220-260 >770 12 Non- heat treated

R260 0.62-0.80 260-300 >880 10 Non- heat treated EN

R260Mn 0.55-0.75 260-300 >880 10 Non- heat treated 13674-1

R350HT 0.72-0.80 350-390 >1175 9 Heat treated

R350LHT 0.72-0.80 400-440 >1175 9 Heat treated

700 0.40-0.60 680-830 14

900A 0.60-0.80 880-1030 10 UIC

900B 0.55-0.75 880-1030 10 860-O

1100 0.60-0.82 >1080 9

Rail steel 

grade

Carbon content 

(%)

Mechanical properties

Description Specification
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problems in the welding. Using a low-carbide version will reduce the risk of carbide 

formation [10].  

Hadfield manganese steel has characteristics that make it more adapted to repeated 

hits at the crossing than standard pearlitic steel. Manganese steel has a higher threshold 

stress intensity factor (ΔKth) than common structural steel, resulting in a lower crack 

growth rate [11]. Manganese steel's high work hardening ability and exceptional wear 

resistance are two key characteristics. As a result, fractures may go undetected during 

regular ultrasonic rail inspection. It is also important to plan out the welding process in 

advance for manganese steels since it is very sensitive to carbide precipitation and pearlite 

production during reheating, particularly at 260°C, resulting in embrittlement and 

toughness loss [12]. 

Table 2. UK austenitic grades for rail crossings (wt%) [10]. 

 

Ossberger et al. studied Hadfield manganese steel's performance compared with 

other frog material, tool steel, and bainitic railway steel by measuring the transition shape 

every 3-5 months. Although the experimental results found that the Hadfield manganese 

steel had the highest rate of degradation concerning plastic deformation significantly in 

the run-in phase owing to the frog material's lower yield strength than the wheel, this 

steel's great advantage is its high rate of adaptation. As a result, it makes the frog less 

sensitive to loads arising from wheel profiles deviating from the standard [13]. 
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Figure 8. Shows the 3D contour plot for the surface change of explosion depth hardened 

cast manganese (left), tool steel (middle), and bainitic railway steel (right) [13]. 

 

2.1.5  Turnout Maintenance 

One of the most critical aspects of the turnout life cycle is maintenance. It is 

powered by the efficiency of the system and dramatically affects the required costs and 

resources. A combination of corrective and preventive maintenance is the most widely 

used method for maintenance. The industry is attempting to move toward predictive 

maintenance using condition-based monitoring, but engineering safety reasons for 

changing current techniques will take time to develop. The use of predictive maintenance 

based on appropriate condition monitoring methods should improve the overall 

performance, reliability, safety, and maintainability of railways. Nonetheless, there will 

always be some problems that cannot be forecast and for which corrective and/or 

preventive maintenance actions will be required. 
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Maintenance strategies are divided into two categories: unplanned and planned, as shown 

in Figure 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Maintenance strategy type (Sources: Adapted from BS 3811). 

 

Corrective maintenance (CM) 

Corrective maintenance focuses on taking a specific action after a problem has occurred 

to resolve it. The goal is to restore the damaged component to its original state as soon as 

feasible. The kind of damage and the time required to complete maintenance operations 

are reported by the CM. Some tasks may be postponed until the maintenance season starts. 

This kind of procedure is often referred to as programmed. However, since it overlaps 



 

23 

 

with characteristics associated with other maintenance methods, this term will be avoided 

in this thesis. On the other hand, different tasks cannot wait and must be completed 

immediately (these activities are known as not programmed). When it comes to the core 

of maintenance actions, they may be temporary if they are not conclusive and are 

employed to get the service back up and run as quickly as possible, or definitive if the 

problem is addressed on a more permanent basis intervention. 

Preventive maintenance (PM) 

Preventive maintenance (PM) must be carried out according to previously defined 

guidelines to eliminate or reduce the risk of failure or minimise the system components' 

wear. These criteria may be based on; systematic and periodic working preparation or 

subject to integrating the parameters that describe the system's state. The reliability of the 

components, their features, the functioning of the components, and their predicted degree 

of degradation (estimated from theoretical and/or empirical data) are all factors that go 

into task planning in a systematic approach. The definition of inspection takes on further 

relevance when the performance criteria are based on the importance of the relevant 

metrics and their practical limitations (this aspect will be detailed in the following 

sections). However, as previously mentioned, it is common practice to mix the two 

approaches in maintenance contracts. 

Predictive maintenance or Condition-based maintenance (CBM) 

This type of maintenance is similar to the condition-based monitoring method. This 

method uses sensors such as infrared thermography, vibration monitoring, and ultrasonic 

detection to evaluate the health of the equipment, which provides inspections of the 

working conditions of the equipment and during periods of stoppage [14]. In addition, 
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this maintenance method is based on calculating (or detecting early) the real failure causes 

in order to determine the best time to do maintenance and reduce failures and downtime. 

Predictive maintenance is correlated to the inspection and monitoring of certain 

parameters that must be calculated and evaluated on a regular basis (based on a 

predetermined frequency). The choice of parameters to control and describe the resources 

required to track these parameters are possibly two of the most critical points. 

The turnouts are included in the general inspection of the railway track since they are 

considered a superstructure component.  

2.1.6  Reliability, Availability, Maintainability, and Safety (RAMS)  

The data analysed for the various types of railway lines were gathered to compare the 

RAMS parameters. Additionally, the researchers used three additional high-speed trains, 

conventional lines, tram lines, and metro lines (underground). A RAMS assessment was 

conducted to determine the reliability, availability, maintenance, and safety of these lines 

for Switch and crossing performance. 

Reliability analysis determines the probability that a system will perform the 

required operation within a specified time. The reliability predictions are used to estimate 

the likelihood of failure estimate the probability of failure of individual components, 

taking into account their operating and environmental circumstances. The reliability of a 

device or service is critical in determining if it is functioning properly. As a result, the 

component's reliability can be calculated, and its analysis can determine the probability 

of a system element failing. 

Availability refers to a commodity's ability to perform the specified function 

under such circumstances at a particular point in time or during a specified time, assuming 

the necessary external services are accessible. This factor quantifies the willingness of the 
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machine's user to ensure the system's continuity and advantages. However, in this 

analysis, availability will be determined by delays. Additionally, this availability would 

take into account the effect on the economic operation of the facility and the system's 

malfunction characteristics. 

Maintainability is defined as the probability of completing a particular active 

maintenance activity within a specified time frame when performed under specified 

circumstances and with specified methods and resources. On the other hand, 

maintainability parameters reflect the subsystem's ability to be preserved and returned to 

operational status, taking into account specific requirements, methods, and resources. 

The lack of unfavourable risks is defined as Safety. A probabilistic risk 

assessment may be used to estimate the cumulative risk by multiplying the severity of 

possible negative outcomes and the likelihood of such consequences. However, the PRA 

will not be carried out in this analysis due to a lack of data. Instead, risks and unsafe 

conditions have been identified, and any events or accidents involving investigation 

related to fatalities or serious injury have been analysed. 

2.2 FAILURE MECHANISM IN RAIL 

2.2.1   Wheel-Rail Contact Mechanisms 

The wheel-rail contact mechanism is too complicated. The contact patch usually 

is elliptical with a radius of approximately 1 cm2. If the wheel is worn, the contact patch 

becomes more oval. The wheel and rail determine the exact location of the wheel-rail 

contact; the bogie model factor includes the curvature of the track. The wheel tread and 

railhead seem to be in contact on the straight track, but in the curve, Contact occurs 

between the wheel flange and the corner of the rail gauge. 



 

26 

 

The possible region for interaction with the wheel-rail is shown in Figure 10. 

Region A is the contact between the wheel tread and the railhead, Region B is the contact 

between the flange and the rail gauge corner, and Region C is the contact between the 

field side of the wheel and the rail. In Region A, a contact patch is most likely to occur 

when a railway vehicle travels on a straight track or at extremely large radius curves. In 

this region, lateral force and contact stress are the lowest. In Region B, contact with a 

smaller contact area is also even more intense. Usually, contact stress and wear rate in 

Area B are much higher. If the wheel substance is worn at the critical point, the contact 

patch may be changed to two-point contacts at the wheel and flange. As for Region C, 

there is rarely a contact patch at this location. This area is subjected to a very high 

degree of contact stress and wear, however. The unexpected wear might cause the 

wheelset to have a steering problem [15]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Wheel-rail contact zones [15]. 

  

Many factors may influence the estimated lifetime of the rail service. Service life 

is mainly affected by the rail's chemical composition, maintenance programs for the track, 

speed, and tonnage. These parameters include vertical and lateral head wear, railhead 

plastic flow or deformation, and rail defects development. 



 

27 

 

The production of rail faults in modern steel would be impaired by a robust maintenance 

program that will extend the amount of time before the rail is exposed to extreme wear 

and plastic flow effects. This would include strategies for friction control and a healthy 

profile of the rail. However, it is challenging to predict rail service life or the development 

of defects reliably. 

 

 

 

 

 

 

 

 

Figure 11. Terminology Used to Identify Defect Planes with Rail Section [16]. 

 

Rail Loads and Stresses: Internal rail faults often begin with certain rail stress types 

and evolve to a detectable size defect. A terminology that can be used to identify the 

planes of rail stresses is given below. 

i. Vertical Plane: stresses that progress in a longitudinal plane parallel to the rail's 

length. 

ii. Horizontal Plane: stresses that move along the rail horizontally. 

iii. Transverse Plane: stresses that transversely progress along the rail cross-section. 

2.2.2  Failure Mode in Rail and Crossing 

At the turnout point, components of the railhead included inside switches and 

crossings are subjected to significant dynamic impact loads. Because of their low impact 
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fracture toughness, standard rail grades are unacceptable. As a result, turnout-related 

derailments account for almost half of all railway derailments in the United Kingdom 

[17]. Although some conventional pearlitic steels, bainitic steels, and premium steel 

grades (e.g., 350 HT) are used, Hadfield manganese steel, with its high toughness and 

work-hardening rate, is chosen. In addition, Hadfield manganese steel has an austenitic 

microstructure. Due to the Mg alloy, the austenitic microstructure leads to a much higher 

strength than pearlitic rail steels [157]. Therefore, Hadfield manganese steel has become 

the preferred material for railway crossing construction [18]. 

In the last 20 years, there has been increased interest in the research of fatigue 

cracks, as well as the development of efficient monitoring and detecting fatigue growth 

in the Hadfield manganese steel crossings [7]. Studies have investigated the formation of 

the fatigue cracks in Hadfield manganese steel crossing (Fe–1.2% C–13% Mn) by 

exploring the atomic size of elements mixed in metals. Harzallah et al. [19] studied the 

effect of rolling contact fatigue on the mechanical behaviour of Hadfield manganese steel 

X120Mn12 by using different parameters. The hardness of manganese steel increases 

with increasing rolling speed and decreases with decreasing applied load. Simultaneously, 

the number of cycles directly affects the initiation and propagation of the crack, leading 

to the micro-spalling initiation. Guo et al. [20] studied the effect of wheel speed, at four 

different wheel speeds, i.e., 50 km/h, 100 km/h, 150 km/h, and 200 km/h in Hadfield 

manganese steel crossing by finite element (FE) model simulation to predict fatigue and 

wear of railway crossings. The test results clearly show that the wheel speed directly 

affects the von Mises stress and strain in the crossing nose. As a result, the speed limit of 

trains running through the Hadfield manganese steel crossing must be considered to 

prevent possible damage. 
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An analysis of typical rail damage mechanisms in turnouts was carried out [21]. 

Mechanical contact damage, such as plastic deformation, wear, fracture, and rolling 

contact fatigue, has been reported in turnouts. Furthermore, the rail discontinuities in the 

switch and cross-section panels increase the wheel-rail contact forces compared to 

conventional rails, even though the rail cross-sections carrying the load are weaker. As a 

result, rails near switches and crossings are likely to sustain more severe damage and 

degradation. Examples of rail turnout damage can be seen in Figures 12.  

 

 

 

 

Figure 12. The worn switch rail, where the crack had formed from the railhead down to 

the metal, propagated longitudinally and gradually turned upwards again, causing a 

large part of the switch rail to be removed (A), Spalling (loss of material chips) on a 

manganese crossing nose (B), the nose is worn as shown by the vertical distance 

between the template and the nose (C) [21]. 

 

Wheels may be severely worn and damaged as a result of crossing changes [22]. 

As the geometry of the turnout deteriorates, the passing wheels' contact conditions may 

worsen, and the rate of deterioration may increase. A self-reinforcing spiral with an 

accelerating rate of deterioration may be created by installing an accelerometer on a 

crossing and a sensor to detect passing wheels alongside it. The wheel's location may be 

calculated in relation to the crossing's greatest vertical acceleration. 
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2.2.3  Rail Defects 

Rail defects are often non-metallic inclusion or metallurgical origin flaws that 

occur during production as a result of poor local steel component mixtures. Later, these 

flaws cause a localised concentration of stresses under operational loads, resulting in rail 

failure. During the production process, faults are classified as external and internal flaws. 

In addition, the parts of the rail track can develop defects in the in-service rails. Most rail 

defects are found on the railhead, but several are still on the web and the rail foot. The 

following is an overview of the type of rail defect that is most common. 

Head checks: Small parallel fractures at the gauge's corner characterise this common 

RCF defect. The distance between fractures varies based on the steel rail grade and local 

circumstances (typically smaller distances on head hardened rails). Cracks are placed at 

an angle of 35° - 70° to the longitudinal rail axis and more than 90° for high traction, 

depending on the wheel-rail contact condition. Shelling or spalling may result from cracks 

in the railhead that begin at an angle of between 10° and 15° and then spread parallel to 

the running surface, 2-3 millimetres below surface level, and finally in the gauge corner. 

Additionally, cracks can develop transversely and, in rare cases, cause the rail to fracture. 

 

 

 

 

 

Figure 13. (a) severe head checks (b) illustrate head checks on the outer rail's gauge 

corner [23]. 
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Short-pitch corrugation: On the running surface of short pitch corrugation, there is a 

pseudo-periodic pattern of sparkling ridges and dark hollows. The pitch ranges are from 

20 to 100 mm, with a depth ranging from 0.01 to 0.4 mm in most cases, and the pitching 

depth is variable. 

Long-pitch corrugation: Depressions in the running surface characterise long pitch 

corrugation ("waves"). With a depth of up to 1 mm, the pitch is typically between 30 and 

300 mm. In this kind of corrugation, no apparent contrast between hollows and ridges. 

 

 

 

 

 

 

 

Figure 14. Showing (A) Long-pitch corrugation defect [24], (B) Short-pitch corrugation 

defect [25], and (C) Short-pitch and long-pitch corrugation [26]. 

 

Squats: This RCF defect appears as a spreading and localised depression of the wheel-

rail contact surface on the running surface, followed by a dark area comprising circular 

arc or V-shaped fractures. Within the head, the cracks develop at first at a shallow angle 

to the surface. The cracks develop transversely and lead to a rail break when they reach a 

depth of around 3-5 mm. 

 

 

 

 

 

Figure 15. Showing (a) RCF-related squats in railway tracks (Kaewunruen, Freimanis 

and Ishida) and (b) Propagation of a squat [27]. 
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Progressive transverse cracking: This issue may be caused by a defect within the 

railhead, a horizontal fracture inside the railhead, or a deep shelling of the gauge corner. 

The distinctive form of this progressive fracture gives rise to the name "kidney-shaped." 

This significant problem would reoccur on the same rail, resulting in large gaps if several 

failures occurred (risk of derailment). The non-destructive inspection technique can only 

detect transverse defects until the defect has progressed to the rail running surface and 

has broken out. 

 

 

 

 

 

 

Figure 16. Transverse crack defects [28]. 

 

Transverse fracture from corrosion pit: Small sharp cracks in the corrosion at the foot 

base may offer a location for fatigue beginning. Cycled loading causes them to expand to 

critical size. This occurs in a transverse fracture at a fatigued area that is a little larger 

than a thumbnail, owing to the external fibre stresses experienced by the rail and the 

strength of the pearlitic rail grades presently in use. 
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Figure 17. Showing a transverse fracture from corrosion pit defect [158]. 

 

Shelling: an internal flaw that originates 2 to 8 mm below the gauge corner of the usually 

high rails on a curved track. Dark spots form in the gauge corner during the early stages 

of development, indicating shelling defects. On a horizontal or longitudinal axis, shelling 

cracks grow consistent with the gauge's corner's rail shape. The cracks may start in a 

longitudinal direction at an angle of approximately 10o - 30o to the rail surface, turn down 

and create transverse defects which, if not detected in time, may develop across a 

transverse plane and eventually result in rail failure. However, without the need for a 

previous shelling defect, transverse defects may also be caused directly by steel defects 

(inclusions) and grow in a transverse plane. Transverse defects are not visible visually 

because of their inner existence and may depend on regular ultrasonic rail inspection. 

 

 

 

 

Figure 18. Showing (left) rail grinding can control moderate shelling defect, and (right) 

very severe shelling defect at Rail closure [158]. 

 

Sub-surface-initiated fatigue: During the track walking inspection or eddy current 

testing, no apparent surface fractures were found. When such defects have developed to 

a large enough size, as in the typical "Tache Ovale" defect, ultrasonic testing can identify 

defects. 
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Figure 19. Tache Ovale and a subsurface fatigue fracture on the gauge side of the head 

[28-29]. 

 

Fatigue from weld repair: During the track walking inspection or eddy current testing, 

no apparent surface fractures were found. It is possible to detect signs of welded-in repair 

or plastic deformation on the running surface; however, this is not usually a reliable 

indicator of subsurface fatigue. 

Fatigue from machining stress raisers: These defects are not readily apparent on the 

running surface near the fast fracture point. It involves machining the rail's foot, which is 

subject to the highest amount of tensile stress. Because of this, the design of turnouts must 

take into account the onset of fatigue from improperly machined stress elevators. Because 

the tired region is often small, it is impossible to identify unless it is precisely in line with 

the ultrasonic technique. 

 

 

 

 

 

Figure 20. Showing (a) Weld-repair-related fatigue, (b) and (c) Defects are caused by 

fatigue from machining stress raisers [158]. 
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Wheel burn: A elliptical-shaped self-hardened layer may form when a driving axle slips. 

This layer may either vanish or develop horizontally into a shell or transversely into the 

head, leading to an internal fracture leading to a break. On both track rails, there are wheel 

burn problems. Untreated wheel burns may lead to a squatting deformity. 

 

 

 

 

 

Figure 21. Showing multiple wheel burn defects [30]. 

 

Imprints: This defect can be found on a variety of straight tracks at regular intervals, 

maybe over a long distance. A notch may form when an imprint has a sharp profile, 

leading to cracks and rail failures in the worst-case situation. 

 

 

 

 

 

 

Figure 22. Showing imprints defects [158]. 
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2.2.4  Cast Manganese Crossing Defects 

The presence of structural damage in turnout components has been reported on a 

regular basis, resulting in increased railway costs of maintenance and downtime. High 

wear rates, plastic flow, broken crossing webs, cracked, loosened fasteners, and damaged 

components are examples of common damage types, as shown in Figure 23 [31][159]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Example of damage on components: (a) part of the switch rail is detached, 

(b) plastic deformation and wear, (c) Spalling, (d) head checks, (e) squashing, and (f) 

cracks [31][159]. 

 

Cracks on the crossing: Subsurface defects such as bending fatigue and stress rising are 

caused by cracks in the crossing base. Microstructures with a harder surface are more 

prone to cracking in the case of Hadfield manganese steel crossings. Fatigue cracks may 

develop in the front and rear areas of the crossing nose. Inadequate wheel profile control, 

high dynamic forces, weak support, and manufacturing defects are possible reasons. 

Transverse cracking: Cracking may occur under cyclic loads and result in a transverse 

break in the rail due to a geometric characteristic of corrosion pit or stress increase. 

Current NDT techniques cannot detect small corrosion pits. Visual inspection may also 

detect this failure process based on the defect's position. 
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Figure 24. Cracks running transversely over the crossing nose (left), Cracks running 

transversely over the crossing foot (right) [32]. 

 

Cracking due to a defect in the casting: Casting a large object, like a crossing, poses 

many challenges and often leads to casting problems, including shrinkage voids and 

porosity. If these defects are situated deep inside the casting body, they are invisible from 

the surface and have no impact on the life of the crossing. However, these defects may 

become stress boosters when the casting wears, resulting in spalling and collapse. At the 

moment, it is detected visually. 

 

 

 

 

 

 

Figure 25. Longitudinal cracking from a shrinkage cavity [32]. 

 

Spalling of the crossing: A subsurface initiation with a subsequent fatigue failure 

merging causes spalling in the wheel transfer area. High dynamic forces produced by a 

non-wheel transfer zone and poor support conditions, as well as a wheel flange that does 
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not match the wheel transfer zone configuration and insufficient wheel profile control, 

are the main causes of this problem. Visual inspection is used to detect it at the moment. 

Crossing nose plastic deformation: Only fixed-crossing turnouts have this defect. 

Plastic deformation is characterised by crossing yielding caused by strong lateral contact 

loads caused by improper geometry. Visual inspection and rail track inspections are 

usually used to identify this failure process. 

 

 

 

 

 

Figure 26. Spalling of the crossing (left) and the crossing nose has been deformed due to 

plastic deformation. (right) [32]. 

 

While it is reasonably straightforward to inspect conventional rails, this is not the case for 

cast manganese crossings with a mainly large-grain austenitic microstructure that induces 

ultrasonic beam scattering and attenuation. Flaws such as fatigue cracks and impact 

damage in cast manganese crossings occur mainly in the crossing's nose and wings. It will 

cause the section of the crossing to fail structurally. One key disadvantage of conventional 

ultrasonic inspection is that cracks initiating and propagating below the surface cannot be 

detected due to scattering and attenuation of the interrogating ultrasonic beam, resulting 

in the acoustic emission method becoming a more suitable technique for crack growth 

monitoring. 
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2.2.5  Rail Inclusions 

Large brittle inclusions may cause initiation of cracks below the surface of the 

railhead, including those containing Ca, Al, Si, and O. Brittle inclusions allow fatigue to 

propagate in two ways so that cracks can nucleate immediately because there is little room 

for any deformation due to the surrounding matrix and induce microcracks at the matrix-

inclusion interface [33]. These cracks will propagate and fail during operation. As such, 

the railway industry has been looking for ways to make these inclusions smaller and 

denser. As the challenges associated with brittle inclusions become less of a concern, 

emphasis has changed to soft, ductile inclusions, specifically MnS. 

MnS, Al2O3, and SiO2 are the most common types of inclusions. Inclusions found 

in the steel on solidification can have different shapes included elongated in the case of 

MnS or square like in the case of Al2O3, whilst carbides can be spherical with different 

diameters. After deformation, four different pearlitic rail steels were examined. MnS 

inclusions became elongated, while Al inclusions remained tiny and circular. Al2O3 

stringers and hard angular SiO2 were among the other inclusions in the deformed steel 

[34]. These alumina and silica inclusions are prone to start fractures because they are 

brittle and may shear in a brittle manner when loaded. Attempts are made throughout the 

rail steel production process to prevent the development of these impurities. Lui et al. 

found that steels with a high sulphur content had greater MnS inclusion densities [34]. 

Table 1 shows the R260 rail steels grade composition that appears to have less but more 

extensive inclusions than those of the R220 rail steels grade. These inclusions are oriented 

longitudinally [35].  
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Table 3. The chemical composition (in weight percent) of R220 and R260 rail steels 

grade, as published by the Institute of Rail Welding [36]. 

 

 

 

 

 

 

After that, the steel is rolled to produce the rail profile, which lengthens the 

impurities in the rolling direction, transforming them from spherical to oval. In rail steel, 

the majority of inclusions are longitudinally oriented and occur in a range of sizes. The 

rails are subsequently placed into service, and the rail surface and the inclusions deform 

further in service. Longitudinal loads exceed transverse loads, leading to a 

flattened inclusion at the surface, which serves as a crack initiation site [10]. This 

significant inclusion deformation is more consistent with MnS inclusions than SiO2 or 

Al2O3 inclusions because MnS inclusions are very ductile. 

2.3 RAIL FATIGUE  

When a material is exposed to cyclic stresses, a crack may occur at loads 

considerably below the yield strengths under a static load of the material. Even in 

ordinarily ductile materials, fatigue failure is brittle, with minimal plastic deformation. 

Axial, flexural, or torsional stress may be applied to cause fatigue. In the initiation of 

cracking in stress concentration areas, fatigue failure phases increase crack propagation 

and eventually catastrophic failure. 

 

 

C Si Mn P S Cr Al V
H2 

(ppm)

R220
0.50-

0.60

0.20-

0.60

1.00-

1.25
≤ 0.025

0.008-

0.025
≤ 0.15 ≤ 0.004 ≤ 0.03 ≤ 3.0 ≥ 770 ≥ 12 220/260

R260
0.62-

0.80

0.15-

0.58

0.70-

1.20
≤ 0.025

0.008-

0.025
≤ 0.15 ≤ 0.004 ≤ 0.03 ≤ 2.5 ≥ 880 ≥ 10 260/300

EN 136741

Specification Grade

Chemical composition

% by mass

Mechanical properties

Rm 

(Mpa)

Elongation 

(%)

BHN 

Hardness
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Fatigue cracks have three phases of behaviour: (1) nucleation, (2) steady growth, 

and (3) unstable propagation leading to final failure [37]. RCF crack initiation and 

propagation are necessary to study three-dimensional to evaluate the severity [38]. 

Fatigue cracks should be detected early to minimize propagation and severe degradation 

of the rail system's structural stability [39]. 

 

 

 

 

 

 

 

 

Figure 27. Three stages of fatigue crack [40]. 

 

Currently, pearlitic steels (e.g., R220 and R260 rail grades) are primarily used in 

rail manufacturing because of their low cost and reasonable wear and fatigue 

performance. Many researchers have studied RCF in the pearlitic rail steel to optimise 

rail steel grades [41-42]. Smallman investigated the impact of loads on three pearlitic rail 

steels using an Eddy Current probe to identify a fracture during the early stages of RCF 

[43]. The results indicated that the best resistance to rolling contact fatigue was found in 

head-hardened grade eutectoid steel. Comparing pearlite and bainitic rail steels, it was 

discovered that bainitic rail steels had a better rolling contact fatigue resistance but a 

poorer wear resistance [44]. 
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2.3.1 Rolling Contact Fatigue (RCF) 

Rolling contact fatigue (RCF) in rails is one of the most significant mechanisms 

of rail damage since it is hard to predict when this is going to happen. Because cracks and 

defects can develop in materials even under safe loading conditions, it was found that 

approximately 80-90% of all service failures are caused by fatigue. RCF cracks may 

originate on the surface or underneath it, as shown in Figure 28. Fatigue failures can occur 

under cyclic stress, which is well below the ultimate tensile strength (UTS) and, often, 

below the yield stress. There are two types of cracks that develop on rails as a result of 

rolling contact fatigue. Cracks develop both underneath and on top of the surface. Severe 

vertical stress combined with material defects causes cracks to form under the surface. 

Cracks used to be produced mostly as subsurface cracks. Rolling contact fatigue failures 

related to material defects have decreased as steel manufacturing methods have advanced 

[166]. Following the Hatfield rail accident in October 2000, which killed four passengers 

and wounded more than 70 of the train's 182 passengers, the railway industry was 

compelled to take RCF issues seriously [45].  

 

  

 

 

 

 

 

 

Figure 28. A high-speed train had a catastrophic fatigue breakdown south of Hatfield 

station in the United Kingdom (October 2000) [27]. 
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As shown in Figure 29, the difference in load conditions causes a variance in the 

rail and wheel contact patch, which leads to various kinds of rail defects. Figure 29 

(a) shows how vertical stress causes surface and subsurface cracks in the contact area. 

Figure 29 (b) illustrates the beginning of surface cracks resulting from both vertical and 

lateral stress. Figure 29 (c) illustrates the development of RCF fractures started from the 

subsurface because of the vertical loading of a rolling material. If interfacial shear and 

slip follow the rolling contact, as shown in Figure 29 (d), the contact surface's plastic 

deformation leads to crack beginning and growth. Surface irregularities and surface 

cracking may occur as a result of material defects and inhomogeneities under such loading 

(Figure 29 (e)) [46]. 

 

 

 

 

 

 

 

Figure 29. Different kinds of loading of contacts and corresponding crack formation (a) 

vertical loading results in the development of surface and subsurface cracks, (b) vertical 

and lateral loading results in the formation of surface cracks, (c) Subsurface cracks are 

caused by vertical loading of rolling material, (d) contact between rolling and interfacial 

shear and slip results in surface cracks, (e) irregularities in the surface cracking [46]. 

 

In the loading scenario, the wheel-rail contact induces plastic deformation of the 

rails, as described above. Depending on the loading and material, shear loads result in 

thinner plastically deformed layers with a larger material strain and a greater hardness 

gradient, whereas increased normal loads result in larger plastically deformed layers and 
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decreased hardness ranges [160-161]. Hadfield manganese steel's intense strain hardening 

ability, higher hardening depths are indicated for Hadfield manganese steel than a 

pearlitic grade, where the hardness increase would be three times more than the base 

material [162]. Pearlitic rail steel is subjected to significant plastic deformation, aligning 

the microstructure in the shear strain direction. No grain shearing is found for Hadfield 

manganese steel (See Figure 30). 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Wheel-rail contact surface microstructure deformation: (a) pearlitic steel and 

(b) Hadfield manganese steel [47]. 

 

2.3.2 Crack Growth Models 

Material defects, such as those found in rail steels in the UK, may serve as stress 

concentrators and crack nucleation supports. However, it is unclear to what degree the 

inclusions impede fatigue cracking initiation. Even yet, cracks are more likely to develop 

on the rail's surface under extreme pressure and extremely thin ferrite layers that may act 

as planes of weakness [48]. MnS inclusions of vigorously strained flattened may also be 

initiated by cracks [49]. It is believed that inclusions may function as crack initiators in 

three different methods. The first is that localised deformation bands before inclusion may 

initiate microcracks. Two further possibilities are that they may induce interfacial 

debonding owing to high-stress concentration within elongated inclusions or that they 

could cause cracking by fracturing brittle inclusions [34]. Upon reaching a particular 

(b) 
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depth, which depends on the material and applied load, a crack was shown to have 

propagated. This is the phase at which the crack progresses. The speed at which the crack 

is growing is accelerating at this point. Due to the loading of the passing trains, fatigue 

cracks are still propagating at this time [27].  It was originally believed that pro-eutectoid 

limits were satisfied by cracks less than 50 µm in length in 220-grade rail steel. Figure 31 

shows that cracks tend to grow along the direction of the strain field in general, although 

they may also follow the grain boundaries of ferrite [49]. 

 

 

 

 

 

 

 

 

 

 

Figure 31. Cracks grow in the direction of the strain field [49]. 

Additionally, MnS inclusions in the steel act as crack propagation pathways (see 

Figure 30), the pearlite grain boundary, and the orientation of the strain field. Due to the 

absence of preferential pro-eutectoid ferrite straining, MnS inclusions were shown to have 

a greater role in crack initiation and distribution [49]. After cracking, the crack develops 

at a 60-80 degree angle to the rail surface. The crack will eventually get larger, causing 

failure of the rail. 
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Various models have been used to study the initiation and propagation of cracks. Figure 

32 shows a crack propagation model in which the crack is divided into three phases [50]. 

 

 

 

 

 

 

Figure 32. The three stages of RCF accelerated the crack propagation on a railhead. 

[50]. 

 

  Stage I: The crack propagates in conjunction with persistent slip bands. Before 

spreading to stage II, crack expansion in polycrystalline metals occurs in a few grain 

diameters. The crack propagation rate in stage I is extremely slow, approximately nm per 

cycle; however, in stage II, it may reach µm per cycle. A pattern of striations shows the 

fracturing surface of stage II of crack propagation. Figure 33 shows that each striation is 

created by a single stress cycle (See Figure 33-34). 

 

 

 

 

 

Figure 33. Model for crack initiation by Wood [51]. 

 

 

 

 

 

 

Phase (i) - Shear stress has induced 

surface initiation. 

 

Phase (ii) - Crack development is 

characterised by transient behaviour. 

 

Phase (iii) - subsequent crack growth 

caused by tension and/or shear forces. 
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Figure 34. Fatigue fracture striation [52]. 

 

  Fletcher and Beynon (2000) created a three-mechanism model of RCF-initiated 

crack development as a crack propagation prediction model. The tensile and shear stress 

intensity factors (ΔKσ,τ) for three different modes, consisting of ratchetting and ductility 

exhaustion, shear mode crack growth, and tensile mode crack growth, are compared in 

this model. Following that, a decision is made about whether crack growth can occur in a 

given loading situation (see Figure 35). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. RCF's three-mechanism model initiated crack propagation [53]. 
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CHAPTER 3: ACOUSTIC EMISSION AND OTHER NDT METHODS 

In this chapter, the author reviews articles and literature related to the AE technique. 

General knowledge of AE testing, the use of AE testing as an NDT technique in rail and 

emphasizes a literature review on quantitative analysis to find knowledge gaps are 

presented in this chapter. To enhance knowledge for research in the field, a review of the 

signal processing under field conditions is therefore included at the end of the chapter. 

3.1 FUNDAMENTAL OF ACOUSTIC EMISSION  

In the 1950s, Josef Kaiser discovered the Kaiser Effect in acoustic emission 

response during tensile testing of metals.  The Kaiser effect relates to the amount of AE 

activity a metallic structure generates if the previous maximum load is not exceeded after 

initial loading and unloading have been performed [54]. The AE method is a condition 

monitoring technique developed to evaluate various structures, including metallic ones 

continuously. AE is widely recognised and used in a wide variety of industries to monitor 

various types of materials, including steel, reinforced concrete, composites, etc. [55].  

 AE involves the generation of elastic stress waves, with a frequency content typically 

between 20 kHz and 1 MHz during crack growth. AE can be used to monitor damage in 

structural components in real-time by detecting using piezoelectric sensors the energy 

released in the form of elastic stress waves from the crack tip as it propagates under load. 

Detection, location, and assessment of the type of defects in materials made of metal, 

concrete, or composites are all possible with the use of AE. 
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Figure 36. Damage patterns using acoustic emission examination. 

 

The detection can be done by mounting the piezoelectric sensors in contact with 

the surface of the material to be monitored using an appropriate couplant such as grease 

or Araldite®. The elastic energy released is transferred through the material as transient 

elastic stress waves, which piezoelectric sensors placed on the surface can detect. 

Although most of the stress waves produced are elastic, inelastic stress waves may occur 

when stress exceeds the yield limit [56]. 

3.1.1 Acoustic Emission System and Parameters 

AE sensors are capable of detecting very small signals involving surface 

displacements as low as 25 picometres. A typical commercial AE system consists of one 

or more AE piezoelectric sensors used to detect AE signals, a pre-amplifier that amplifies 

the initial signal (typical amplification gains are 20, 40 or 60 dB with the most commonly 

used amplification being 40 dB), main amplification which also provides the required 

phantom voltage for the AE sensors to operate (typical 28 VDC although more recently 

5 VDC sensors have been made available also), digital data acquisition with a sampling 

rate up to 20 MS/s, and an industrial computer where the AE signals are recorded, 
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displayed and analysed. The Data acquisition card performs the analogue-to-digital 

conversion of the AE signals before they are logged in the computer for further processing 

using a dedicated software package.  The measured AE signals are stored as data files for 

later signal processing and evaluation. Figure 37 shows the basic working principle of the 

AE condition monitoring technique. The typical AE waveform arising from crack growth 

and the key AE parameters of interest are shown in Figure 38. 

 

 

 

 

 

 

 

 

 

 

Figure 37. Scheme of the acoustic emission system for the identification of damage. 

 

 

 

 

 

 

 

 

 

 

Figure 38. Acoustic emission waveform and important parameters [57]. 
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An AE event is defined as a single dynamic process that releases elastic energy 

detected by the AE piezoelectric sensors. As the AE source is identified, the local 

mechanism that causes the AE event is detected. The electric signal observed at the 

transducer's output is called the AE signal. In continuous background noise, the AE 

measurements are generally carried out using an appropriate filtering method. The most 

typical type of filter is the definition of an appropriate threshold level above the 

background noise and below the AE signals generated during damage propagation. 

Typical AE parameters of interest include amplitude, duration, rise time, etc., as discussed 

in more detail [58]. 

Amplitude (A) is one of the most significant parameters associated with the measured 

voltage of a detected waveform. It is typically presented in decibels (dB) rather than V. It 

is a critical parameter for AE data analysis since it is inversely proportional to the degree 

of the damage mechanism that resulted in the recorded AE activity. Therefore, AE signals 

with amplitudes below the minimum threshold specified by the operator are not recorded 

during measurement and are automatically discarded. 

max20log( )
1

VdB
Volt

= - Pre-amplifier Gain (dB) 

Duration (D) is the period between the signal's initial and final threshold crossings. The 

length of an AE signal may be used to distinguish between various kinds of sources and 

screen out noise. 

Rise time (R) is the time period between the initial threshold and the maximum 

amplitude, hence the time that the AE signal has been rising before it attained its 

maximum amplitude. This parameter is linked to the propagation of waves between the 
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AE event's source and the sensor. As a result, the rise time is utilised to discriminate 

between signals and additional criteria for noise filtering. 

MARSE, Measured Area under the Rectified Signal Envelope (E), is the AE signal’s 

rectified voltage measured throughout an AE hit. MARSE is a parameter that is frequently 

used for data analysis purposes.  

Counts (N) is the total number of times the amplitude of the AE signal exceeds the 

defined threshold throughout its duration. Thus, a single hit may result in one or many 

counts based on the size of the AE event and the material characteristics. 

Threshold is the signal level below which no AE signals will be recorded. This is often 

used as the simplest of all filtering methods in order to discard unwanted background 

noise. However, when higher noise levels are involved more complex filtering methods 

are available and can be used. 

3.1.2 Acoustic Emission Sources  

Material plastic deformation or crack propagation are the two most common AE events. 

The more brittle materials produce more intense AE activity in comparison with the more 

ductile ones. The movement of dislocations causes atomic planes to slip past one another, 

while plastic deformation occurs at the microscopic level. Deformations on an atomic 

scale result in the release of energy as elastic stress waves that may be thought of as 

spontaneously produced ultrasounds that move through the structure. Cracks in the metal 

may cause stress levels to be several times higher in the area immediately around the 

crack tip than in the surrounding region when cracks are present. Therefore, AE behaviour 

can also be detected as the material undergoes plastic deformation at the crack tip.  

Two kinds of fatigue cracks cause the generation of AE activity. The first type 

involves brittle particles (e.g., non-metallic inclusions such as Al2O3) near the initiation 



 

55 

 

point of the crack tip. Cracking these particles generates more intense AE activity because 

of their lower ductility, resulting in higher amplitude and energetic AE signals. The 

second type is the crack tip distribution caused by dislocation movement and small-scale 

cleavage produced by triaxial stress. The magnitude and velocity of the source case are 

linked to the total energy generated by AE and the amplitude of the waveform. The AE 

signal's amplitude is related to the crack propagation velocity and surface region. There 

are greater AE signals from large, discreet crack leaps compared to small, steady crack 

propagation. In the AE test, these elastic waves are identified and converted into electrical 

signals. 

Detailed examination and analysis of these AE signals give useful knowledge on 

the origin and significance of the damage evolving in the material. As described in the 

following section, sophisticated equipment is required to detect AE signal energy and 

distinguish which signals are of interest and related to actual damage propagation and are 

not the result of background noise. 

 The list of materials in Table 4 shows where AE can be employed along with the 

different types of potential AE sources. 
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Table 4. Materials that have been measured by AE and the source mechanism that 

produces AE [59]. 

 

3.1.3 Signal Processing 

The term AE describes transient elastic waves caused by the sudden release of 

energy from localised damage evolution sources. Solid materials generate these acoustic 

waves when they are deformed or damaged. AE is related to a long-term change in the 

material's microstructure. AE is linked to the ultrasounds generated when the material is 

broken according to a more straightforward explanation. 

Materials where AE has been evaluated 

 

Metals 

Ceramics 

Polymers 

Composites (including those with metal, ceramic and polymer 

matrices and a wide variety of reinforcement materials) 

Wood 

Concrete 

Rocks and geologic materials 

 

Potential AE sources 

 

Microcrack sources such as intergranular cracking 

Macrocrack sources such as fatigue crack growth 

Slip and dislocation movement 

Phase transformations 

Fracture of reinforcement particles or fibres 

Debonding of inclusions of reinforcements 

Realignment of magnetic domains 

Delamination in layered media 

Rockbursts 

Fault slip (Earthquakes) 
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 Reported AE signals can be classified into three main categories: burst, 

continuous, and mixed signals. Burst signals are a form of AE activity associated with 

distinct AE signals linked to individual events occurring in a material, as seen in Figure 

39a, e.g. crack growth. The burst AE signal can be caused by an unstable mode of plastic 

deformation or material degradation and is associated with short-duration and high-

amplitude signal characteristics. Sometimes the form of a burst waveform is 

approximated by an exponentially diminishing sinusoid. The continuous AE signal 

consists of a low amplitude signal produced by a large number of sources simultaneously. 

As shown in Figure 39b, the AE signal has a random character, which is the product of 

alternating several burst type signals of indistinguishable amplitude. 

A typical example is a noise resulting, for example, from fluid flow. Usually, 

general dislocation movement is found during the plastic deformation of metallic 

materials. In most realistic cases, both burst and continuous signals are detected (Figure 

39c), where both components may be of concern or where one or the other may represent 

noise. Many AE technique applications detect, distinguish, and analyse signals resulting 

from both AE signal types. Most of the energy spent on fracture processes in ductile 

metals, for example, goes to the development of plastic deformation, which typically 

results in the generation of continuous AE signals. This is why defects can usually be 

observed in ductile metals at their early stages, taking advantage of the continuous AE 

signals detected. Reliable detection of certain defects, such as stress corrosion cracking 

and creep, is also based on the detection of continuous AE signals and their analysis. Burst 

acoustic emission may detect defects or conditions such as non-metallic inclusion 

fracture, corrosion material fracture, crack jumps in a brittle material, advanced stages in 

ductile metals, and others. The parameters commonly used to analyse burst waveforms 
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include amplitude or counts, whilst the parameters commonly used in data analysis with 

continuous signals are AE-RMS. 

 

 

 

 

 

 

 

 

 

 

Figure 39. Schematic representation of different AE signal types [60]. 

 

 

AE activity can be generated due to a variety of mechanisms including, dislocation 

movement, phase transformation, crack initiation and propagation due to the application 

of stress, fibre fracture, twinning, and debonding. 

During the data acquisition process, it is essential to filter out as much unnecessary 

noise as possible. After discussing a hit-based AE system, it will be addressed to 

determine an acceptable threshold before testing is needed. Any hits whose amplitude 

goes below the threshold are eliminated. The hit definition time (HDT), peak definition 

time (PDT), and hit lockout time (HLT) are three essential factors that the user specifies 

to identify a hit. High-Definition Time (HDT) is the greatest amount of time between the 

first and final threshold crossing. HLT specifies when the system is locked out after a hit 

has been captured before a new hit can be detected. As long as the HLT value is not too 

low, the AE hit reflections that were originally recorded may be logged as well. 
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On the other hand, the system may omit some important signals if the HLT value is too 

high. The PDT allows for accurate signal peak determination and should be set as low as 

feasible. True peaks may not be detected if it is set too low [180]. The sample rate is 

another important AE acquisition parameter. The real frequency included in the original 

data cannot be shown in the sample rate is too low. In order to sample a continuous signal 

adequately, it must be sampled at a rate higher than half its maximum frequency. 

3.1.4 Intensity of acoustic emission signal  

The intensity and level of activity of the AE source need to be determined to 

evaluate the damage severity accumulated with time. Post-test analysis may be required 

for a more accurate interpretation of the AE activity detected. Statistical evaluation of the 

AE signals obtained by each piezoelectric sensor, such as AE signal amplitude 

distribution, hit duration and hit density, are particularly useful. Other useful parameters 

include the Felicity ratio, which measures the damage level accumulated in a structural 

component under loading, unloading, and re-loading pattern [61]. During plastic 

deformation, various processes can generate AE. Their effect on the level of AE signal 

generation is summarised in Table 5. 

Table 5. The AE signal's intensity is caused by a variety of plastic deformation 

processes [38]. 

 

Mechanism of plastic deformation Strength of AE signal 

Frank-Read source strong 

Twin nucleation strong 

Yield phenomenon strong 

Cutting of coherent precipitates by dislocations strong 

Orowan bowing weak 

Twin growth and thickening negligible 

Grain boundary sliding without cracking negligible 

 

The AE generation behaviour in a structure is influenced by microstructural 

variation. The AE behaviour is suppressed when a metal or alloy is subjected to cold 
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work. Due to high dislocation density that results in reduced glide distances. AE intensity 

tends to increase along with material strength as grain size is decreased. The grain size 

effect can be overridden by other factors, however. AE intensity declines with ageing in 

most precipitation-hardened alloys. The mean free path of mobile dislocations is 

decreased as dislocations or hard precipitates strengthen alloys. However, the median 

frequency rises even while AE intensity reduces when the gliding motion of individual 

mobile dislocations is constrained, even as the number of mobile dislocations increases 

[62-63]. 

Twinning happens when a crystal part is sheared in a new location and becomes 

a replica of the original crystal lattice. As a result, in specific directions, the crystal shears 

through specific lattice planes. Schmid and Wassermann's study focused on 

understanding the twinning mechanism during plastic deformation in metals [64]. Since 

then, many twin formation models have been suggested. Another significant origin of AE 

activity during deformation is related to second phase particles and inclusions. Inclusions 

are responsible for significant AE activity while cracking in steels loaded in the highest 

strength aluminium alloys. As a result of MnS inclusions decohesion, AE is produced in 

steels in large quantities. It produces signals similar to bursts in quantity, and their number 

is related to the number of inclusions present in the sample. Short-transverse-direction 

AE activity is highest, and longest-direction AE activity is lowest in inclusion-induced 

AE. Most of the AE observed in many Al alloys is caused by the fracture of Al-Si-Fe and 

other non-metallic inclusions, which frequently masks the AE activity near the yield 

point. Because numerous small particles contribute to the total activity, inclusion-induced 

AE produces continuous AE signals. In the last phase of the fracture, most materials and 

structures generate powerful, audible sounds. During cracking in high strength materials, 
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strong elastic stress waves are produced. Long before the final fracture, AE may be 

diagnosed, preventing catastrophic brittle failure in engineered structures. The primary 

driving force of AE technology development has been and continues to be structural 

health monitoring [65]. Only a tiny number (less than 100) of AE signals are generated 

immediately before the final fracture of brittle materials, such as ultra-high-strength steels 

and ceramics [62].  

There is minimal subcritical crack growth, limiting AE activity generation. This 

behaviour is unfortunate because it is most likely that these materials will exhibit 

unexpected failure, and the need to avoid those failures is greatest. Even so, because a 

significant proportion of AE events have peak amplitudes above 60 dB or 1 mV, about 

1V at the sensor before amplification, all the micro-fracture processes involved in these 

materials, for example, quasi-cleavage, cleavage, and intergranular crack, are all involved 

in these materials, can be easily detected. Non-metallic inclusions exert a significant 

effect on AE behaviour in moderate to high fracture toughness materials. The decohesion 

of MnS inclusions is the primary cause of excessive AE signals in ductile steels emitting 

relatively strong AE signals (peak amplitude <55 dB), starting with the early stages of 

elastic loading. Plastic flow and inclusion fracture can also cause AE events, especially 

in Al alloys. Materials with low toughness have inclusions that produce the highest peak 

AE intensity, lower than brittle fracture. The inclusion effect is highest when samples are 

stressed transversely. Maximum load counts are 20–50 times higher for short-transverse 

samples than for long-transverse samples. 
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3.1.5 Kaiser Effect and Felicity Effect 

Phenomena in acoustic emission testing have a permanent effect. Until the 

previously implemented load is reached, a sample produces no AE activity when 

deformed, unloaded, and reloaded. The Kaiser effect refers to this kind of behaviour. The 

primary source of AE in loaded metal structures is plastic deformation, and the Kaiser 

Effect causes AE activity during further material deformation. AE generation occurs only 

as stress levels surpass the previous stress level in Kaiser Effect [66]. In the Kaiser effect, 

no AE activity will be generated when the load is released and applied again before the 

maximum of the previous load is reached. The Kaiser effect is useful, though not 

irreversible, for deciding a prior loading stage. Extended holding and annealing will 

minimize the load at which AE begins to be generated again before the previous loading 

is exceeded [67]. 

The Felicity Effect is an AE-related effect that decreases the Kaiser effect under 

high load materials. The Felicity effect enables AE to continue to be emitted before 

exceeding the previous maximum load. 
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Figure 40. The effects of Kaiser and Felicity on the plot of AE vs Load [68]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41. In a concrete specimen that has been cyclically loaded, the Kaiser effect is 

shown. Thick black lines show the AE activity, thin lines represent the load., and dotted 

lines represent the Kaiser effect [69]. 
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3.2 QUANTITATIVE ACOUSTIC EMISSION ANALYSIS 

The study of full quantitative acoustic emission analysis was largely neglected for 

rail steel evaluation until recently. The connection between AE count rate and ΔK for 

steel and welded steel specimens beyond the rail industry context has been examined in 

several papers, showing a roughly linear relationship on a logarithmic scale [70]. Based 

on short-term AE monitoring and supporting assumptions that crack propagation events 

are happening near peak load. Talebzadeh [71] found that the connections between 

AE crack propagation rates and count rates indicate the feasibility of predicting the 

remaining fatigue life of a structure. However, the correlation increases when the AE data 

is limited to the top 5% and 10% of the load range. A clear power-law correlation becomes 

evident when plotting the count rate against the stress intensity factor (ΔK) for many steel 

grades. Strong correlations were observed between the peak load AE rate per cycle and 

the energy emitted by crack growth. The ratio R of the minimum to maximum applied 

stress was also shown to improve the count rate. An important correlation for crack 

growth under variable load was reported by [72]. The power-law relationship between the 

AE count rate and ΔK was used to detect early crack propagation in rail steels, where ΔK 

values are lower. Fatigue testing was carried out, stopping the test when ΔK reached a 

significant value. Using optical and SEM microscopy during fractography of tested 

samples, cracking characteristics were evaluated. A sudden increase in AE activity was 

observed to coincide with crack growth onset [73]. A quantitative method for calculating 

the frequency-dependent media attenuation of AE source parameters was considered. The 

current method is designed to find certain typical values in frequency and time domains 

that are least sensitive to absorption without becoming interested in the whole medium 

attenuation computation [74]. 
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In three-point bending tests, the link between the crack propagation mechanism and AE 

signals was investigated, and the impending fracture was detected by analysing the 

amplitude distribution, total AE energy, and AE event count [75]. Other AE parameters, 

as well as AE hit rate and duration damage characterisation, are addressed by Aggelis et 

al. They found a cracking mode from tensile to shear as the duration and rise time rose 

[76]. The earliest attempt to detect crack initiation in samples under a four-point bending 

test is the quantitative AE study for rail steels. By estimating crack growth in an 

aluminium alloy under cyclic loading and comparing AE count rate with fracture 

mechanics parameters, Bassim, Lawrence, and Lui [73] investigated the hypothesis that 

the count rate was caused by either crack growth rate (da/dN) or change in ΔK. The AE 

count rate had a weak connection with da/dN, while the correlation with ΔK was stronger, 

indicating a definite power-law relationship compared to the Paris-Erdogan crack growth 

rate law. Shi et al. [77] observed both cumulative signal amplitude and duration when 

measured against loading cycles in rail steel inspection, similar to crack length. Both the 

energy duration rates of AE showed a dependence on ΔK through a Paris-Erdogan type 

power law. Variations were, however, present throughout the results obtained, which was 

related to a sudden rise in the rate of crack growth. A long-term forecast for AE testing 

can rule out this inherent uncertainty, but constant monitoring still seems feasible, given 

a clear relationship. 

Rather than investigating the reliability of AE applications to measure defects, 

most research has concentrated only on proving empirical relationships. They also 

ignored to investigate the impacts of background, as well as the effects of variable, and 

the microstructure nature. This thesis aims to fill in the gaps that many researchers have 
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missed. It is imperative to develop a reliable relationship to quantify the damage and 

ensure that relevant information can be obtained from the AE data.  

3.2.1 Pearson Correlation and Linear Regression Analysis 

A correlation or simple linear regression may decide a relevant linear relationship 

between two numerical variables. The degree and direction of a linear connection between 

two variables may be determined using correlation analysis. In comparison, in a linear 

equation, simple linear regression analysis predicts parameters that estimate one variable's 

values that are dependent on the other [78]. 

• Pearson correlation coefficient (r) 

The Pearson coefficient of correlation, r, assumes values between -1 and 1. The greater 

the linear correlation between the two variables, the farther r is from 0. The sign of r 

corresponds to the relationship's direction. Achieving a value of +1 or -1 shows that all 

data points are included in the best fit line. No data points show any variation besides this 

line. Pearson's R-value describes the relationship between two variables with a straight 

line or linear relationship. The more significant the difference along the best fit line, the 

closer the r to 0 value. Various relationships and their coefficients of correlation can be 

seen in the illustration below. 

 

 

 

 

 

 

 

 

 

Figure 42. Illustrate what the interactions would look like with different r values at 

different strength levels [79]. 
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Pearson’s correlation coefficient can be interpreted as the following guidance: 

Table 6. Correlation coefficient interpretation using a conventional approach [80] 

 

Guidelines for interpreting Pearson's correlation 

coefficient 

Interpretation 

 

0.00 - 0.10 

0.10 – 0.39 

0.40 – 0.69 

0.70 – 0.89 

0.90 – 1.00 

 

Negligible correlation 

Weak correlation 

Moderate correlation 

Strong correlation 

Very strong correlation 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 43. Illustrate what the interactions would look like with different r values at 

different strength levels. 

 

These standards are guidelines, and whether or not an entity is strong may also depend on 

what is evaluated. 

• Linear Regression 

Analysis of linear regression produces slope and intercept predictions for the linear 

equation forecasting an outcome variable, Y, dependent on predictor variable values, X. 

Below, a general form of this equation is shown: 

ŷ = b0 + b1x 

When X=0.0, the intercept (b0) is the predicted value of Y. The slope (b1) is the average 

change in Y for each rise in X by one unit. As a result, in addition to expressing the 

strength and direction of the linear connection between X and Y, slope estimation also 
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shows how Y varies as X increases. This equation may also be used to predict Y values 

for a given X value [81]. 

The testing methods used to verify quantitative reliability are shown in Chapter 

5, and a discussion of the results are analyzed statistically according to section 3.2.1 is 

shown in Chapter 6.  

3.3 NON-DESTRUCTIVE TECHNIQUE USING IN RAILS 

The detection of defects in crossings presently relies on visual inspection. This 

activity is labour-intensive and inefficient. Consequently, as damage reaches severe levels 

of degradation, most affected crossings are currently replaced reactively. The 

shortcomings of manual inspection are driving the advancement of technology for 

onboard monitoring. Ultrasonic testing (UT) shows the best results in detecting cracks, 

though it is not optimised for detecting surface defects unless they propagate further 

inwards [82-83]. Eddy current testing can detect surface defects. The eddy current system 

probe, on the other hand, must be kept at a constant distance from the railhead, making it 

impossible to be used in crossings passed at speed and due to its high sensitivity to lift-

off variations [84]. The magnetic flux leakage (MFL) technique, which may be used for 

transverse surface defects or near-surface, often suffers from constant distance restrictions 

between the sensors and rail surfaces. Hadfield manganese steel itself is paramagnetic 

and cannot be subjected to MFL. Even if radiography application for the inspection of 

Hadfield manganese steel in the field was straightforward, internal cracks could be easily 

missed due to this technique's limitations in detecting relatively small cracks. 

Nonetheless, new crossings prior to being installed are fully inspected 

radiographically using very powerful X-ray sources. In addition, inspections must be 
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performed at night or when train traffic is at a minimum. As a result, RCF detection using 

conventional inspection techniques remains a problem. 

Table 7. Defect of the rail and recommended NDT technique [85]. 

 

NDT technique Performance Rail defects detected 

Ultrasonic  

(UT) 

Manual inspection is reliable, although it may 

overlook rail foot defects. Surface defects 

smaller than 4 mm, as well as internal flaws, 

may be missed at high speeds, especially near 

the rail foot 

Surface defects, railhead 

internal defects, rail web 

defect, and foot defects 

Long-range ultrasonic 

(LRUT) 

Large transverse defects are reliably detected 

(>5% of the total cross-section) 

Surface defects, railhead 

internal defects, rail web 

defect, and foot defects 

Laser ultrasonic Internal defects are reliably detected. It is 

susceptible to sensor lift-off changes and is 

difficult to operate at high speeds. 

Railhead, rail web defect, 

and foot defects 

Magnetic flux leakage 

(MFL) 

Surface flaws and shallow internal railhead 

deficiencies are reliably detected. Cracks 

smaller than 4 mm are not detectable. At 

greater speeds, MFL performance degrades 

Surface defects and near-

surface internal railhead 

defects 

Radiography 

(RT) 

Internal defects in welds that are hard to 

observe by other methods are reliably 

detected. Certain transversal defects may be 

missed. 

Welds and known defects 

Automated visual 

inspection (VT) 

It is capable of detecting corrugation, missing 

railhead profile components, and defective 

ballast at high speeds. At speeds greater than 

4 km/h, it is impossible to identify surface-

breaking defects accurately 

Surface breaking defects, 

railhead profile, 

corrugation, defective 

ballast 

Electromagnetic 

Acoustic Transducer 

(EMAT) 

Reliable for both external and internal defects. 

Rail foot problems are easy to overlook. 

Variations in lift-off have a negative impact. 

Surface defects, railhead, 

rail web defect, and foot 

defects 

Acoustic Emission  

(AE) 

Limited experiments. It is impossible to 

identify any internal defects. 

Rail breaks, squats, wheel 

burns wet spots, worn rail 

profiles 

Pulsed Eddy Current 

(PEC) including Field 

Gradient Imaging 

(FGI) 

Surface-breaking defects are reliably detected. 

Grinding marks and lift-off variations have a 

negative impact. 

Surface and near-surface 

internal defects 

Acoustic Emission 

Pulsing (AEP) 

Experiments are limited. It can only be used in 

specific locations. Can overlook non-

transverse or minor transverse defects 

Surface defects, railhead 

internal defects, rail web 

and foot defects 

Magnetic Anomaly 

Distortion or Detection 

(MAD) 

Experiments are limited. Large internal or 

surface-breaking defects greater than 50 

percent of a cross-sectional area may be 

detectable 

 

Broken rails, rail gaps 
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3.4 AE TESTING AS NDT TECHNIQUE USING IN RAIL 

The difference between AE and another non-destructive testing (NDT) techniques 

is that AE identifies the material's damage behaviour as it develops in real-time, whereas 

other NDE methods aim to analyse its internal structure. Besides, AE allows only the 

input of one or more relatively small piezoelectric sensors mounted on the surface of the 

structure. At the same time, evolving damage is continuously tracked by the AE system. 

Other NDE techniques can evaluate the whole structure or specimen, such as ultrasound 

and X-ray radiography for validation purposes. In addition, the specimen's structure can 

be studied in more depth and taken to the laboratory for fractographic analysis [86]. 

Conventional models for fatigue may provide components with an estimated life cycle. 

However, Zhu and Olofsson [87] demonstrated that these models frequently overestimate 

the service life of components in order to be reliable; such forecasts must be combined 

with appropriate assessment techniques and monitoring. 

AE is monitoring or measuring the method that begins at the micro level up to final 

failure, which allows the inspection of the operation before the machine or material is 

seriously damaged. Since these conventional techniques are used after discontinuities 

develop and grow in a material, the AE approach can detect discontinuities during the 

initial phases and growth of any crack at the microstructure and macrostructure level. AE 

is typically applied during loading to verify AE's occurrence, whereas most others are 

applied before or after structural loading. A propagating crack is an expanding 

discontinuity that generates AE energy in the form of elastic stress waves. Compared to 

other traditional inspection techniques, the benefit of the AE approach is that real-time 

monitoring can be used to avoid damage in advance. 
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Additionally, this test may be conducted without interrupting the production or 

operation of the equipment, and it can cover a large area in a single test. Experimental 

findings based on the application of AE to identify fatigue crack initiation and 

propagation in different kinds of materials (e.g., steel, aluminium, reinforced concrete, 

and so on) indicate that cracks may be identified in their earliest stages [76]. Danyuk et 

al. investigated the use of AE in operating equipment and discovered that, despite the 

noise generated by the surroundings, the AE sensor could still detect crack initiation [88].  

Recently, AE technology has been applied for monitoring cracks in turnouts while 

in service at the Changzhou North Railway Station in the Shanghai-Nanjing line [89]. 

Thus, China is devoting considerable effort to pursuing a railroad track monitoring system 

and focusing on safety monitoring rather than condition monitoring. Simultaneously, 

German and French turnout monitoring systems are used to verify the switch machines' 

functioning to avoid transformation failure. Currently, the turnout is being monitored for 

cracks, switching force, turnout split during shunting, closure between the switch rail and 

the point rail, indication of the switch machine's gap, switching current, and voltage. 

3.4.1 AE Signals during Fatigue Testing 

Typically, fatigue studies are long-term experiments. Many signals, including 

noise from the loading machine, are observed using sensitive AE sensors during fatigue 

testing. Hence, to remove unnecessary noise signals, appropriate filters should be used. 

During a fatigue test, AE signals can be caused by different factors, such as cyclic loading, 

dislocation movement, crack initiation, and crack closure. Cracks during subcritical crack 

growth should be observed and monitored to ensure the safety of steel structures 

undergoing fatigue loading. There has been an analysis of the AE activity behaviour 

arising from propagating fatigue cracks. The AE activity started with the crack's initiation 
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and then continued closely linked with the crack’s measured length. Cyclic loading and 

fixed load amplitude were used; the primary emission from active crack growth was found 

to occur only at peak load levels. Two sources may result in the primary emission from 

the growing fatigue crack. Firstly, there may be emissive particles in the concentrated 

stress area near the crack tip, usually non-metallic inclusions. The local stress level 

increases as the crack advance into all these particles, and their cracking will produce a 

primary emission. The other source is the crack tip movement itself. In a mixed-mode, 

crack tip movement usually occurs. Some of the new surfaces are produced by dislocation 

movement, and some of them are created by small-scale cleavage in an area of local 

weakness, abrupt fragmentation of the material. Crack tip displacement usually is not 

detected by dislocation activity, but cleavage is a sudden and relatively gross process that 

generates plenty of AE energy in the generally detectable range. In AE monitoring of 

fatigue cracks, secondary action from crack face friction is often frequently detected. This 

operation also induces only the same signal in continuous cycle fatigue, cycle after cycle, 

at intermediate load levels. This secondary emission may proceed for hundreds of 

thousands of cycles, then die out only to begin again later in the test. The leading 

hypothesis is that this is created by rubbing rough spots on the crack surface, as stated. It 

has also been proposed that, as the crack tip opens and closes, the recently formed surfaces 

at the crack tip may attach and then break apart again. Theoretical relationships have been 

developed between AE and crack propagation levels. Extensive research work on AE 

from constant cycle fatigue has been carried out. In the event of constant cycle fatigue, 

distinguishing between primary and secondary emissions is straightforward.  
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Figure 44. Different types of signalling patterns from detections (a) AE signals expected 

of iron oxide fracture (b) Plastic deformation caused by internal stresses in the probe 

area (c) Signals of a tiny crack [90]. 

 

3.4.2 The advantages and limitations of the AE technique 

Sensitivity to environmental noise and mechanical noise is a significant 

disadvantage of this method. If the ultrasonic wave frequency is in the same region as the 

sound wave released from the discontinuity, it may make the test difficult or impossible 

if the noise cannot be eliminated. Thus, an essential aspect of AE testing is signal 

processing when the AE is applied to track inspection. A need to separate genuine stress-

wave AE activity originating from the material and external signals, such as 

environmental noise, mechanical noise, and electric noise, is achieved by careful 

electronic filtering of the received AE data. The AE technique is unique because it allows 

access to information about defects in solids under load. AE reflects changes in internal 

structure caused by stress relaxations in solids. The AE response is directly related to the 

size and speed of the emitting defect, such as cracking [91]. Because the signal generated 

from propagating cracks is low and difficult to detect in the background of excessive 

environmental noise, appropriate filtering should be used to detect small fatigue cracks 

propagating very slowly [92-93]. Another disadvantage of using the AE method is that 

no further tests can be performed once the damage has already occurred. Also, newly 

detected data will be the data of new discontinuities or the old crack expanding.  

(a) (b) (c) 



 

74 

 

One of AE's limitations is that commercial AE systems can provide only 

qualitative or semi-quantitative information regarding the amount of damage 

accumulating. Thus, an additional inspection may be required using appropriate methods 

to quantify the amount of damage accumulated in the structure. In most service 

environments, noise is prevalent, and AE signals are frequently poor. As a result, signal 

selection and noise removal are difficult but essential for effective AE applications [94]. 

Summarizing the advantages and limitations of the Acoustic Emission technique is shown 

in Table 8. 
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Table 8. Advantages and Limitations of Acoustic Emission Techniques. 

 

 

Advantages of AE 

 

Limitations of AE 

 

1.  This allows for early identification of 

problems to be repaired before they 

become major problems. 

2.   High sensitivity. 

3.   Global, simultaneous inspection: 

100% Inspection of the structure.  

4.   There is no need to scan the whole 

structural surface, which reduces plant 

downtime for inspection. 

4.  Only functional defects are identified, 

whereas stable fractures and previous 

manufacturing defects are not. Allows 

the company to concentrate on the most 

important issues, saving time and money. 

5.  Optimize inspection budgets with 

real-time condition data 

6. Only microscopic holes in the 

insulation are needed to attach sensors, 

causing less insulation disruption.  

7. Compliance assistance: A range of 

guidelines accept AET and comply with 

local, state, and federal regulations. 

 

 

 

 

 

 

1.  It is only capable of producing 

qualitative rather than quantitative 

results. 

2. Identified problem areas can be 

inspected using conventional NDT 

methods. 

3. Loud environments present 

challenges. 

4. Can only locate active defects: in 

certain situations, may also need to 

locate dormant problems. AET, once 

again, would be ineffective in this 

situation. 

5.  It is necessary to have an operator 

that is knowledgeable, experienced, 

and skilled. 

6. This involves the employment of 

technology and software that is both 

complex and costly. 
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3.5 SIGNAL PROCESSING UNDER FIELD CONDITIONS 

 

The potential of deploying AE RCM for railway infrastructure monitoring has been 

explored in several studies. However, just a few field experiments have been conducted, 

with most studies focused on laboratory experiments. Murav'ev et al. investigate the 

potential of using AE to track the rails on a bridge in Novosibirsk that spans the Ob River. 

When the defect size was small, they found that AE could identify the defects that the 

ultrasound sensor never could [95]. Bollas et al. [96] researched AE monitoring of railway 

wheelsets on moving trains and trams using AE sensors to explore the application of AE 

for online monitoring of wheel defects. As seen in Figure 45, the defects they found are 

displayed as periodic peaks in the ASL versus time plots. 

 

 

 

 

 

 

 

 

 

Figure 45. Movement of the reference train (a), a flat defect surface of 2.5 cm (b), and 5 

cm (c) [96]. 

 

Bruzelius et al. report the frequencies of the relevant AE signals. The signals' 

frequency range was set to be between 20kHz and 1 MHz [97]. Zhang et al. produced 

100-150 kHz, whereas. Shi et al. recommended 100 kHz-500 kHz to maximise crack-

related occurrences [85][98]. When considering AE field measurements, the background 
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noise has to be filtered out. In order to classify damage-related signals, further study of 

the AE waveforms is needed. By comparing generated signals with other monitoring 

techniques, such as changes in sample resistance with an applied potential difference, it 

is possible to establish a correlation between the AE data, crack size, and crack growth 

rate [99]. 

 

 

 

 

 

 

 

Figure 46. Types of AE signals (Left) showing the transient AE signals (bursts), 

background noise is clearly deviated from at the beginning and ending points, (Right) 

showing the signal peak correlated with the signal connected to the crack following 

signal filtering [99]. 

 

These peaks in the results can be found in the experiment of Vallely using the 

same equipment as used in this study. The peaks due to crack growth are readily 

distinguishable from the background noise. Graphs of the raw AE emission data are 

shown in Figure 47. 

 

 

 

 

 

 

Figure 47. (Left) Upon loading, the background noise of an uncracked reference sample 

and (Right) crack growth are shown as peaks in the graph much greater than those found 

in the background noise sampled under the same loading conditions [100]. 
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CHAPTER 4: MATERIALS CHARACTERISATION 

This chapter describes the characteristics of materials used in experiments using SEM to 

analyse the physical characteristics, XRD to evaluate the crystal structure, and 

microhardness testing to evaluate the hardness of the tested material at the microstructural 

level. This chapter also reviews the types of defects as well as the microscopic fracture 

mechanisms. 

4.1 METAL DEFORMATION AND RELATED PROPERTIES 

4.1.1 Defects in solids 

Imperfections in crystalline solids can be broadly classified into four groups, zero-

dimensional (point defects), one-dimensional (line defects or dislocation), two-

dimensional (surface defects or planar defects), three-dimensional (volumetric defects or 

bulk defects) [101]. 

 

 

 

 

 

 

 

 

 

 

Figure 48. Classification of the crystalline defect [181]. 
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Figure 49. Various crystallographic defects may be further classified based on their 

effect on the surrounding structure [102]. 

 

4.2.1.1 Point defects 

Point defects are the smallest of all flaws that can occur in any material. The less 

complicated point defects consist of vacancies (missing atoms at a specific crystal lattice 

positions), interstitial impurity atoms (extra impurity atoms in interstitial positions), self-

interstitial atoms (extra atoms in interstitial positions), substitution impurity atoms 

(impurity atoms, substituting atoms in the crystal lattice), and Frenkel defects (additional 

self-interstitial atoms, which are responsible for nearby voids) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50. Representation of point defects in two-dimensional ion structure:  

(a) monovalent ions and ideal structure; (b) Schottky defects; (c) Frenkel defect, and (d) 

cation vacancy and divalent cation impurity replacement [103]. 
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4.2.1.2 Line Defects or Dislocation 

In a crystal structure, dislocations are regions where atoms are out of position. 

When increasing amounts of stress are applied, dislocations are formed and mobilised. A 

slip, or plastic deformation, is caused by the movement of the dislocations. Edge 

dislocations and screw dislocations are the two most common kinds of dislocations. The 

two pure types of possible dislocation mechanisms that may occur are edge and screw 

dislocations. Typically, dislocations in crystals tend to be hybrid forms of both edge and 

screw dislocation types (see Figures 51-52). 

 

 

 

 

 

 

 

 

Figure 51. Demonstrated how the Dislocation movement propagates the slip in response 

to the motion of that force. For example, when a crystal is sheared, an additional half-

plane shifts to the right, and a negative dislocation moves from the right to the left [43]. 

 

 

 

 

 

 

 

Figure 52. A screw dislocation, the slip process [43]. 
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4.2.1.3 Surface defects or planar defects  

Surface defects or planar defects are interfaces between two different 

homogeneous regions in a material. Planar defects are due to grain structure formation, 

including grain boundaries, stacking faults, and external surfaces.  A plane defect is the 

discontinuity of the perfect crystal structure around the plane. Interfacial defects have two 

dimensions, and, as a rule, they are separate regions in a material with different crystal 

structures and crystalline orientations. These defects occur at free surfaces, domain 

boundaries, grain boundaries, and interphase boundaries. Interfacial defects occur at an 

angle between the two faces of the crystal or crystal type. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 53. Representation of typical planar defects: (A) stacking fault (pilling up faults 

during recrystallisation due to collapsing), (B) twins boundaries (formed during plastic 

deformation and recrystallisation), and (C) antiphase boundary [104]. 
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4.2.1.4 Volume defects or Bulk defects 

Three-dimensional macroscopic defects are called volume defects or bulk defects. 

Overall, they are much larger than microscopic defects. When a material is refined from 

its raw condition or fabricated, these macroscopic defects are introduced into the material, 

with foreign inclusions, cracks, pores, and other phases. In addition, metalworking can 

result in dislocation defects that induce local compressive stresses that strengthen the 

material.  A bulk defect may be defined as any welding or joining defect. Pores, fractures, 

and inclusions are examples of macroscopic or bulk defects, which are three-dimensional. 

Voids are atom-free regions in a relatively small material. Thus, they may be thought of 

as clusters of vacancies. Impurities may produce small regions of a distinct phase when 

they cluster together. There are two types of inclusions: inclusions and precipitates. 

4.1.2 Micro Mechanisms of Fracture in Metals 

When considering material behaviour and structural integrity, fracturing is the 

most important phenomenon. Brittle fracture processes in metals are the most common 

(trans- or intergranular cleavage). 

 

 

 

 

 

 

 

  

 

 

Figure 54. Three micro-mechanisms of fracture in metals: (a) ductile fracture, (b) 

transgranular fracture at the microscopic level, and (c) intergranular fracture; cracks 

grow along grain boundaries in this case [105]. 
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(a) The nucleation, propagation, and coalescence of small voids that tend to form from 

inclusions and second-phase particles are the most common causes of failure in ductile 

materials. 

(b) Cleavage fracture occurs when crystallographic planes are separated. The fracture 

pattern is transgranular, which should be recognised. Despite the fact that cleavage 

fractures are often referred to as brittle fractures, they may be preceded by large-scale 

plasticity and ductile crack development.  

(c) Intergranular fracture occurs when the observed fracture direction in the material is 

the grain boundary. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 55. A schematic of the brittle fracture mechanism involves breaking interatomic 

bonds at the atomic level of a crack-tip region, where the circles represent metal atoms 

[106]. 

 

The ductile fracture is accompanied by extensive plastic deformation ahead of the 

crack tip, with the crack growing relatively slowly. This, apart from allowing enough time 

for inspection, also permits repair or replacement actions to be completed before final 

failure occurs unexpectedly, which would be the case in brittle fracture. A brittle fracture 

happens typically unnoticed, giving very little if any indication before the sudden final 

catastrophic failure occurs. The crack overgrows with slight plastic deformation being 
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produced. Far more strain energy is required to facilitate the ductile fracture in 

comparison with brittle fracture. To characterize the resistance of the material to brittle 

fracture, a critical expression relating stress with fracture toughness has been proposed, 

as shown in Equation 3-5 below. 

 

  … (3-5)                                                                                                                

KC is defined as fracture toughness, Y is a parameter related to specimen size and 

geometry and loading configuration, σc is the critical stress and α, is the crack length. 

Based on equations 3-5, the likelihood of brittle fracture increases with the crack length 

for the same loading mode. The KC value decreases with the thickness of the specimen 

for the same material. The KC becomes constant when the thickness reaches a critical 

threshold. Conditions of plane strain begin to develop. Kc is often referred to as plane 

strain fracture toughness (KIC), and it is preferred over Kc in damage tolerant design and 

fatigue life prediction [107]. 

4.2 MATERIALS CHARACTERISATION METHODS  

This section contains a comprehensive explanation of the experimental methods 

and processes utilised to characterise the rail steel specimens.  The materials considered 

in this study were pearlitic rail steel and austenitic cast manganese steel grades. Both 

materials are the standard steel grades used for plain rails and turnouts, respectively. 

4.2.1 Scanning Electron Microscopy (SEM) Method  

 

Scanning Electron Microscopy (SEM) was carried out using a JEOL6060 SEM in 

order to analyse the physical characteristics of the test specimens and evaluate the 

elemental composition of the areas of interest in the materials considered in this study. 

The compositional evaluation was carried out using Energy Dispersive X-Ray 
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Spectroscopy (EDX or EDS). SEM is based on the principle of accelerating 

thermionically generated electrons from a high voltage source (~5-30 kV). The electron 

beam is then focused on the sample surface of the conductive sample using 

electromagnetic lenses. Secondary electrons emitted from the surface of the sample are 

subsequently detected in order to display the image on the computer screen after the 

signals have been digitised. Alternatively, back-scattered electrons can be detected. 

4.2.2 X-Ray Diffraction (XRD) Method 

 

X-ray diffraction (XRD) is a non-destructive test method used to evaluate the 

crystal structure of crystalline materials of interest. Epp,2016 presents the theoretical and 

functional basis of XRD techniques and their use in testing various materials, lattice 

planes, and the Bragg-Wulf equation and equations for calculating interplanar distances 

[108]. XRD was performed in this study using a Bruker D8 Advance instrument, which 

employs a Cu Kα (λ = 1.5406 Å) anode with Ni filters. The diffractometer operated at 40 

kV voltage and 30 mA current and obtained data at a scan rate of 0.5o /min in a range 

from 10o to 90o controlled by DiffracPlus software. The intensity of the X-ray diffraction 

pattern was calculated from 18q-70q with a step of 0.02q per second as a function of the 

diffraction angle (2T). The D8 advance has a theta: theta (θ:θ) geometry, often called 

Bragg-Brentano, focusing geometry providing reliable and accurate diffraction data. In 

order to obtain the crystallographic parameters, the Rietveld method was used refined 

using the Fullprof software package. 
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Figure 56. Photographs of the D8 Advance Bruker X-ray diffractometer show an outer 

view. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 57. schematic representation of the Bragg-Brentano geometry [109]. 
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Bragg’s law 

 

 

Where λ is the wavelength of X-rays, moving electrons, protons, and neutrons, n is an 

integer defined by the order given, θ is the reflection angle defined as the angle between 

the primary radiation beam and the crystalline plane, d is the spacing between the planes 

and the angle between the incident ray and the scattering planes in the atomic lattice. 

The conversion of the diffraction peaks to d-spacings helps define elements since each 

element has a particular set of d-spacings. It is typically achieved by comparing d-spacing 

with standard reference patterns available by The International Centre for Diffraction 

Data (ICDD). 

4.2.3 Micro Vicker Hardness Test Method 

Vicker’s microhardness testing was employed in order to evaluate the hardness of 

the tested material at the microstructural level. The microhardness test is based on the use 

of a diamond micro indenter. The depth of the indentation is subsequently calculated in 

order to evaluate the hardness of the material.  

Cutting, mounting, grinding, and polishing samples resulted in a scratch-free 

mirror finish. The Vicker's scale was tested using a Mitutoyo MVK-H1 micro-hardness 

tester for measuring metal hardness. The hardness test is measured using a digital ocular, 

which provides accurate d1 and d2 values measurements. The HV measurement value 

and stage location are shown on display [110]. 
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Figure 58. Micro Vicker hardness tester Mitutoyo MVK-H1 [111]. 

 

 

 

 

 

 

 

Figure 59. Vickers hardness indentation [165]. 

 

As illustrated in Figure 59, the angle between the pyramid's faces is 136o. The Vickers 

Hardness Number of a material is calculated by dividing the applied force F by the 

Vickers Hardness Number (in kgf). 

2

1.8544P
VHN

d
=   

Where d is the average length of diagonals in millimetres. 

Micro-hardness measurements were taken at different positions using a load of 300 gf to 

measure R260 rail steel and Hadfield manganese steel samples. The ASTM E384 standard 

defines the micro-indentation testing process of materials [112]. 

HV = (Constant x test force) / 

indent diagonal squared 
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4.3 RESULT AND ANALYSIS 

4.3.1 R260 Rail Steel 

The experimental investigation used samples of pearlitic rail steel R260 grade. 

The material grade was confirmed using micro-Vicker hardness testing to confirm the rail 

grade. This steel grade has a fully pearlitic structure. Rail steel 260 with a pearlitic 

structure is the standard steel used for manufacturing modern rails [113]. The nominal 

mechanical properties and chemical composition of R260 steel grade are given in Tables 

9-10. 

Carbon Silicon Manganese Phosphorous Chromium 

0.62-0.80% 0.15-0.58% 0.70-1.20% 0.025% 0.15% 

 

Table 9. Typical chemical composition of R260 rail steel (in weight %). 

 

Hardness Brinell 

(approx.) 

Tensile Strength 

N/mm2 

Yield Strength 

N/mm2 

Elongation 

% 

260/330 ≥880 320 ≥10 

 

Table 10. Mechanical properties of rail steel 260 grade (EN). 

SEM was used to analyse the microstructure of the pearlitic rail steel samples in 

order to validate the hardness test results. Mechanical polishing was performed on the cut 

samples using polishing solutions with particle sizes of 9 m, 6 m, and 1 m, respectively. 

Finally, the samples were chemically etched with 2% Nital acid solution. Figure 60 shows 

an SEM cross-section of one of the R260 rail steel samples tested. It clearly shows a two-

phased lamellar structure composed of alternating layers of α-ferrite and cementite 

(Fe3C). The alternating phase layers in pearlite are produced because the layered structure 

of eutectic structures is formed: atomic diffusion redistributes C atoms between ferrite 

and cementite ((0.022 wt% and 6.7 wt%, respectively). Alloying and refinement of grain 
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size have a direct effect on inter-lamellar spacing influences. Interlamellar spacing has 

subsequently a direct effect on the mechanical properties exhibited by the material. The 

smaller the interlamellar spacing, the higher the stiffness is whilst ductility decreases 

slightly [107]. 

Compared to bainitic rail steel, pearlitic rail steel has a better wear resistance but a 

lower toughness due to the lamellar structure. By decreasing the interlamellar spacing, 

wear rates were decreased as hardness increased, and lamellar spacing had a significant 

effect on hardness—reduced or finer spacing results in increased hardness [114].  

• Metallographic examination 

 

 

 

 

 

 

Figure 60. The Microstructure of the R260 rail steel shows pearlitic lamellae colonies 

(As a result of the SEM pictures, carbide is light and ferrite is dark.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 61. SEM image of the R260 rail steel analysed area and spectra from EDX 

analysis of the steel sample. 
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Spectrum C O Mg Al Si S Cl K Ca Mn Fe W Total 

Spectrum 1 43.77 3.71 

 

  0.19 2.81 0.58   26.78 22.15  100 

Spectrum 2 13.26    76.94      4.05 5.75 100 

Spectrum 3 36.74 1.67 0.17 2.18 2.40 0.42 0.30 0.29 0.30 0.66 52.14 0.60 100 

Spectrum 4 24.98    65.99      3.91 5.11 100 

 

Figure 62. SEM image (BEC) and spectra from EDX show the inclusions in the rail 

sample, spectrums 1, 3, and 4 are Iron carbide, and spectrum 2 is Silicon carbide. 

 

 

Figure 63. The microstructure of the R220 rail steel (left) and R260 rail steel (right) 

shows pearlitic lamellae colonies. R260 rail steel has a finer interlamellar spacing. 
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Figure 64. Non-metallic inclusions found in the study of R260 rail steels analysed point 

of interest using EDX (a), and (c) are the MnS inclusion defects (b) showing MnS 

inclusion debonded and pulled out from matrix (d) Iron carbide defects. 

 

• XRD analysis 

 

 

 

 

 

 

 

 

 

 

Figure 65. X-ray diffraction patterns were obtained from the R260 rail steel specimens. 
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Figure 65 shows the X-ray diffraction patterns corresponding to the presence of 

ferrite and cementite. The more intense peaks correspond to the matrix ferrite phase. R260 

rail steel samples cut from the rail web. An evaluation of the diffraction patterns shows 

that the main microstructural feature of all tested rail steel specimens is ferrite (α), with 

the lattice plane 110 as the dominant texture direction. Kiraga et al. employed X-ray 

diffraction analysis to obtain data on rail steel phase composition to carry out a detailed 

analysis of the magnetic properties to optimise the induction heating process simulation 

of railway turnouts. In the acquired data from diffraction pictures of head specimens (γ), 

low-intensity peaks from residual austenite can be seen. A1 (head), A2 (web), and A3 

(foot) are test specimens taken from three different sites for each rail [115]. 

 

 

 

 

 

 

 

 

 

Figure 66. X-ray diffraction patterns of steel specimens were used to evaluate railways 

(Left) and rail phase composition within the range 41o- 47o of 2Θ (Right) [115]. 
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• Microhardness 

The rail steel was taken from the web of a used rail section withdrawn from the UK 

rail network does not specify exactly what grade it is. Therefore, the hardness value must 

be measured to confirm the steel grade being tested by comparing the hardness value with 

Table1. Note that this is an empirical approach-based test.  

Twenty micro-hardness measurements were taken to allow for fluctuations in the 

hardness across the material due to changes in the microstructure on R260 rail steel 

samples to confirm the average hardness exhibited by the material.  The average hardness 

value of the test was 284.08 Vicker Hardness (HV). The minimum is 275.0 HV, and the 

maximum is 300.8 HV. The tests' hardness values are compared with the tables showing 

rail steel grades with their hardness range, as shown in Table 2. Conversion of HV to 

HBW hardness. In HBW, the hardness is about 272.78 HBW. The steel used in this 

experiment is verified to be rail steel 260 grade.  

 

 

 

 

 

 

 

 

Figure 67. The hardness values were taken at twenty points across the area of the R260 

rail steel. 
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4.3.2 Hadfield Manganese Steel  

Hadfield steel samples similar to the grade used for manufacturing crossings were 

tested. Hadfield steel contains a high level of manganese (Mn), about 11–14 %, exhibiting 

high work-hardening rates. The rapid work-hardening exhibited by this alloy is 

responsible for its excellent wear resistance, which is beneficial in addressing the impact 

loads sustained by crossings in-service. Mn is an austenite stabilizer, allowing the faced-

centred cubic (f.c.c) austenitic structure to remain stable even at room temperature. Thus, 

Hadfield steel exhibits an austenitic metastable microstructure due to the presence of high 

amounts of Mn. Figure 68 shows the schematic representation of the system’s evolution 

from a metastable equilibrium state to a state of stable equilibrium and different ways of 

martensitic formation in metastable austenitic steels. Its hardness is higher than the 

original structure and thus, exhibits excellent wear resistance. The impact does not affect 

the microstructure in the deeper layers, so it does not exhibit substantial work-hardening.  

The mechanical properties of Hadfield manganese steel can be improved using various 

ways, such as solid solution strengthening, heat treatment, etc. However, if this steel is 

heated for the wrong time and temperature range, it will form carbides along the grain 

boundary and make the steel harder but brittle, making it unsuitable for use. Hadfield 

manganese steel has high toughness, high hardening capacity, high ductility in the pre-

work-hardened condition, and it is very resistant to abrasion. This steel has been used 

successfully for the “frog” of railway track, replaceable switch point tips, and crossings.  
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The chemical composition of Hadfield manganese steel is shown in Table 11, and the 

mechanical properties are shown in Table 12. 

Table 11. Typical chemical composition Austenitic cast manganese steel (in weight %). 

 

Carbon Silicon Manganese Phosphorous Sulphur 

1.20% 0.15% 11.00-14.00% 0.020% 0.020% 

 

Table 12. Mechanical properties in the supply condition of Hadfield manganese steel. 

 

Hardness Brinell 

(approx.) 

Tensile Strength 

N/mm2 

Yield Strength 

N/mm2 

Elongation 

% 

200 880 320 40 

 

 

 

 

 

 

 

Figure 68. Schematic representation of the evolution of the system from a metastable 

equilibrium state through a state of stable equilibrium (Left) and different ways of 

martensite formation in metastable austenitic steels (Right) [116]. 

 

• Metallographic examination 

A Struers Accutom was used to cut metallographic samples, then mounted on bakelite 

using a MetPrep HA 30 mounting press. The samples were subsequently ground and 

polished before being etched using a Marble etching agent to reveal the austenitic 

microstructure. The microstructure of the cut samples is shown in Figure 69. The 

microstructure was evaluated using a JEOL 6060 scanning electron microscope (SEM) 

equipped with an Oxford instruments Inca 300 EDS system. 
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Figure 69. SEM micrographs of the metallographic samples show a predominantly 

austenitic structure. 

 

The microstructure of Hadfield manganese steel consists of an austenite phase 

with carbide precipitate being also present. The carbide precipitates form along the grain 

boundary, resulting in reduced ductility and higher hardness. It is thus easier for cracks 

to propagate along the grain boundary (intergranular cracking). Figure 70 shows a 

schematic diagram of the austenitic s microstructure. 

 

 

 

 

 

 

 

 

Figure 70. Schematic of austenitic microstructure showing austenite phase, grain 

boundary, and carbide precipitation in grain. 
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Figure 71. SEM image of the Hadfield manganese steel analysed area and the results of 

EDX analysed of the sample. 

 

 

• XRD analysis 

 

 

 

 

 

 

 

 

 

 

Figure 72. X-ray diffraction patterns of tested of Hadfield manganese steel. 

(Note that this is an empirical approach-based test) 

 

Each dot in the diffraction pattern above is formed by the constructive interference 

of X-rays travelling through a crystal, according to Bragg's Law [164]. The XRD phase 

analysis results obtained for a sample of the Hadfield manganese steel are shown in Figure 

72. As it can be seen, austenite is the dominant phase present in the sample. It can also be 

seen in the peak that Fe, Mn3C is the primary carbide form present in the sample. 
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Zambrano et al. [117] did not observe any secondary phases other than FCC 

austenite. On 20 mm x 10 mm x 2mm samples, Measurements of X-ray diffraction were 

obtained. Because the scanned area is so large, it is possible that small fractional phases 

will not be detected. The relative intensity of the peak location rises as the samples 

become more plastically deformed, with Section I being the least plastically deformed 

and Section III being the most plastically deformed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 73. XRD results for each analysed section [117]. 
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• Microhardness 

Twenty hardness measurements were carried out on Hadfield steel samples. The 

average hardness value of the as-received samples was 230.13 HV with a 220-240 HV 

measurement range. From HV to HBW, the hardness is converted. In HBW, the hardness 

is about 223 HBW. The steel utilised in this experiment was verified to be Hadfield 

manganese steel. In the as-received condition, Hadfield manganese steel has an initial 

hardness range of 200-255 HV. In-service, the material rapidly work-hardens to 

approximately 530 HV. Note that this is an empirical approach-based test. 

 

 

 

 

 

 

 

Figure 74. The hardness values were taken at twenty points across the area of Hadfield 

manganese steel. 
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Table 13. Maximum hardness values for Hadfield steels and steels with comparable 

chemical compositions were published in the literature for comparison (Adapted from 

[117]. 

 

Reference Maximum 

Hardness (HV) 

Hardened condition 

 

(Harzallah et al., 2010) [19] 

(Zambrano, Tressia and Souza, 2020)[117] 

(Jost and Schmidt, 1986) [118] 

(Kim and Bourdillon, 1992) [119] 

(Chen et al., 2018) [120] 

(Feng et al., 2013) [121] 

(Yan et al., 2007) [122] 

(Petrov et al., 2006) [123] 

(Machado et al., 2017) [124] 

(Shariff et al., 2011) [125] 

(Guo et al., 2013) [20] 

(Wen et al., 2014) [126] 

(Kovács, Völgyi and Sikari, 2014) [127] 

(Zhang et al., 2019) [128] 
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894 
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800 
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Sliding (Laboratory) 

Sliding (Laboratory) 
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High-speed pounding (Laboratory) 

Shot peening (Laboratory) 

Tension test (Laboratory) 

Abrasive and impact (Laboratory) 

Sliding (Laboratory) 

Wheel-crossing (In-service) 

Impact (Laboratory) 

Hardening explosion 
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CHAPTER 5: EXPERIMENTAL METHODOLOGY 

This chapter describes the fatigue crack growth method starting from samples 

preparation, initiating the fatigue crack and the main fatigue test, as well as methods for 

examining the cracked surface of samples after the end of the test. All experiments were 

conducted under laboratory conditions. The results of the experiment will be shown and 

discussed in chapters 6 and 7. 

5.1 SAMPLE PREPARATION  

The R260 rail steel samples were taken from the web of a used rail section 

withdrawn from the UK rail network. In addition, a plate of Hadfield manganese steel 

was procured from West Yorkshire Steel. Sections from the Hadfield steel plate was 

plasma cut to produce ten samples of dimensions 120 mm x 20 mm x 10 mm (length x 

height x width) suitable for fatigue testing (Figure 75). A central notch was spark eroded 

in each sample with a depth of 2 mm and a 30o angle to concentrate stress during fatigue 

testing (Figure 76). The samples were pre-cracked using a vibrophore electro-mechanical 

high-frequency fatigue machine to an initial crack length of 3-4 mm. approximately. 

 

 

 

 

 

 

 

Figure 75. Photograph of the prepared samples. 
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Figure 76. Single edge-notch specimen extraction in a three-point bending fatigue test. 

 

The surfaces of metallographic samples were prepared using grinding, polishing, 

and etching (Figure 77). Metallographic specimens were mounted on bakelite using a 

MetPrep HA 30 mounting press (Figure 79). After mounting, the specimens were wet 

ground to reveal the surface of the metal. The samples were successively ground with 

finer silicon carbide abrasive paper (SiC) grades. After grinding the specimens, polishing 

was performed with diamond suspension (starting at a particle size of 9 micrometres, 

subsequently with 6 micrometres and finishing off at 1 micrometre) to achieve scratch-

free mirror finis. After polishing, the specimen microstructure constituents were revealed 

by using a suitable etchant. Nital with a concentration of 2% Nitric acid in Methanol was 

employed to etch the R260 samples and Marble's reagent for etching Hadfield manganese 

steel samples to reveal the microstructure. The most often used metallographic etchant is 

a 2% Nital solution for etching mild steel, carbon steels, and low alloy steels. It has a high 

etching rate, can attack ferrite, and indicates ferrite boundaries while being safe to keep. 

Marble's etching is a metallographic etchant for etching austenitic stainless steels in the 

300 series, nickel-based superalloys, and cobalt-based superalloys. The etchant darkens 

austenitic grains, attacks sigma phases, and causes grain flow to appear. The etched 

samples were examined using a Karl Zeiss optical microscope with digital imaging 

capability. 

 

 

120 mm 
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Figure 77. Samples Preparation for metallographic and microhardness testing. 

 

Due to the work hardening ability of the Hadfield manganese steel, it is impossible 

to use a usual vertical cutting method because the hardness of the sample is gradually 

increased until one point is the same as the cutting blade. It results in the blade being 

broken and unable to cut. In this case, it is necessary to rotate the cutting axis to cut this 

type of steel. The parameter used for cutting the Hadfield manganese steel is shown in 

Figure 78. 

 

 

Hot mounted using 

Bakelite powder 

Using abrasive grinding disc 80, 200, 400, 800, 

1200 and 2000 respectively 

Using cloth specialize and diamond suspension 9µm, 

3µm, and 1µm respectively 

Using 2% Nital for R260 and Marble’s etch for 

Hadfield steel 

By Optical microscope (OM) and Scanning 

Electron Microscope (SEM) 
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Figure 78. The parameter used for cutting the Hadfield manganese steel. 

 

 

 

 

 

 

 

 

Figure 79. The Opal 460 - Automatic hot mounting press for mould sizes of up to 

50mm. 

 

 

 

 

 

 

 

 

Figure 80. Samples for metallographic analysis (A) and sample for fractographic 

analysis (B). 
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5.2 PRE-CRACKING METHOD AND MEASUREMENT 

Fatigue pre-cracking is used to initiate the fatigue crack prior to the main fatigue 

test sequence. This step is important because the notch can be affected by any curvature 

arising during its cutting resulting in variations during testing. Once the fatigue crack has 

initiated from the notch, the fatigue test can be started since any further growth will occur 

through the propagation of the tip of the formed crack and not from the notch, which may 

have some variability from sample to sample. 

 

 

 

 

 

 

 

Figure 81. Schematic of fatigue pre-cracking. 

 

The samples tested were placed in a three-point fatigue bending configuration 

under laboratory conditions at room temperature (Figure 82). If the stress at the notch tip 

is higher than the yield strength, a plastic zone will develop ahead of the notch, and any 

compressive residual stress in the plastic zone will remain after unloading. After pre-

cracking, the presence of the crack and its length was confirmed by taking an acetone 

replica of the notch surface and observing it under an optical microscope. 
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Figure 82. The set-up of equipment used for pre-cracking, shown with a sample in a 

three-point bending test. 
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Figure 83. Control unit. 

 

At a magnification of 100x, optical images on both sides of each pre-cracked 

sample were taken using a Karl Zeiss optical microscope (Figure 84). The length of the 

fracture was determined using the Image J software [129]. The crack size was measured 

from the surface to the ends of the cracks, including the eroded notch caused by the spark 

wire. 

 

 

 

 

 

 

 

 

 

 

 

Figure 84. Karl Zeiss OM and ImageJ software measured the crack length. 

 

 



 

113 

 

The AE signals were detected for pre-cracking and fatigue testing using a four-

channel AE system (Figure 85) obtained from PAC (Physical Acoustics Corporation, now 

Mistras). Two 150-700 kHz PAC R50a resonant piezoelectric sensors were used as AE 

sensors, coupled to a 2/4/6 pre-amplifier with a gain of 40 dB. The sensors were glued to 

the sample using Araldite epoxy glue, and the signals were acquired using the AEWin 

data acquisition software. 

. 

 

 

 

 

 

 

 

 

 

 

Figure 85. 4-channel AE system bought from PAC. 

 

AE sensor - R50a resonant AE sensors (Figure 86) were employed for the AE laboratory 

experiment. The R50α sensor has a diameter of 19 mm and a height of 22.4 mm. The 

R50a sensor is a narrow resonant sensor with high sensitivity, with an operating frequency 

range between 150 kHz and 700 kHz. The case material is made of stainless steel, and the 

face material is made of alumina ceramic [87]. 
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Figure 86. R50a AE sensor [130]. 

 

Preamplifier – AThe 2/4/6 preamplifiers (Figure 87) procured from Physical Acoustics 

Corporation (PAC) were used. The output voltage of this preamplifier is switch-selectable 

with 20, 40, and 60 dB levels. In this instrument, the plug-in filters are combined to 

maximize the sensor's selectivity and noise rejection. Low-pass, high-pass, and band-pass 

configurations can be supplied via filters. The preamplifier boosts the input signal's 

strength while reducing electromagnetic noise produced by the cables during signal 

transmission between the sensor and the instrument. It can also transform a high-

impedance signal to a low-impedance signal for long-length cable transmission. 

 

 

 

 

 

 

Figure 87. Preamplifier 

 

Adhesive - The AE sensors, typically, must be held in place for an extended period, and 

coupling stability is needed; adhesive couplings such as Araldite® (Figure 88) and 

superglue are preferred. Silicon rubber compound and rigid bond are the two most popular 

adhesive couplants used in AE. The rubber compound can have outstanding stability in 
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the case of surface vibration or movement. If properly mounted, a rigid bond can have the 

strongest longitudinal and shear displacement transmission. 

 

 

 

 

 

 

 

Figure 88. Araldite® - Industrial Rapid Epoxy 

 

Pre-cracking method 

Pearlitic rail steel R260 and Hadfield manganese steel samples were pre-cracked 

using an Amsler 20KN Vibrophore electro-mechanic high-frequency fatigue machine to 

an initial crack length of 3-4 mm approximately. A force of 0.85 - 8.5 kN and fixed stress 

ratio (R=0.1) were applied at a frequency of roughly 100 Hz. The AE threshold was set 

at 70 dB for the pearlitic rail steel R260 samples. A force of 0.65 - 6.5 kN and fixed stress 

ratio (R=0.1) were applied at about 85 Hz, and the AE threshold was set at 70 dB for the 

Hadfield manganese steel samples. The load was applied until the onset of crack growth 

was observed either in the form of AE signals or a significant drop in the vibrophore 

loading frequency. The presence of a crack was then confirmed by optical microscopy 

using an acetone replica of the notched surface area. 
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5.3 FATIGUE TEST (CYCLIC THREE-POINT BENDING) 

 

The three-point fatigue bending tests were carried out under laboratory conditions. 

The machine used for this set of tests was a DARTEC 50 kN servo-hydraulic universal 

test machine. All tests were carried out at room temperature. The fatigue crack length was 

monitored throughout testing using a Direct Current Potential Drop (DCPD) instrument. 

AE signals generated during the fatigue tests were recorded and analysed using two R50a 

acoustic emission sensors produced by Physical Acoustic Corporation (PAC). These 

sensors can also be used in the field. One sensor was connected to a customized AE 

system developed in-house to capture the complete waveform produced during loading 

and unloading for some of the tests, whilst the other was connected to the PAC 

commercial system to monitor the overall AE activity. The commercial AE system deletes 

the complete waveform and keeps only the data related to the definition of an AE hit as 

set by the user. The R50a sensors were mounted away from the centre of the sample, one 

on either side of the cracked region, using Araldite®. A Phoenix Alpha Digital Control 

System was used to monitor the applied load level and the number of cycles, as shown in 

Figure 91. Raw AE data acquired using AE Win software were subsequently analysed 

using NOESIS software supplied by Envirocoustics, a PAC Group member. 
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Figure 89. Cyclic Three-point-bending test (fatigue testing). 

 

In the fatigue test, the imposed stress cycle is typically a sine wave. The schematic 

representation of the cyclic stress versus time relationship is shown in Figure 90, and the 

following terms are defined. 

 

 

 

 

 

 

 

Figure 90. Definitions of stress in cyclic loading* [131]. 

* Compressive stresses are negative, the convention that tensile stresses are positive, 
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Maximum stress (σmax):   the largest stress in the cycle. 

Minimum stress (σmin):    the smallest stress in the cycle. 

Stress range (Δσ):         the algebraic difference between the maximum and the  

        minimum stress; Δσ= σmax - σmin 

Stress amplitude (S):        S= Δσ/2 

Mean stress (σm):         the average of the minimum and maximum stresses.  

      σm = (σmax + σmin)/2 

Stress ratio (R):        R= σmax/σmin 

Cycle:         the interval between one peak of stress and the next one 

Frequency:         the number of cycles per second. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 91. Monitoring and recording equipment, the plotter for DCPD and Phoenix 

Alpha Digital control program. 

DCPD 
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Phoenix Alpha 
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Paris and Erdogan investigated how long fatigue cracks are distributed in the 

linear elastic fracture mechanics system. They demonstrated that the propagation velocity 

is not constant with time but varies according to the Stress Intensity Factor (SIF) range 

∆K. The crack growth rate da/dN is the power function of the SIF range during stable 

crack propagation, commonly referred to as the Paris regime. This results in the well-

known Paris equation. The fatigue crack growth (FCG) curve is a function of the crack 

growth rate (da/dN) and the range of applied stress intensity factors. The Paris-Erdogan 

law can be used to describe the relationship between ΔK and da/dN between the rates of 

crack growth from low to high [132]. 

 

                 , : log log logmda da
C K or C m K

dN dN

 
=  = +  

 
  … (1)

  

The crack length da/dN is the crack growth rate, C and m are material constants. 

                                               max minK K K = −     … (2)

  

For a specific geometry, KI coefficients are defined. The stress intensity factor (KI) at the 

crack tip of a three-point bending sample is [133]; 

1 3 5 7 9

2 2 2 2 24
1.6 2.6 12.3 21.2 21.8I

P a a a a a
K

B W W W W W W


 

          = − + − +         
          
 

 ... (3) 

The applied load is the thickness of the specimen, a the crack length, and W is the width 

of the specimen. 
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Figure 92. Three-point bending sample [133]. 

 

The three regions of a fatigue crack growth resistance curve are shown in the figure 

below. 

 

 Stage Ⅰ (threshold effect) includes 

crack initiation and in the form of 

micro-sized cracks, which the 

microstructures can arrest before they 

coalesce in order to form a 

macrocrack. The threshold is too low 

in most cases to use in design, but the 

threshold value can be significant for 

certain designs where no fatigue cracking is allowed. 

Stage Ⅱ (Paris’ Law) is a critical stage in predicting crack growth before leading to final 

failure. During stage II crack growth follows a linear rate when plotted in the logarithmic 

scale stage Ⅱ is used for design and is also helpful for failure diagnosis 
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Stage Ⅲ (unstable crack growth). During stage III, the fatigue crack has grown to a 

critical size, and propagation becomes unstable, leading to final failure after only a few 

cycles. In addition, cracks in critical structures cannot reach stage III in the design, leading 

to brittle failure. 

The fractured surface is described as a dimple due to surface roughness at high 

crack growth rates and smoothness at low crack growth rates. A stretched band develops 

during the transition from low to high crack growth rates. 

Principles for applying fracture mechanics in fracture analysis can be summarized 

as follows: 

1. Based on the actual problem, the material to be analysed under the conditions of the 

load exerted on that material was used in the ASTM E-647 [134]. 

2. Select the appropriate specimen type for testing under the laboratory. 

3. Perform the test to obtain necessary data; crack length (a) and number of cycles (N) 

4. Calculate the obtained values and plot the relationship between da/dN and ΔK. By 

fitting the best fit line, the C and m values are obtained. 

5. From (4), it is possible to calculate the service life of materials under a specified load 

when a crack is detected at a certain length. 

The most commonly used technique for detecting AE signals is based on detecting 

signals exceeding the threshold. Processing and hit measurement are initiated when 

signals surpass a pre-set fixed or floating amplitude threshold level. However, other 

approaches based on the statistical or spectrum characteristics are available in addition to 

threshold-based hit detection strategies. 
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5.3.1 Direct current potential drop 

The DCPD method has been employed to measure the length of cracks during 

fatigue crack growth under laboratory tests. The principle is to apply a continuous DC 

voltage across the specimen and measure variations as the crack grows, causing changes 

in resistance. When the crack is extended, the electrical resistance increases, and the 

measured potential increases. This method is useful since it has good stability and 

repeatability, whilst no optical access is needed [135]. The DCPD traces are directly 

associated with the crack length increase. The crack length can be calculated using 

Johnson’s formula [136]. 
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Johnson’s formula 𝑎 can be obtained by solving 

               

0

-1

-1 0

cosh
2 2

cos

cosh cosh cosh / cos
2 2

a

a

y

W W
a

V ay

V W W



 

 
 
 =

       
              

  ….(5)

  

 Where ao is the initial crack length, V (ao) is the corresponding potential, W represents 

the specimen width, and y represents the distance of electrodes from the potential probe 

to the crack mouth. 
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Figure 93. DCPD instrument (Left) and a cracked material in the DCPD testing (Right). 

 

5.3.2 Experimental Procedures 

R260 Rail Steel  

The fatigue tests were conducted at room temperature under a sinusoidal loading 

pattern with a frequency of 5 Hz and a fixed stress ratio (R=0.1). The maximum and 

minimum loads are 5.5 kN and 0.5 kN, respectively, which are less than the R260 steel 

yield points. The commercial PAC system and the customized AE system consisted of 

two 150-700 kHz R50 piezoelectric sensors connected to a 2/4/6 pre-amplifier to record 

the AE activity. Sampling rates were set at 5 MS/s, with Peak Definition Time at 600 µs, 

Hit Definition Time at 1000 µs, and Hit Lockout Time at 3000 µs. The AE amplifier is 

set at 40 dB, while the minimum measurement threshold is set at 60 dB for samples 1 and 

2. The reduced to 58dB for the rest of the samples. The fatigue crack propagation is 

monitored by the DCPD method. 
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Hadfield Manganese Steel 

A force 0.45 kN – 4.5 kN, which is lower than the determined yield point of 

Hadfield manganese steel was applied under applied constant amplitude sinusoidal wave 

loading at a frequency of 5 Hz and a fixed stress ratio (R=0.1). The commercial PAC 

system and the customized AE system consisting of two 150-700 kHz R50α piezoelectric 

sensors connected to a 2/4/6 pre-amplifier are used to record the AE activity. The 

sampling rate was set at 5 MS/s, with Peak Definition Time at 600 µs, Hit Definition 

Time at 1000 µs, and Hit Lockout Time at 2000 µs. The AE amplifier is set at 40 dB 

while the minimum measurement threshold is set at 50 dB, reduced from 70 dB for pre-

cracking for greater sensitivity. The fatigue crack propagation was monitored by the 

DCPD method. 

 

 

 

 

 

 

 

 

 

Figure 94. AE sensors were mounted on the broken specimen. 

 

After fatigue testing, all crack surface samples were opened with a Charpy test hammer 

and cut to roughly 5mm x 10mm x 20 mm for microscopy. 
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5.4 FRACTURE SURFACE ANALYSIS 

5.4.1 2D Analysis using Scanning Electron Microscope 

The intensity of the image shown on the screen is controlled by the variable signal 

intensity. Figure 95 shows an overview of the SEM and EDS units. 

 

 

 

 

 

 

 

Figure 95. SEM JEOL 6060 with EDS Unit Overview. 

 

Both backscattered electrons (BECs) and secondary electrons (SEs) are generated 

when a primary beam interacts with a sample (Figure 96). SEs would be released from 

inelastic collisions with electrons in the k-orbital of the specimen's atoms in the SEM 

photoemission mode, allowing topological features to be seen. BCEs are elastically 

scattered electrons whose scattering effect is proportional to the atom's atomic number, 

Z. Backscattered electrons are more elastically dispersed and caught by detectors with 

higher atomic numbers than those of lower ones. BSE mode allows users to see different 

phases and precipitates in the microstructure without using an etched sample. 
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Figure 96. Electron–matter interactions at the origin of electron microscopy. (a) 

Backscattered electron (BSE) and (b) secondary electron (SE) [137]. 

 

 

 

 

 

 

 

 

 

 

Figure 97. Carbide inclusion in pearlitic fracture surface. In SE image has no contrast 

difference. However, carbide inclusion was visible in the BSE image. In Backscatter 

imagery, the signal depends on the atomic number. 

 

 

The elemental analysis or chemical characterisation is performed using Energy 

Dispersive X-Ray Spectroscopy (EDX or EDS). All elements have distinct, element-

specific or characteristic energy levels, resulting in the generation of X-rays. 

Consequently, EDS does not provide chemical bonding data (Figure 98). 

 

 

 

 

Secondary Electron Backscattered electrons 
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Figure 98. Elements are identified and labelled. The higher the peak, the higher the 

concentration of that element. 

 

5.4.2 Non-metallic Inclusion Size Analysis in Steel 

The composition of inclusions was measured using EDS after examining them in 

a JEOL 6060 SEM. The size of the inclusion was measured manually using ImageJ 

software. A binary black-and-white image is needed for automated particle analysis 

(Figure 99). To separate the objects of interest from the background, a threshold range is 

set. Evaluate the particle size by going to Analyze and choosing Analyze Particles. 

 

 

 

 

 

 

 

 

 

Figure 99. Particle Analysis Using ImageJ. 

 

MnS 

Length = 20.08 µm 

Area = 195.403 µm2  
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5.4.3 3D Analysis using Laser Confocal Scanning Microscopy (LCSM) 

 

In 1961, Marvin Minsky developed the first confocal microscope, pioneered laser 

scanning confocal microscopy (LCSM). LCSM is widely applied in numerous biological 

science disciplines, optics and crystallography. Compared to a conventional optical 

microscope, the device's primary advantage was its confocal optical technology, which 

removed undesired out-of-focus light scattered and improved the resolution of an object's 

in-focus area [138]. A pin-hole aperture was added between the objective lens and the 

light detector to create this effect. From stage one, an intensely focused optical image of 

an object's in-focus area could be produced by point-by-point lighting of the sample and 

the moving object. Since its inception, thanks to the synergistic combination of precision 

mechanisms and modern computational capabilities, LCSM has grown and developed 

significantly during the last several years [139]. As a light source, the short-wavelength 

laser improved the confocal image speed's brightness and lateral resolution. However, the 

most significant advancement occurred with the development and integration of the Z-

axis objective drive with computer processes, allowing the collection of a sequence of 

optical slices that produced three-dimensional surface topological information. 

Fractography, along with metallography and mechanical inspection, is a 

significant technique for analysing failures and evaluating mechanical characteristics. 

However, even though observations are made on different scales, The huge percentage of 

fractographic investigations are qualitative and only focus on visualising fracture surface 

characteristics. As a result, the objectivity and reliability of fracture surface analysis are 

highly dependent on the specialist knowledge and knowledge of the observer. 

Furthermore, the lack of detailed topographic features may significantly impede 

quantitative fractographic evaluation using standard scanning electron microscopy or 



 

129 

 

transmission electron microscopy. In contrast to the microstructure, which can be 

completely described using two-dimensional metallographic images, the fracture surface 

is a three-dimensional entity that requires three coordinates at each location to measure 

the surface topology properly. 

The area surface roughness and specific surface area of the fracture surfaces are 

measured quantitatively. The ductility of the cracked surface is determined by the typical 

fracture surface area rather than the area roughness. According to the results obtained 

during this study, LCSM may be beneficial for determining qualitative and quantitative 

characteristics of various fractured surfaces [140-141]. [142] investigated three-

dimensional images. The point cloud was acquired using a confocal laser scanning 

microscope Zeiss LCSM 700 with an objective lens of 5x. The goal was to classify failure 

modes into three categories: sudden ductile fracture, sudden brittle fracture, and 

progressive fracture due to fatigue in order to help the fractographic study in failure 

analysis. The findings presented here are a good starting point for future texture analysis 

studies using three-dimensional data. In this study, the sample's fracture surfaces were 

examined using both the SEM and LCSM techniques. XYZ ultra-fast scan plus the colour 

was used as a scanning mode; the MPLFLN10X was used to scan multiple 1279 × 1279 

µm fracture surface areas. 
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Figure 100. The OLYMPUS LEXT OLS4100 3D measuring laser microscope and the 

imaging process outline in a confocal microscope. 
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CHAPTER 6: FATIGUE TESTING  

This chapter describes the experimental results to study the ability of PAC commercial 

AE system and customized AE system developed in house to compare signal detection 

and analysis of three types of samples. R260 rail steel and Hadfield manganese steel 

samples were performed by the author self-test, and the R220 rail steel sample was merely 

an observer to study the experimental method. This chapter also includes a quantitative 

analysis of reliability for a select number of AE parameters. 

6.1 PRE-CRACKING MEASUREMENT 

Reference to standard ISO 12108 [182], conduct fatigue pre-cracking with the 

single edge notch three-point bend, minimum pre-crack length shall exceed the greater 

the notch height 1mm. The specimen used in this study has a notch height of 2 mm, so the 

initial crack length should not be less than 3mm (a0 ≥ 3). The importance of the pre-

cracking method described in Section 5.2. 

Table 14 shows some images of the pre-cracked size taken with a Karl Zeiss 

optical microscope at a magnification of 10x. Due to equipment failures during testing, 

the data for sample 10 of R260 rail steel and sample 5 of Hadfield manganese steel are 

not shown in Table 14. The initial crack length of each sample of the R260 rail steel and 

Hadfield manganese steel is taken from the tip of the notch to the end of the crack using 

ImageJ software for measurement.  

Note that R260 rail steel samples 2 and 4 have an acceptable initial crack length 

since the values were obtained by averaging the three measurements, but sample 3 is 

considered inappropriate. 
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Pre-cracked image 

 

Sample no. 

Initial crack length (mm.) 

R260 

(mm.) 

% the 

original 

area 

Hadfield 

(mm.) 

% the 

original 

area 

  

1 

 

3.52 

 

17.60 

 

4.56 

 

22.80 

 

2 

 

2.95 

 

14.75 

 

3.25 

 

16.25 

 

3 

 

2.04 

 

10.20 

 

4.20 

 

21.00 

 

4 

 

2.83 

 

14.15 

 

3.77 

 

18.85 

 

5 

 

3.44 

 

17.20 

 

- 

 

- 

  

6 

 

4.29 

 

21.15 

 

4.57 

 

22.85 

 

7 

 

3.56 

 

17.80 

 

3.34 

 

16.70 

 

8 

 

3.95 

 

19.75 

 

3.37 

 

16.85 

 

9 

 

3.43 

 

17.15 

 

4.50 

 

22.50 

 

10 

 

- 

 

- 

 

3.49 

 

17.45 

 

Table 14. Pre-cracked images and the initial crack length of each R260 rail steel and 

Hadfield manganese steel sample are taken from the tip of the notch to the end. 

 

 Before the test, a pencil lead break, also known as the Hsu-Nielson source, must 

be used as an artificial acoustic source to verify the reliability of the acoustic coupling 

between the sensors and the surface of the test piece by pressing the pencil lead firmly 

against the structure surface until the lead breaks, as illustrated in Figure 101. 
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Figure 101. AE standard source by a pencil-lead break [143]. 

  

The Hsu-Nielsen source calibration tests involve breaking pencil lead tips with a 

hardness of 2H on the surface of the structure connected to an acoustic emission sensor. 

Since 2H allows for the emission of a signal across a wide frequency range ranging from 

a few kHz to several MHz, the proper pencil lead hardness must be utilised. This is an 

important aspect of the test for ensuring that high-frequency acoustic emission sensors 

are correctly connected and calibrated. Signals generated only over a low-frequency range 

of no more than 50 kHz may emerge from the use of pencil leads with a hardness other 

than 2H. A considerable percentage of undesirable mechanical noise typically has a 

frequency range of up to 50 kHz [173].  
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R220 R260 

R220 (α-ferrite) R260 (Eutectoid point) 

6.2 FATIGUE TESTING 

6.2.1  Previous Study on Pearlitic Rail Steel Grade R220 

  As mentioned in the objectives, this study has tested the reliability of the AE 

technique for monitoring railway tracks in Thailand, where R260 rail steel and Hadfield 

manganese steel are used to manufacture plain rails and crossings. Steels typically used 

for wheels and rails have a pearlitic microstructure, which combines strong cementite 

lamellae for excellent wear resistance and toughness. The rails used in previous studies 

have considered R220 steel grade. This steel grade is similar in structure to R260 grade 

in that it has a pearlitic structure; nevertheless, because it contains less carbon, more pro-

eutectoid remains (Figure 102).  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 102. The microstructure of the R220 rail steel and R260 rail steel (SEM images, 

therefore, carbide light and ferrite dark). The mechanical characteristics of pearlite are 

intermediate between ductile ferrite and brittle-hard cementite. 
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R220 rail steel samples were cut from the web of used rails provided by Network 

Rail. A force of 0.85 – 8.5 kN was applied at approximately 100 Hz and used to pre-crack 

all the samples. The machine for fatigue testing of the samples was set to apply a 

sinusoidal loading sequence at 1 Hz, with an applied force range of 0.55 – 5.5 kN at a 

frequency of 5 Hz. The AE amplifiers were set to 40 dB, and the data acquisition threshold 

was set to 50 dB. A PAC wideband and an R50a AE sensor were used to monitor the AE 

activity for comparative purposes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 103. The cumulative AE energy plot obtained from both the Wideband and R50a 

sensors is compared to the crack size determined in the previous experiment using the 

DCPD instrument on R220 rail steel sample 7 [144]. 

 

For all tested samples, it can seem that as the crack propagates, the cumulative AE 

energy increases accordingly. However, the crack propagation determined by DCPD is a 

classic exponential curve pattern. The rapid increase in the AE activity is caused by high 

energy AE signals originating from more significant events as the crack propagates. The 

AE response of the wideband and R50a sensors is the same for most of the samples. Both 

sensors often detect the same signals simultaneously; they vary only in the amount of 
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energy detected. This is due to the fact that each sensor detects different acoustic 

frequency ranges at different levels. 

  Optical and scanning electron microscopy were used to identify and analyse the 

location of the rapidly growing cracks. The associated AE events correlate to 

characteristics on the fractured surfaces that seem to have produced an immediate rise in 

the crack growth rate when a dramatic increase in cumulative AE energy is detected. 
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Figure 104. SEM Micrographs show the fracture surface and the direction of fatigue 

crack growth (a) It is possible to observe pre-crack to fatigue crack surface interface 

cracking, (b) Mns defects at a 3 mm distance, (c) – (e) Iron carbide and cracking defects 

at a distance 4 mm cracking is evident in (c), (f) – (g) at a distance of 4.5 mm, iron 

carbide and cracking defects, (h) Cracking at a 5 mm distance, (i) ultimate brittle fatigue 

of sample with apparent cracking [144]. 

 

Usually, fatigue crack surfaces follow the standard morphology of the fatigue 

crack shape expected during the three-point fatigue bending process. Thus, there is 

initially a fine fatigue surface, ending in a larger structure, whereas when the fatigue 

fracture reaches a critical point, the brittle fracturing occurs. However, in none of the 

samples were striations which are typically associated with fatigue crack growth was 

observed. This lack of striations in the fractured surfaces of the fatigue tested R220 

samples is believed to be due to the interaction of two fracturing surfaces.  
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The events resulting in the sudden increase of the AE activity were associated 

with defects with dimensions in the 300-500 μm range. These defects generated powerful 

AE signals which were not visible in the DCPD traces.  

6.2.2  R260 Rail Steel 

The R260 rail steel has a similar pearlitic structure as R220 rail steel but less ferrite 

due to the slightly lower carbon content. The R260 grade, on the other hand, lacks the 

pro-eutectoid ferrite that forms at grain boundaries in the R220 rail steel grade since the 

increased manganese (Mn) and carbon (C) content promotes a completely pearlitic 

structure. 

Cyclic three-point fatigue bending test results of rail steel R260 grade are shown 

in Table 15. It is noted that the test of sample 10 failed due to unexpected overloading at 

the start of the experiment. The fatigue crack growth events were detected and monitored 

using the AE method during testing. The time for testing each specimen was 

approximately 5-8 hours.  In all samples, brittle fracture behaviour was observed using 

SEM. Fatigue crack growth curves are respectively specified as in Figure 105. 

Table 15. A cyclic three-point-bending test result of ten samples of R260 rail steel. 

 

Sample Number of 

Cycle 

Time (s) Initial 

crack 

(mm) 

Maximum 

load (kN) 

Minimum 

load (kN) 

R-ratio 

1 112,517 22,503 3.52 5.5 0.55 0.1 

2 104,929 20,986 2.95 5.5 0.55 0.1 

3 151,205 30,241 2.04 5.5 0.55 0.1 

4 116,830 23,366 2.83 5.5 0.55 0.1 

5 147,760 29,552 3.44 5.5 0.55 0.1 

6 111,143 22,229 4.29 5.5 0.55 0.1 

7 136,169 27,234 3.56 5.5 0.55 0.1 

8 120,357 24,071 3.95 5.5 0.55 0.1 

9 90,574 18,115 3.43 5.5 0.55 0.1 
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Figure 105. Crack length against Fatigue life for different nine samples of R260 rail 

steel. 

 

6.2.3  Hadfield Manganese Steel 

Cyclic three-point fatigue bending fatigue test results of Hadfield manganese steel 

are shown in Table 16. The fatigue crack growth was detected and monitored using DCPD 

and AE testing. It is noted that the test of sample 5 failed due to sudden overloading at 

the beginning of the experiment, and hence, it has not been included in the results. The 

time for testing each specimen was approximately 3-5 hours in this case. Samples exhibit 

ductile behaviour as it can be observed from the fractured surface using SEM. Fatigue 

crack growth curves are respectively specified as in Figure 106.  

Table 16. A cyclic three-point-bending test result of ten samples of Hadfield manganese 

steel. 

 

Sample Number of 

Cycle 

Time (s) Initial 

crack 

(mm) 

Maximum 

load (kN) 

Minimum 

load (kN) 

R-ratio 

1 44,632 8,927 4.562 4.5 0.45 0.1 

2 98,647 19,729 3.255 4.5 0.45 0.1 

3 57,670 11,534 4.197 4.5 0.45 0.1 

4 70,114 14,023 3.770 4.5 0.45 0.1 

6 36,164 7,233 4.569 4.5 0.45 0.1 

7 99,901 19,980 3.337 4.5 0.45 0.1 

8 67,420 13,484 3.366 4.5 0.45 0.1 

9 77,752 15,550 3.493 4.5 0.45 0.1 

10 56,418 11,284 3.484 4.5 0.45 0.1 
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Figure 106. Crack length against Fatigue life for different nine samples of Hadfield 

manganese steel. 

 

The crack length, a, versus the number of cycles, N, for the R260 pearlitic rail 

steel and Hadfield manganese steel is shown in Figures 105-106. It can be seen from 

Figure 105 that the total fatigue lifetime of the R260 is much higher than that of the 

Hadfield manganese steel. The total average fatigue lifetime for the R260 rail steel was 

approximately 120,000 cycles, while the fatigue lifetime in Hadfield manganese steel was 

lower than conventional rail materials since all the samples broke before completing 

100,000 cycles for the stress range used.  
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6.3 QUANTITATIVE EVALUATION 

6.3.1   AE signal analysis 

  In Hadfield manganese steel, both sensors generally follow the same pattern. 

However, on some occasions, one sensor failed to pick up lower amplitude signals or 

detected the AE signals at lower amplitudes. This was likely due to insufficient sensor 

coupling to the sample.  In Hadfield manganese steel samples 1 and 3, the energy of the 

AE signal increases slowly in early crack propagation but rapidly closer to failure. This 

is consistent with cracks from initiation to propagation during the fatigue test. This pattern 

is the same as found in previous results of R220, as shown in Figure 108 and R260, as 

shown in Figure 109. 

 

 

 

 

 

Figure 107. A cumulative AE energy plot from R50α Sensors compares to the crack size 

measured using the DCPD instrument of Hadfield manganese steel samples 1 and 3. 
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Figure 108. A plot of cumulative AE energy from both the Wideband (Channel 1) and 

R50α Sensors (Channel 2) compares to the crack size measured using the DCPD 

instrument of R220 rail steel samples 1 and 7. 

 

 

 

 

 

 

Figure 109. A cumulative AE energy plot from R50α Sensors compares to the crack size 

measured using the DCPD instrument of R260 rail steel samples 1 and 7. 
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The correlation of the AE signal amplitude with crack length during fatigue testing 

of both R260 rail steel and Hadfield manganese steel samples is shown in Figures 110-

112. The threshold was set at 60 dB for samples 1 and 2, then reduced to 58 dB for the 

rest of the R260 rail steel samples and 50 dB for Hadfield Manganese steel samples. 
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Figure 110. AE signal Amplitude (dB) against fatigue cycles with crack growth (mm) 

for R260 rail steel samples 1 - 9. 
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fracture until the crack slows down again. Another explanation is that tensile residual 

stresses result in higher local stress levels and a larger fracture region.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 111. Amplitude against fatigue cycles for Hadfield steel samples 1,3 and 7 

(continuous crack activity). 
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Figure 112. Amplitude against fatigue cycles for Hadfield steel samples 2, 4, 6, 8, and 

10 (short peaks in early – ending with a high peak at failure). 

 

 

 

 

 

 

 

 

 

Figure 113. Amplitude against fatigue cycles for R220 rail steel samples 1 and 3. 
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The majority of AE signals with amplitudes greater than 60 dB occur during the 

final stage of damage evolution in the Hadfield manganese steel samples. Because of the 

plasticity at the crack tip, the highest amplitude during the tests for all Hadfield samples 

is lower than for R260 rail steel, resulting in lower AE energy levels being emitted. 

Hadfield steel has an austenitic microstructure, as previously mentioned. Hadfield steel 

has an FCC crystal structure as a result. Many slip systems exist in FCC crystal lattices, 

allowing dislocations to slip. Plastic deformation of Hadfield steel is primarily caused by 

twining and dislocation slipping [145][149]. This steel has a Low Stacking Fault Energy 

(SFE) due to its FCC lattice and random distribution of manganese atoms and carbon 

atoms [146]. Shear stress increases in the presence of a low SFE and a high concentration 

of interstitial solute atoms (5–8 wt.% C), which causes dislocation gliding to occur more 

often and the twining to serve as a more active mechanism of slipping [147-148]. 

The correlation of count and duration with crack length during fatigue test on both R260 

rail steel and Hadfield manganese steel sample is shown in Figure 114-121. 

 

 

 

 

 

 

Figure 114. AE signal Count and duration against fatigue cycles with crack growth 

(mm) for R260 rail steel samples 1. 
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Figure 115. AE signal Count and duration against fatigue cycles with crack growth 

(mm) for R260 rail steel samples 2 - 5. 
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Figure 116. AE signal Count and duration against fatigue cycles with crack growth 

(mm) for R260 rail steel samples 6-9. 
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Figure 117. AE signal Count against fatigue cycles with crack growth (mm) R220 rail 

steel samples 1 and 3 

 

 

 

 

 

 

 

 

Figure 118. AE signal Count against fatigue cycles for Hadfield steel sample 1 

(continuous crack activity) 
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Figure 119. AE signal Count against fatigue cycles for Hadfield steel samples 3 and 7 

(continuous crack activity). 

 

 

 

 

 

 

 

 

 

 

Figure 120. AE signal Count against fatigue cycles for Hadfield steel sample 2 (short 

peaks in early – ending with a high peak at failure). 
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Figure 121. AE signal Count against fatigue cycles for Hadfield steel samples 4, 6, 8, 

and 10 (short peaks in early – ending with a high peak at failure). 
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The correlation between count and crack length for both R260 rail steel and 

Hadfield manganese steel samples are shown in Figures 114-121. Count and duration are 

closely linked and follow the same pattern. The sudden increase in crack growth rate in 

the R260 steel samples is consistent with the amplitude and counts observed in the AE 

signals captured. Due to the higher AE activity observed during the final stages of stable 

crack growth for both materials, indicators of nearing failure may be seen. Compared to 

the initial stages of damage evolution in the samples tested, both hit number and hit counts 

increase. These AE events can be considered a predictor of oncoming final failure and 

hence as a warning. The amplitude-crack length plots alone cannot indicate some of these 

AE events. Other events with comparable high amplitude levels can occur at different 

stages of damage evolution—the count grows in a similar pattern as the duration grows. 
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6.3.2   Fatigue crack growth rate 

Cracked materials subjected to cyclic loading were assessed  using Paris's 

Law to predict fatigue crack growth rates (da/dN) shown in Figure 122-123. According 

to the test standard ASTM E647, 1990 [174], the experiment uses cyclic load under 

constant amplitude loading. The primary data obtained from the experiment is the 

relationship between crack size (a) and cycle (N). Then use the data obtained to calculate 

and plot the relationship between fatigue crack growth rates (da/dN) and crack-tip stress-

intensity factor range (ΔK). 

R260 rail steel crack growth rate 

 

 

 

 

 

 

 

 

Figure 122. The Paris law for fatigue crack growth rates of pearlitic rail steel R260 

(Stage II in Micro-mechanism of Fatigue). 

 

After plotting log da/dN as a function of log ΔK, the slope of the plot would give 

the m, and the Y-intercept will provide the value of C. The C and m values from the 

experiment in R260rail steels have an average of C = 1.60 x10-11 and m = 2.82. 
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Table 17. Plots log da/dN and log ΔK to obtain the C and m value of R260 rail steel. 

 

Sample R260_1 R260_2 R260_3 R260_4 R260_5 R260_6 R260_7 R260_8 R260_9 

Best-fit values 

Slope 2.913 3.284 2.209 2.861 2.767 2.812 2.929 2.832 2.758 

Y-intercept -11.130 -11.510 -10.120 -10.960 -11.010 -11.100 -11.210 -11.110 -10.810 

X-intercept 3.822 3.506 4.582 3.831 3.979 3.947 3.829 3.922 3.919 

1/slope 0.343 0.306 0.453 0.349 0.361 0.356 0.342 0.353 0.363 

Std. Error 

Slope 0.140 0.262 0.111 0.135 0.120 0.096 0.121 0.126 0.120 

Y-intercept 0.200 0.370 0.149 0.194 0.175 0.139 0.175 0.187 0.167 

Goodness of Fit 

r 0.970 0.914 0.970 0.963 0.972 0.987 0.975 0.972 0.984 

R squared 0.941 0.836 0.941 0.928 0.945 0.975 0.952 0.944 0.967 

Number of 

XY Pairs 29 33 27 37 33 24 32 32 20 
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Hadfield manganese steel crack growth rate 

 

 

 

 

 

 

 

 

Figure 123. The Paris law for fatigue crack growth rates of Hadfield manganese steel 

(Stage II in Micro-mechanism of Fatigue). 

 

 After plotting log da/dN as a function of log ΔK, the plot's slope would give the 

m, and the Y-intercept will provide the value of C. The C and m values from the 

experiment in Hadfield manganese steels have an average of C = 4.08 x10-11 and m = 

2.604. 

 

 

 

 

                                                                                         

 

 

 

 

 

 

 

 

 

 

 

Table 18. Plot log da/dN and log ΔK to obtain the C and m value of Hadfield 

manganese steel. 
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Sample H1 H2 H3 H4 H6 H7 H8 H10 

Best-fit values 

Slope 3.486 2.236 2.761 2.842 3.490 2.247 2.933 3.102 

Y-intercept -11.330 -9.906 -10.490 -10.570 -11.280 -9.946 -10.630 -10.790 

X-intercept 3.249 4.430 3.800 3.719 3.232 4.427 3.625 3.477 

1/slope 0.287 0.447 0.362 0.352 0.287 0.445 0.341 0.322 

Std. Error 

Slope 0.249 0.082 0.095 0.127 0.152 0.100 0.123 0.154 

Y-intercept 0.348 0.114 0.136 0.177 0.208 0.137 0.167 0.209 

Goodness of Fit 

Correlation (r) 0.948 0.978 0.982 0.971 0.982 0.972 0.976 0.967 

R squared 0.899 0.957 0.965 0.942 0.963 0.946 0.953 0.935 

Number of 

XY Pairs 24 36 33 33 22 31 30 30 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 124. Logarithmic Plot of the Paris Law for the R220 rail steel, R260 rail steel, 

and Hadfield manganese steel. 
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6.3.2.1 Propose a model for crack growth parameter 

 

The average C value, m values, and conventional approach to interpreting a 

correlation coefficient from the experiment are shown in Table 19. 

Table 19. The average value of Paris law constants for the R220 rail steel, R260 rail 

steel, and Hadfield manganese steel. 

 

The Pearson correlation coefficient is used to interpret the strength and direction 

of a linear relationship between two variables in correlation analysis. On the other hand, 

simple linear regression analysis predicts parameters that estimate one value of a variable 

based on the other in a linear equation [80]. The crack growth rate shows a clear 

correlation, confirming the Paris law relationship between da/dN and ΔK for R220 rail 

steel, R260 rail steel, and Hadfield Manganese steel has a very strong correlation. Thus, 

material behaviour is considered an important period in predicting crack growth before 

leading to material damage. Besides, this model can be viewed as a total fatigue life model 

under a specified load when used in conjunction with the existing initial crack size. 

Compared with those presented in the literature, the findings obtained in the low Paris 

regime were compared. Any values of ΔKth found in the cited literature are also seen in 

Table 20 [150]. In this contrast, an excellent consensus was observed, and the very small 

changes observed may result from variations in the chemical composition or 

manufacturing of the wheel-rail. 

 

 

Material C m R R2 Interpretation 

R220 rail steel 1.88E-12 3.779 0.904 0.817 Very strong correlation 

R260 rail steel 1.60E-11 2.821 0.967 0.936 Very strong correlation 

Hadfield steel 4.08E-11 2.604 0.972 0.945 Very strong correlation 
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Table 20. Results of the average value of Paris law constants from the literature [150]. 

 

 

 

 

 

 

 

The material behaviour is considered to be necessary for predicting cracks growth 

before leading to material damage. Besides, this model can be regarded as a total fatigue 

life model under a specified load when used in conjunction with the existing initial crack 

size. 
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6.3.3   Fatigue parameters rate 

On a logarithmic scale, the crack growth rate was shown versus ΔK, along with 

rates of PAC-energy, amplitude, duration and counts per cycle derived from AE data, in 

an attempt to find a quantitative relationship between AE and crack growth parameters, 

it was hoped that a correlation or simple linear regression could be used to evaluate 

whether two numeric variables had a relevant linear relationship. The strength and 

direction of the linear relationship between two variables can be determined using 

correlation analysis. On the other hand, simple linear regression analysis predicts 

parameters that approximate one value of a variable based on the other in a linear equation 

[80]. The crack growth rate and the energy rate were calculated in the same way. As a 

result, the energy rate and ΔK relationship can be defined as follows (and similarly for 

dA/dN, dC/dN, and dC/dN). 

, : log log logmdE dE
C K or C m K

dN dN

 
=  = +  

 
 

Notice that the PAC-energy is calculated in 10 µvolt-sec/count, the duration in µs 

(microseconds), and the amplitude in dB (decibel) [169]. 

Figures 125-136 show the crack growth rate with parameters rate and ΔK in the 

logarithmic scale for the R220 rail steel, R260 rail steel, and Hadfield manganese steel 

samples.  
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6.3.3.1 Energy rate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 125. The Energy rate and crack growth rate with ΔK for all Hadfield manganese 

steel samples on a logarithmic scale. 
 

Table 21. Plots log dE/dN and da/dn against ΔK for all Hadfield manganese steel. 

 

Sample H1 H2 H3 H4 H6 H7 H8 H10 

Best-fit values 

Slope  -0.927 2.568 -5.843 -2.743 6.703 8.639 -7.390 6.325 

Y-intercept  0.944 -5.105 7.165 2.448 -8.685 -12.750 12.370 -9.165 

X-intercept 1.018 1.987 1.226 0.893 1.296 1.476 1.674 1.449 

1/slope -1.079 0.389 -0.171 -0.365 0.149 0.116 -0.135 0.158 

Std. Error 

Slope 1.570 1.188 1.520 2.706 3.464 1.268 2.888 2.939 

Y-intercept 1.998 1.780 1.966 3.536 4.422 1.681 3.837 4.036 

Goodness of Fit 

Correlation (r) -0.120 0.565 -0.602 -0.239 0.590 0.849 -0.629 0.694 

R squared 0.014 0.319 0.363 0.057 0.349 0.721 0.396 0.481 

Number of XY Pairs 26 12 29 19 9 20 12 7 

 

0 10 20 30 40 50 60 70 80

10 -8

10 -6

10 -4

10 -2

100

102

104

10 -8

10 -6

10 -4

10 -2

100

102

104

Hadfield Energy Rate

ΔK

d
E

/d
N

d
a/d

N
 (m

m
/cy

cle)

DCPD_S1

DCPD_S2

DCPD_S3

DCPD_S4

DCPD_S6

DCPD_S7

DCPD_S8

DCPD_10

CH1_S1

CH2_S1

CH1_S2

CH2_S2

CH1_S3

CH2_S3

CH1_S4

CH2_S4

CH1_S6

CH2_S6

CH1_S7

CH2_S7

CH1_S8

CH2_S8

CH1_S10

CH2_S10



 

164 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 126. The Energy rate and crack growth rate with ΔK for all R260 rail steel 

samples on a logarithmic scale. 

 

Table 22. Plots log dE/dN and da/dn against ΔK for all R260 rail steel. 

 

Sample R1 R2 R3 R4 R5 R6 R7 R8 R9 

Best-fit values 

Slope 6.250 6.218 5.966 4.352 5.188 7.351 4.911 4.022 5.462 

Y-intercept -8.565 -8.211 -8.411 -5.664 -7.949 -10.310 -6.885 -5.370 -7.148 

X-intercept 1.370 1.321 1.410 1.302 1.532 1.402 1.402 1.335 1.309 

1/slope 0.160 0.161 0.168 0.230 0.193 0.136 0.204 0.249 0.183 

Std. Error 

Slope 1.288 1.421 1.250 1.148 1.320 1.694 1.086 1.333 1.128 

Y-intercept 1.839 1.933 1.676 1.649 1.923 2.466 1.584 1.982 1.589 

Goodness of Fit 

Correlation  0.682 0.674 0.691 0.540 0.583 0.688 0.643 0.489 0.771 

R squared 0.466 0.454 0.477 0.291 0.340 0.473 0.414 0.239 0.594 

Number of 

XY Pairs 29 25 27 37 32 23 31 31 18 
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Figure 127. The Energy rate and crack growth rate with ΔK for all R220 rail steel 

samples on a logarithmic scale. 

 

Table 23. Plots log dE/dN and da/dn against ΔK for all R220 rail steel. 

 

Sample R1 R3 R5 R6 R7 R8 R9 

Best-fit values 

Slope 9.825 7.761 7.083 7.931 6.817 8.636 1.459 

Y-intercept -13.170 -9.782 -9.246 -10.460 -8.862 -7.998 -0.484 

X-intercept 1.340 1.260 1.305 1.318 1.300 0.926 0.332 

1/slope 0.102 0.129 0.141 0.126 0.147 0.116 0.685 

Std. Error 

Slope 0.814 2.238 0.816 1.053 0.863 2.742 1.073 

Y-intercept 1.092 2.728 1.075 1.340 1.109 3.438 1.347 

Goodness of Fit 

Correlation (r) 0.949 0.644 0.826 0.809 0.822 0.499 0.378 

R squared 0.901 0.414 0.683 0.654 0.675 0.249 0.077 

Number of XY Pairs 18 19 37 32 32 32 24 
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6.3.3.2 Count rate 

The count rate is defined as the ratio of the sum of counts of all AE hits to the time interval 

during which these AE hits are captured. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 128. The Count rate and crack growth rate with ΔK for all Hadfield manganese 

steel samples in logarithmic scale. 

 

Table 24. Plots log dC/dN and da/dn against ΔK for all Hadfield manganese steel. 

 

Sample H1 H2 H3 H4 H6 H7 H8 H10 

Best-fit values 

Slope -1.892 3.142 -5.896 -1.868 5.605 3.894 1.555 4.089 

Y-intercept 2.051 -6.138 7.402 1.256 -7.407 -6.343 -2.657 -6.256 

X-intercept 1.084 1.953 1.256 0.672 1.322 1.629 1.709 1.530 

1/slope -0.529 0.318 -0.169 -0.535 0.178 0.257 0.643 0.245 

Std. Error 

Slope 1.429 1.495 1.139 2.377 3.916 1.471 3.416 2.971 

Y-intercept 1.824 2.248 1.488 3.104 4.989 1.971 4.512 4.115 

Goodness of Fit 

Correlation (r) -0.256 0.490 -0.687 -0.169 0.452 0.430 0.130 0.462 

R squared 0.065 0.240 0.4716 0.029 0.204 0.184 0.017 0.213 

Number of XY Pairs 27 16 33 23 10 33 14 9 
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Figure 129. The Count rate and crack growth rate with ΔK for all R260 rail steel 

samples on a logarithmic scale. 

 

Table 25.  Plots log dC/dN and da/dn against ΔK for all R260 rail steel. 

 

Sample R1 R2 R3 R4 R5 R6 R7 R8 R9 

Best-fit values 

Slope 4.159 5.067 4.952 1.932 4.278 4.782 3.598 3.735 2.798 

Y-intercept -5.834 -6.706 -7.089 -2.221 -6.488 -6.811 -5.116 -5.235 -3.675 

X-intercept 1.403 1.324 1.431 1.150 1.516 1.424 1.422 1.402 1.313 

1/slope 0.240 0.197 0.202 0.518 0.234 0.209 0.278 0.268 0.357 

Std. Error 

Slope 1.121 1.357 0.976 0.863 1.050 1.599 0.920 1.417 1.086 

Y-intercept 1.600 1.845 1.309 1.240 1.523 2.328 1.342 2.096 1.530 

Goodness of Fit 

Correlation  0.581 0.614 0.712 0.354 0.591 0.547 0.588 0.434 0.541 

R squared 0.338 0.378 0.507 0.125 0.349 0.299 0.345 0.188 0.293 

Number of 

XY Pairs 29 25 27 37 33 23 31 32 18 
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Figure 130. The Count rate and crack growth rate with ΔK for all R220 rail steel 

samples on a logarithmic scale. 

 

Table 26. Plots log dC/dN and da/dn against ΔK for all R220 rail steel. 

 

Sample R1 R3 R5 R6 R7 R8 R9 

Best-fit values 

Slope 7.367 6.729 5.271 6.877 5.440 8.906 3.031 

Y-intercept -9.575 -8.021 -6.258 -8.477 -6.634 -10.020 -3.952 

X-intercept 1.300 1.192 1.187 1.233 1.220 1.125 1.304 

1/slope 0.136 0.149 0.190 0.145 0.184 0.112 0.330 

Std. Error 

Slope 0.426 1.057 0.756 0.677 0.446 2.405 1.396 

Y-intercept 0.571 1.289 0.995 0.862 0.574 3.016 1.752 

Goodness of Fit 

Correlation (r) 0.974 0.839 0.763 0.880 0.912 0.560 0.520 

R squared 0.949 0.704 0.582 0.775 0.832 0.314 0.177 

Number of XY Pairs 18 19 37 32 32 32 24 
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6.3.3.3 Duration rate 

 Figure 131 plots the correlation between the duration and growth rates of cracks with ΔK 

on a logarithmic scale. The duration rate for all samples follows a similar pattern to the 

crack growth rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 131. The Duration rate and crack growth rate with ΔK for all Hadfield 

manganese steel samples in logarithmic scale. 

 

Table 27. Plots log dD/dN and da/dn against ΔK for all Hadfield manganese steel. 

 

Sample H1 H2 H3 H4 H6 H7 H8 H10 

Best-fit values 

Slope -3.211 2.352 -5.273 -1.645 4.501 3.290 -3.542 3.632 

Y-intercept 5.158 -3.064 7.714 2.156 -4.626 -4.041 5.892 -4.176 

X-intercept 1.606 1.303 1.463 1.311 1.028 1.228 1.664 1.150 

1/slope -0.311 0.425 -0.189 -0.608 0.222 0.304 -0.282 0.275 

Std. Error 

Slope 1.280 1.231 1.771 2.727 3.648 1.863 2.793 2.855 

Y-intercept 1.629 1.844 2.303 3.563 4.648 2.500 3.710 3.979 

Goodness of Fit 

Correlation (r) -0.456 0.517 -0.484 -0.134 0.400 0.352 -0.372 0.461 

R squared 0.208 0.268 0.234 0.018 0.160 0.124 0.139 0.213 

Number of XY Pairs 26 12 32 22 10 24 12 8 
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Figure 132. The Duration rate and crack growth rate with ΔK for all R260 rail steel 

samples on a logarithmic scale. 

 

Table 28. Plots log dD/dN and da/dn against ΔK for all R260 rail steel. 

 

Sample R1 R2 R3 R4 R5 R6 R7 R8 R9 

Best-fit values 

Slope 4.049 4.096 4.569 1.918 4.680 4.334 3.444 1.915 2.473 

Y-intercept -4.601 -4.449 -5.456 -1.145 -6.084 -4.971 -3.785 -1.290 -2.117 

X-intercept 1.136 1.086 1.194 0.597 1.300 1.147 1.099 0.674 0.856 

1/slope 0.247 0.244 0.219 0.521 0.214 0.231 0.290 0.522 0.404 

Std. Error 

Slope 1.298 1.471 1.247 0.903 1.280 1.675 1.081 1.298 1.262 

Y-intercept 1.852 2.001 1.672 1.298 1.857 2.439 1.577 1.930 1.777 

Goodness of Fit 

Correlation  0.515 0.502 0.591 0.338 0.549 0.492 0.509 0.264 0.440 

R squared 0.265 0.252 0.350 0.114 0.301 0.242 0.259 0.070 0.194 

Number of 

XY Pairs 29 25 27 37 33 23 31 31 18 
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Figure 133. The Duration rate and crack growth rate with ΔK for all R220 rail steel 

samples in logarithmic scale. 

 

Table 29. Plots log dD/dN and da/dn against ΔK for all R220 rail steel. 

 

Sample R1 R3 R5 R6 R7 R8 R9 

Best-fit values 

Slope 7.631 6.320 4.836 6.650 5.169 6.853 0.193 

Y-intercept -9.084 -6.701 -4.768 -7.331 -5.408 -7.078 0.377 

X-intercept 1.190 1.060 0.986 1.102 1.046 1.033 -1.958 

1/slope 0.131 0.158 0.207 0.150 0.194 0.146 5.196 

Std. Error 

Slope 0.571 1.051 0.975 0.778 0.579 1.956 1.179 

Y-intercept 0.766 1.282 1.284 0.990 0.744 2.453 1.479 

Goodness of Fit 

Correlation (r) 0.958 0.825 0.643 0.842 0.852 0.539 0.035 

R squared 0.918 0.680 0.413 0.709 0.727 0.290 0.001 

Number of XY Pairs 18 19 37 32 32 32 24 
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6.3.3.4 Amplitude rate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 134. The Amplitude rate and crack growth rate with ΔK for all Hadfield 

manganese steel samples in logarithmic scale. 

 

Table 30. Plots log dA/dN and da/dn against ΔK for all Hadfield manganese steel. 

 

Sample H1 H2 H3 H4 H6 H7 H8 H10 

Best-fit values 

Slope -4.103 2.453 -4.499 -1.477 2.812 2.414 1.905 1.947 

Y-intercept 5.920 -4.010 6.871 2.162 -3.084 -2.862 -2.322 -2.209 

X-intercept 1.443 1.635 1.527 1.464 1.097 1.185 1.219 1.135 

1/slope -0.244 0.408 -0.222 -0.677 0.356 0.414 0.525 0.514 

Std. Error 

Slope 0.947 1.121 0.749 1.951 3.226 1.281 2.590 2.598 

Y-intercept 1.208 1.686 0.978 2.548 4.110 1.710 3.421 3.598 

Goodness of Fit 

Correlation (r) -0.655 0.505 -0.739 -0.163 0.295 0.316 0.208 0.273 

R squared 0.429 0.255 0.546 0.027 0.087 0.100 0.043 0.074 

Number of XY 

Pairs 27 16 33 23 10 34 14 9 
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Figure 135. The Amplitude rate and crack growth rate with ΔK for all R260 rail steel 

samples in logarithmic scale. 

 

Table 31. Plots log dA/dN and da/dn against ΔK for all R260 rail steel. 

 

Sample R1 R2 R3 R4 R5 R6 R7 R8 R9 

Best-fit values 

Slope 1.599 5.254 3.410 -0.751 0.975 1.785 1.682 1.283 -0.599 

Y-intercept -1.275 -5.867 -3.846 2.371 -0.639 -1.561 -1.404 -0.821 1.788 

X-intercept 0.797 1.117 1.128 3.158 0.656 0.874 0.835 0.640 2.986 

1/slope 0.625 0.190 0.293 -1.332 1.026 0.560 0.595 0.779 -1.670 

Std. Error 

Slope 1.453 1.419 1.412 0.610 1.207 1.705 1.077 1.401 1.615 

Y-intercept 2.075 1.930 1.893 0.876 1.751 2.483 1.571 2.074 2.274 

Goodness of Fit 

Correlation  0.207 0.611 0.435 -0.204 0.144 0.223 0.279 0.165 -0.092 

R squared 0.043 0.373 0.189 0.042 0.021 0.050 0.078 0.027 0.009 

Number of 

XY Pairs 29 25 27 37 33 23 31 32 18 
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Figure 136. The Amplitude rate and crack growth rate with ΔK for all R260 rail steel 

samples in logarithmic scale 

 

Table 32. Plots log dA/dN and da/dn against ΔK for all R220 rail steel. 

 

 

 
 

Sample R1 R3 R5 R6 R7 R8 R9 

Best-fit values 

Slope 5.618 5.652 4.009 6.192 4.790 13.470 0.767 

Y-intercept -7.172 -6.651 -4.390 -7.491 -5.703 -13.390 -4.913 

X-intercept 1.277 1.177 1.095 1.210 1.191 0.994 6.407 

1/slope 0.178 0.177 0.249 0.162 0.209 0.074 1.304 

Std. Error 

Slope 0.884 0.744 1.037 0.809 0.679 2.142 1.238 

Y-intercept 1.186 0.906 1.366 1.030 0.873 2.687 1.554 

Goodness of Fit 

Correlation (r) 0.846 0.879 0.547 0.813 0.790 0.754 0.285 

R squared 0.716 0.773 0.299 0.661 0.624 0.569 0.017 

Number of XY Pairs 18 19 37 32 32 32 24 
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Table 33-35 shows the correlation of the calculated AE parameter rate, crack 

growth rate, and ΔK for the R220 rail steel, R260 rail steel, and Hadfield manganese steel 

samples on a logarithmic scale. It should be mentioned that all AE parameter rates 

considered in the analysis were calculated using the same method as the crack growth 

rate, meaning that the Paris-Erdogan law is directly relevant.   

Since R220 rail steel generates more consistent elastic waves, a better fit between 

their AE signal parameters and cracks growth parameters is feasible. R220 rail steel 

demonstrates an apparent fit between the energy rate, count rate, and amplitude rate of AE 

signals and ΔK. The average C value, m values, and conventional approach to interpreting a 

correlation coefficient from the experiment are shown in Table 33. 

Table 33. Average fit parameters against ΔK of R220 rail steel. 

 

 

Samples 8 and 9 resulted in extremely erratic plots. After eliminating both 

samples, the crack growth rate parameters with ΔK for all R220 rail steel samples except 

samples 8 and 9 are shown in Figure 137, and the interpretation is all strong correlation 

(Table 34). 

 

 

 

 

 

 

 

R220 Rail Steel 

AE Parameters C m R R2 Interpretation 

Energy rate 2.68 x10-8 7.073 0.704 0.495 Strong correlation 

Duration rate 1.94 x10-6 5.379 0.670 0.450 Moderate correlation 

Count rate 2.74 x10-8 6.232 0.778 0.606 Strong correlation 

Amplitude rate 7.92 x10-8 5.785 0.702 0.493 Strong correlation 
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Figure 137. The crack growth rate parameters with ΔK for all R220 rail steel samples 

but samples 8 and 9. 

 

Table 34. Interpretation of R220 rail steel after neglected samples 8 and 9 

 

 

 

 

 

 

 

 

 

 

 

 
The count rate for R260 steel samples follows the same pattern as the crack growth 

rate for each sample, though the variation between samples is greater than the crack growth 

rate. Thus, R260 rail steel qualification is also feasible, but with a larger margin of error 

due to data point scattering. All parameters except only the Amplitude rate have a 

moderate correlation. 

R220 Rail Steel (adjusted) 

AE Parameters R R2 Interpretation 

Energy rate 0.810 0.656 Strong correlation 

Duration rate 0.874 0.763 Strong correlation 

Count rate 0.824 0.679 Strong correlation 

Amplitude rate 0.775 0.601 Strong correlation 
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Table 35. Average fit parameters against ΔK of R260 rail steel. 

 

R260 Rail Steel 

AE Parameters C m R R2 Interpretation 

Energy rate 2.44 x10-8 5.524 0.624 0.410 Moderate correlation 

Duration rate 1.71 x10-4 3.498 0.467 0.218 Moderate correlation 

Count rate 3.44 x10-6 3.922 0.551 0.304 Moderate correlation 

Amplitude rate 5.62 x10-2 1.626 0.196 0.039 Weak correlation 

 

The AE data did not fit the Paris law trend so well. For all parameters, Hadfield 

manganese steel provides a significantly worse fit. Since the samples had not been work-

hardened and the plate is in the as-received condition, this is due to plasticity. This is 

expected to be less of an issue in actual Hadfield manganese crossings, which have been 

work-hardened and will not exhibit much plasticity, a hypothesis confirmed by literature 

data and SEM fractography. 

Table 36. Average fit parameters against ΔK of Hadfield manganese rail steel. 

 

Hadfield Manganese Steel 

AE Parameters C m R R2 Interpretation 

Energy rate 2.53 x10-2 0.917 0.139 0.019 Weak correlation 

Duration rate 4.24 x10 0.013 0.036 0.001 Negligible correlation 

Count rate 5.47 x10-3 1.079 0.107 0.011 Weak correlation 

Amplitude rate 1.14 x10 0.182 0.005 0.000 Negligible correlation 

 

Hadfield manganese steel and other high Mn manganese steels have been 

confirmed to exhibit ductile crack growth. However, ductility will be noticeably reduced 

as work hardening progresses, resulting in more cleavage.  The Hadfield steel samples 

show a quasi-cleavage fracture during high cycle fatigue, the most common fracture 

mode. This form of fracture corresponds to the very low energy rate observed in pearlitic 
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rail steel samples. The lower growth rate of the crack is consistent with the presence of 

plasticity ahead of the crack tip and work hardening [152-153]. The twin nucleation is an 

outstanding source of AE since it is caused by the cumulative motion of several hundred 

dislocations [63]. There is no detectable AE generated by the twin growth, as shown in 

[151]. While an elliptical twin grows at a rate of 10-3 ms-1, the surface displacement 

induced by twin growth is approximately ∆U = 5 x 10-22 m, according to Papirov et al. 

[168]. This surface displacement is unquestionably less than the AE setup's resolution 

[154].  
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CHAPTER 7: FRACTOGRAPHY 

In this chapter, study the fracture surface of the samples to answer the aim question of the 

link between microstructural features and AE signals generated from crack growth. An 

in-depth analysis of the non-metallic inclusion helps explain the areas responsible for 

detecting the increased signals. A summary of the possibilities of using the LCSM method 

is presented at the end of the chapter. 

7.1 FRACTURED SURFACE ANALYSIS  

The samples were fractured under a single load after the fatigue tests. The crack 

propagation zone (CP) is where fatigue cracks grow, and the final fracture zone (FF) is 

the rest of the surface. A fracture surface morphology evaluation was carried on typical 

fatigue-failed specimens of each material to define the fatigue damage types. In the 

characteristic fracture analysis, the fractures are classified into ductile fractures and brittle 

fractures. Both types are categorised by the quantity of plastic deformation and energy 

absorbed before fracture. Fracture surface observations were performed along the 

pathways found in the fatigue study of crack extensions on the surface. Figure 138 shows 

the fracture surface of the R260 rail steel and Hadfield manganese steel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 138. Macroscopic of R260 rail steel and Hadfield manganese steel. 
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From the Figure 138, it can be seen that the fatigue area of Hadfield steel is longer 

than the R260 rail steel. The fatigue crack length of the R260 is approximately 80 mm, 

while the Hadfield manganese steel, it has a longer length of about 110 mm. 

7.1.1 R260 Rail Steel  

R260 rail steel fatigue samples fracture surfaces were studied and analysed after 

being subjected to cyclic three-point fatigue bending test. The fractured surfaces were 

investigated using a JEOL 6060 SEM. A macroscopic view of the fracture areas is seen 

in Figure 139. 

 

 

 

 

 

 

 

 

 

 

 

 

        

 

Figure 139. Macroscopic view of a fractured surface showing the morphologies of the 

fatigue crack growth area (A) and the brittle fracture area (B) to show that the fatigue 

zone is smoother than the overload zone, a lighter shade of grey may be used. 

 

The difference between the fatigue area and the final ductile fracture area during 

plastic deformation of R260 rail steel is shown in Figure 139. The macroscopic 

appearance of the fracture surfaces demonstrates reveals a clear connection between 
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fatigue surfaces and fracture surfaces. The cracks begin in the pre-cracked area and 

gradually progress across the fatigue zone or area affected by cyclic stresses. In general, 

the fatigue area will develop cracks at an average rate of 10-8 to 10-6 millimetres each 

stress cycle [88]. The material will become less forceful as the cracks grow, resulting in 

an overload zone. The "fractures zone" was defined in these areas by a brittle fracture. 

Cleavage facets, intergranular facets, and striations (a micro-extension of the fatigue 

fracture) are three types of cracks that suggest brittle fracture mechanisms [155], as shown 

in Figure 140-141. 

 

 

 

 

 

 

 

Figure 140. A cleavage process causes a river pattern of radiating lines, typical of a 

brittle fracture mechanism (A). In addition, there were transgranular and intergranular 

fractures in this area, suggesting that the environment had contributed to its failure (B). 

 
 

 

 

 

 

 

 

 

Figure 141. Fatigue striations are marks that occur on material due to fatigue failure and 

represent individual crack-growth steps. A material that failed due to fatigue may have 

hundreds of fatigue striations on its surface. Therefore, many fatigue striations may only 

be seen under a magnification greater than 100x. 

 

(A) (B) 
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The fracture surfaces on all the samples were shimmering and smooth. There were 

no dimples or other signs of ductile fracture in the early stages of fatigue near the 

threshold, indicating that the sample fracture appears brittle. The lamellar structure of the 

pearlitic microstructure explains the surface staircase-like appearance. In addition, the 

R260 steel fracture was discovered to have a large number of inclusions. Both steels have 

facets on their surfaces at the final fracture zone (FF). Cleavage fracture occurs more 

frequently in dense atomic planes (Table 37). For the cleavage fracture of BCC metals, 

this fragmentation process is much more important. Because the number of cleavage 

planes is fewer than the number of potential slip planes, the geometry needed to cross-

grain boundaries through cleavage fractures is severely limited. Ferrite steels tested in the 

low toughness regime or the transition zone between ductile and brittle stages show 

considerable fracture toughness resistance as a result of transgranular and intergranular 

fracture interactions [179]. 

Table 37. Cleavage plans in various materials [179]. 

 

 

 

 

 

The overload resulted in much more brittle behaviour and increased cleavage. The 

fracturing occurs within these fully pearlitic steels within the pearlite colonies through 

the different cementite and lamellas of ferrite. The crystallographic orientation of the 

ferrite in the pearlite is used to identify each exposed fracture surface facet. The size of 

the facets may be compared to the grain size of the prior austenite due to the ferrite 

crystallographic connection. 
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The traces obtained from and from the DCPD instrument were used to measure 

the actual crack duration and fatigue crack growth rate. Subsequently, crack lengths were 

compared with the cumulative AE energy produced by the two different sensors. 

However, the actual number of failure cycles depends on the initial crack duration (a0) at 

the start of each fatigue test. Therefore, the values obtained from both the AE and DCPD 

instruments were calculated to measure the crack length and fatigue crack growth rate 

following the equation in 5.3. The graph of the experiment will be plotted to describe the 

crack growth in the same direction. 

R260 Sample 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 142. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of R260 sample 1. The labelled spikes are 

identified in Figure 143. 
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An optical microscope and a scanning electron microscope were used to examine the 

cracks. As shown in Figure 142, the area has an effect on the growth of each point. 
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Figure 143. SEM Micrographs showing the fracture surface (a) Iron carbide and SiO2 

defect at a distance of 5 mm, (b)(c) Iron carbide and cracking at a distance of 5.5 mm -

6.2 mm, (d) Cracking at a distance of 6.4 mm, (e) Iron carbide and porosity at a distance 

of 6.6 mm, (f)(g)(h) Cracking, MnS, and Iron carbide at a distance of 7.3 mm - 10.3 

mm, (i) Interface between notched area and fatigued area, (j) Interface between fatigued 

area and fractured area. 
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R260 Sample 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 144. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of R260 sample 2. The labelled spikes are 

identified in Figure 145. 
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Figure 145. SEM Micrographs showing the fracture surface distance (a) Iron carbide 4.5 

mm, (b) Cracking and Iron carbide at a distance of 5.8 mm, (c) Iron carbide and SiO2 at 

a distance of 6.8 mm, (d) Cracking, MnS, and Iron carbide at a distance of 9 mm. 

 

R260 Sample 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 146. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of R260 sample 3. The labelled spikes are 

identified in Figure 147. 
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Figure 147. SEM Micrographs showing the fracture surface (a) MnS, SiO2, and 

cracking defect at a distance 4 mm, (b)(c) Iron carbide and large cracking defect at a 

distance of 5.2 mm - 6.1 mm, (d) Clustered carbides defect at a distance of 6.5 mm, (e) 

Cracking and MnS at a distance of 8.2 mm, (f) SiO2, and cracking defect at a distance of 

10.2 mm. 
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R260 Sample 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 148. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of R260 sample 4. The labelled spikes are 

identified in Figure 149. 
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Figure 149. SEM Micrographs showing the fracture surface (a) (b) (c) Cracking, Al2O3, 

and Iron carbide at a distance of 3.8 mm - 5.2 mm, (d) Cracking and Iron carbide at a 

distance of 9.5 mm, (e) Cracking and MnS at 10.5 mm, (f) Iron carbide and cracking at 

a distance of 10.7 mm. 

 

 R260 Sample 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 150. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of R260 sample 5. The labelled spikes are 

identified in Figure 151. 
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Figure 151. SEM Micrographs show the fracture surface (a) Iron carbides defects at a 

distance of 3.5 mm, (b) SiO2 and Clustered carbide defects at a distance of 5.8 mm, (c) 

Clustered carbide defect at a distance of 6.7 mm, (d) Cracking and Iron carbide defects 

at a distance of 7.5 mm, (e) (f) (g) Cracking, MnS, SiO2, and Iron carbide defects at a 

distance of 8 mm -11 mm. 
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R260 Sample 6 
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Figure 152. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of R260 sample 6. The labelled spikes are 

identified in Figure 153. 
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Figure 153. SEM Micrographs show the fracture surface (a) Iron carbide and cracking 

defects at a distance of 4.5 mm, (b)(c)(d) Cracking, Clustered carbides, SiO2, and MnS 

defects at a distance of 6.5 mm - 9.0 mm, (e) (f) Cracking, carbide, and oxide defects at 

a distance of 10.3 mm -11 mm. 
 

 

 

R260 Sample 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 154. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of R260 sample 7. The labelled spikes are 

identified in Figure 155. 
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Figure 155. SEM Micrographs are showing the fracture surface (a) Iron carbide, Scatter 

of carbides and SiO2 defect at a distance of 5.6 mm, (b) Cracking, MnS, and Iron 

carbide at a distance of 7.2 mm, (c) Cracking, Al2O3, and Iron carbide at a distance of 

6.5 mm, (d) Cracking at a distance of 8.3 mm – 11.3 mm. 
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R260 Sample 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 156. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of R260 sample 8. The labelled spikes are 

identified in Figure 157. 
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Figure 157. SEM Micrographs show the fracture surface (a) (b) (c) Cracking, Al2O3, 

MnS, and carbide at a distance of 6.0 mm- 7.2 mm (d) Cracking, Al2O3, and Iron 

carbide at a distance of 7.5 mm, (e) (f) Al2O3, Cracking and Iron carbide at a distance of 

7.8 mm- 9.0 mm. 
 

 

 

R260 Sample 9 
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Figure 158. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of R260 sample 9. The labelled spikes are 

identified in Figure 159. 
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Figure 159. SEM Micrographs show the fracture surface (a) Cracking, Iron carbide at a 

distance of 3.6 mm (b) Iron carbide at a distance of 7.0 mm, (c) (d) (e) Iron carbide, 

MnS, and Cracking at a distance of 8.0 mm -10.5 mm. 

 

The data for sample ten are not shown due to sudden overloading at the beginning 

of the experiment. The accumulated AE energy increases as the crack propagates, as 

observed to be the case for all samples tested. The crack propagation calculated by DCPD 

follows a classic exponential curve pattern, and the AE emission increases gradually but 
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with some abrupt increases. When damage propagates, high-energy AE signals resulting 

from more significant events trigger these sudden increases. The AE response of both 

R50a sensors detects the same signals with spikes at the same points in most of the 

samples. The source of these high-energy burst signals has been characterized using SEM 

and the AE results obtained. This work has shown that some type of defect, such as 

inclusion, exists in the sample at that location with any dramatic spike in AE energy 

captured. 

There were three significant types of defects found in R260 (as well as R220): 

MnS inclusions, iron carbides, and cracks. In R220, many of the MnS inclusions were 

found to be typically seen as a grouping of minor steps on AE results, while alumina 

(Al2O3) inclusions were found on some fracture surfaces [144]. In R260 rail steel, several 

SEM micrographs reveal regions containing iron carbide within the crack surfaces. These 

iron carbides were more brittle than the surrounding regions, affected crack growth 

behaviour, and resulted in the generation of increased AE energy. The MnS inclusions 

were commonly seen as a category relative to the AE results. It can be seen either as a 

pattern of small steps or as a slope. SEM micrographs detected cracks at sites where a 

range of high-energy AE peaks was observed. The growth of these cracks and the fatigue 

crack that passes through this area would lead to a considerable rise in AE energy. Some 

studies have indicated that these cracks arise from the inclusions in the sample. Although 

it was predicted to find inclusions in fatigue surfaces, voids and string-like iron deposits 

were fascinating.  String like iron deposits has been seen mainly on SEM micrographs, 

attributed to a slight ductility in the fracture surface. This mild ductility was also seen in 

secondary cracking and the final fracture surface. This has been shown in other studies 

linked to fatigue crack growth in steel. As the volume fraction of pro-eutectic (PE) ferrite 
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Overload zone 

(Fast Fracture zone) 

 

Fatigue area 

(Slow Fracture zone) 

 

(A) 

(B) 

decreases, it will cease to play a role in crack initiation, and the steel becomes completely 

pearlitic. MnS inclusions in steel will then act as significant crack initiators. Therefore, 

R260 rail steel has been used instead of R220 rail steel. 

7.1.2 Hadfield Manganese Steel  

 

The fracture surfaces of Hadfield manganese steel samples tested were analyzed 

microscopically after completing the cyclic three-point-bending test using a JEOL 6060 

SEM. Figure 160 shows the micrographs of the different regions of the fractured surface 

of the sample. Fatigue cracks will grow slowly through the fatigue zone. However, as the 

crack grows, it eventually becomes unstable once it has reached a critical size, eventually 

causing brittle failure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 160. The morphologies of the fatigue crack growth area (A) and the brittle 

fracture area (B) are shown in a macro view of the fractured surface. 
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Hadfield sample 1 
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Figure 161. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of Hadfield manganese steel sample 1. The 

labelled spikes are identified in Figure 162. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 162. SEM Micrographs show the fracture surface (a) Interface between notched 

area and fatigued area, (b) Interface between fatigued and fractured areas, (c) Scatter of 

carbides at a distance of 5.0-6.5 mm. (d) Oriented tearing flow at the middle of fatigue 

crack propagation. 
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Hadfield sample 2 
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Figure 163. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of Hadfield manganese steel sample 2. The 

labelled spikes are identified in Figure 164. 
 

 

 

 

 

 

 

 

 

Figure 164. SEM Micrographs show the fracture surface (a) Al2O3 and crack at a 

distance of 9.2 mm. (b) Crack at approximately 10.5 mm crack length. 
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Hadfield sample 3 
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Figure 165. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of Hadfield manganese steel sample 3. The 

labelled spikes are identified in Figure 166. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 166. SEM Micrographs show the fracture surface (a) Scatter of carbides at a 

distance of 5.0 mm. (b) Scatter of carbides at a distance of 5.8 mm, (c)(d) Al2O3 at a 

distance of 7.8-8.2 mm. 
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Hadfield sample 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 167. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of Hadfield manganese steel sample 4. The 

labelled spikes are identified in Figure 168. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 168. SEM Micrographs show the fracture surface (a)(b) the beginning of the 

fatigue crack at approximately 3.9-4.2 mm. (c) clustered carbides and carbides at a 

distance of 5.8-6.2 mm. (d) Crack and dirt at a distance of 5.8-6.2 mm. 
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Hadfield sample 6 
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Figure 169. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of Hadfield manganese steel sample 6. The 

labelled spikes are identified in Figure 170. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 170. SEM Micrographs show the fracture surface (a) carbide and crack at a 

distance of 7.0 mm. (b) Carbide, and cracks at a distance of 7.5 mm (c) Carbide, and 

cracks at a distance of 8.0 mm. 

(a)(b)(c) 
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Hadfield sample 7 
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Figure 171. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of Hadfield manganese steel sample 7. The 

labelled spikes are identified in Figure 172. 

 

 

 

 

 

 

 

 

Figure 172. SEM Micrographs show the fracture surface (a)(b) Intergranular crack at 

approximately 7.5-8.0 mm crack length. 
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Hadfield sample 8 
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Figure 173. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of Hadfield manganese steel sample 8. The 

labelled spikes are identified in Figure 174. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 174. SEM Micrographs showing the fracture surface (a)(b) Intergranular crack at 

approximately 3.9-5.5 mm crack length, and (c) Iron carbide at a distance of 5.5 mm. 
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Hadfield sample 9 
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Figure 175. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of Hadfield manganese steel sample 9. The 

labelled spikes are identified in Figure 176. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 176. SEM Micrographs showing the fracture surface (a)(b) The beginning of the 

fatigue crack at a distance of 4.2-4.6 mm. (c)(d) Carbide at a distance of 5 mm. and 6.2 

mm. 
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Hadfield sample 10 
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Figure 177. A cumulative AE energy plot from R50α sensors compares to the crack size 

measured using the DCPD instrument of Hadfield manganese steel sample 10. The 

labelled spikes are identified in Figure 178. 

 

 

 

 

 

Figure 178. SEM Micrographs show the fracture surface (a) Carbide, dirt, and crack at 

approximately 5.8 mm (b) Crack at a distance of 12 mm. 
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Sample 5 failed due to sudden overloading at the beginning of the experiment; 

hence, it was not included in the results, and for sample 8, a sensor problem arose, so this 

particular test result was not very accurate. SEM analysis of Hadfield manganese steel 

fracture surfaces supports the plasticity hypothesis, as mentioned in Chapter 6. The 

microstructure of the fatigue zone of crack growth in the samples shows a ridge and 

ductile tearing. This is also characteristic of austenitic manganese steel, which explains 

why elastic waves do not produce energy. Microstructural evaluation of samples that 

showed relatively little AE activity before failure, with just a few energy jumps, revealed 

significant groups of inclusions in the microstructure, which are notably apparent along 

the crack length correlating to a dramatic rise in accumulated energy. More elastic 

processes are associated with the relative lack of carbides across the microstructure in 

samples 1 and 3, indicating that the absence of carbides in the microstructure is associated 

with more elastic processes. These data lead to the conclusion that carbide distribution is 

equally as important as carbide presence. High-concentration regions may result in more 

elastic behaviour as the crack is forced to pass through inclusions, resulting in a brittle 

fracture. Scattered inclusions may allow more plastic deformation in crack growth, 

whereas high-concentration regions may result in more elastic behaviour as the crack is 

forced to pass through inclusions, resulting in a brittle fracture. 

Plastic deformation occurs in all cases, resulting in the formation of cracks. When 

a crack develops, it is more often seen near the surface, where loads are highest. 

Considering the weakest connection in the microstructures, most cracks are limited to the 

plastic deformation layer after initiation, a weaker non-twinned grains steel. Various 

processes can produce AE during plastic deformation, but in twin growth observed in 

Hadfield manganese steel, the signal strength is negligible. This hypothesis of higher 
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plasticity is also supported by SEM analysis of Hadfield manganese steel fracture 

surfaces. The presence of a ridge and ductile tearing can be seen in the microstructure of 

the fatigue area of crack growth in the samples. This also relates to Hadfield manganese 

steel, which helps understand why elastic waves emit no energy. Microstructural analysis 

of samples 4, 6, 9, and 10, which show very little activity only with a few jumps in energy 

before failure, reveals large groupings of inclusions in the microstructure, which are 

especially visible at regions along with the crack length corresponding to a rapid increase 

in accumulated energy. In samples 1 and 3, the relative lack of carbides is associated with 

more elastic processes, implying that the relative absence of carbides across the 

microstructure is associated with more elastic processes. One conclusion drawn from 

these findings is that the carbide distribution is just as significant as its presence. Scattered 

inclusions may allow more plastic deformation in crack growth, while high-concentration 

regions may result in more elastic behaviour as the crack is forced to pass through 

inclusions, resulting in a brittle fracture.  

7.3 NON-METALLIC INCLUSION ANALYSIS 

The accumulated AE energy increases as the crack propagate, as observed for all 

samples tested in sections 7.1 and 7.2. Cracks caused it either along the grain boundary 

or through the grain. This is often related to the type and nature of inclusions in the matrix. 

This section describes the expansion of knowledge in an in-depth study into each non-

metallic inclusion and its effect on crack propagation in samples. 

7.3.1  R260 Rail Steel Inclusion Analysis 

Fatigue cracks that occur in the rail tracks often originate from inclusions. 

Therefore, it can be confirmed that inclusions play a key part in the mechanism of fatigue. 

As a result, it is critical to explain the various inclusions found in railway steels, classified 
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by composition and shape. MnS, Al2O3, and SiO2 are the most common inclusions in 

nature of R260 rail steels. MnS inclusions were elongated, while aluminium inclusions 

remained small and spherical. MnS inclusions, particularly ductile compared to SiO2 and 

Al2O3, are most associated with large inclusion deformation [175-176]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 179. SEM micrographs of R260 samples showing (a) MnS inclusions observed 

from the polished surface and (b) MnS inclusion observed from the fractured surface. 
 

Debonding is visible at the matrix-elongated inclusion interface (Figure 64). As 

the interface separates, along with the inclusion, a crack develops, increasing the stress 

concentration ahead of the inclusion. If the crack is subjected to further fatigue loading, 

it can propagate into the matrix. One of the inclusions is a stringer form composed mainly 

Element Spectrum 1 

(Weight %) 

Spectrum 2 

(Weight %) 

C 34.30                      30.86    

S 22.13                        26.16 

O 4.55                               4.32 

Mn 37.47     34.87 

Fe 1.55                            3.79 

Totals 100.00    100.00 

(b) 

MnS 

MnS 

Crack 

Crack 

(a) 
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of a white component of Aluminum oxide (Al2O3), and also another type of angular 

inclusion was detected to have only silicon (Si) peak. It seems to be possible that this 

inclusion is pure Silicon oxide (SiO2). Within several fracture surfaces, Al2O3 and SiO2 

inclusions were detected. This was not present in a group like MnS inclusions and was 

more significant in size. 

 

 

 

 

 

 

 

 

 

 

 

Figure 180. SEM micrographs of R260 samples showing (a) Al2O3 (small and circular 

shape), (b) SiO2 (hard angular). 
 

  Iron carbide regions can be seen within the crack surfaces in several SEM 

micrographs (Figure 181). These iron carbides became more brittle than the surrounding 

area, altering crack growth behaviour and increasing the amount of AE energy captured.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 181. SEM micrographs of R260 samples show (a) Iron Carbide inclusions that 

are cracked under inclusion when using BEC mode (b). 

 

The rapid growth spikes observed by AE monitoring around these flaws are 

significant, ranging from 300 to 600 µm, providing a significant signal when none can be 

(a) (b) 

(a) (b) 
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seen on the DCPD. Other usually applied detection techniques are unable to identify 

fracture propagation at this level. If a flaw could have been identified at this level, the 

National Rail tragedy may have been eliminated. 

7.3.2  Hadfield Manganese Steel Inclusion Analysis 

Both iron and manganese carbides are recognised as common defects in 

mechanical properties. However, Ductile MnS inclusions, which have been shown to 

impair AE characteristics in plain rail steel R220 rail steel and R260 rail steel, were not 

found in the sign of the tested sample of significant sulphur content in EDS. 

The flat facets at the angles of each grain crystal are seen at high magnification in 

brittle fractures when the intergranular fracture is the crack propagation mechanism 

(Figure 183). As a result, the grain forms and sizes along the fracture path are easily 

visible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 182. The fatigue cracks grow along grain boundaries. 
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Microcrack initiation driven by the accumulation of plastic deformation inside the 

grain, the coalescence of cracks within the grain, and the rapid propagation of cracks 

across grain boundaries and fractures is the crack initiation and propagation process steps. 

Intergranular propagation at the second phase interface, crack propagation mechanisms 

include transgranular propagation at dislocation pile-up sites and propagation at re-

nucleated crack tips. The initial fracture originates at the dense twin's site and propagates 

mostly parallel to the tensile axis, deflecting often related to grain and twin boundaries 

[156]. 

 

 

 

 

 

 

 

Figure 183. Fractography of tearing topography surface, the fatigue crack advances 

from up to down. 

 

Due to their low stacking fault energy (SFE) or the local softening effect related 

to the particle cutting process in precipitation strengthened materials, fatigue cracks 

preferentially propagate along 111 planes, the stage I regime of fatigue loading, in certain 

FCC metals exhibit planar slip. The region associated with the beginning of cracking 

directly following a rapid reduction in load exhibits a distinct fractography that resembles 

microdamage, micro-tearing, ductile events and is oriented in crack propagation. This 

fractographic appearance is indicative of a non-traditional micromechanical fracture 

mechanism known as tearing the topographic surface. The ductile micro-tearing events 

may be seen at a magnificent scale of micrometres in this fractographic mode, and they 
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are likely indications of plasticity driven fatigue crack growth, such as plastic crack 

progress under cyclic loading [177]. 

 

 

 

 

 

 

 

 

Figure 184. The fatigue cracks grow along grain boundaries (a); Carbide inclusion was 

observed at the grain boundary (b), and intergranular crack can be found under the 

inclusion when using the backscatter imagery mode (c). 

 

 

 

 

 

 

 

 

 

 

Figure 185. The orange peel phenomenon. 

The orange peel effect, one of the most apparent features of plastic deformation 

in Hadfield manganese steel, is shown in Figure 185. The Orange peel is associated with 

the grain size of metal. The more considerable the deformation and the larger the grain 

size, the more apparent the effect. The orange peel effect is more common in grain size 

specimens with a high concentration of carbon atoms in the matrix, particularly grain 

boundaries [170]. 
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Figure 186. Interface between notch area and fatigue area of R260 rail steel (a), and 

Hadfield manganese steel (b); Interface between fatigue area and fractured area of R260 

rail steel (c), and Hadfield manganese steel (d). 

 

Pearlitic steels have a microstructure that aligns with the shear strain direction 

during significant plastic deformation. In pearlitic steel, the two-phase microstructure of 

ferrite and cementite plays a key role in deformation and, finally, crack initiation and 

propagation. Cracks develop at the pro eutectoid ferrite grain boundaries that are the 

softest microstructure region and experience the most strain hardening as the ferrite is 

strained in the direction of plastic deformation. Waviness in the crack direction is caused 

by cracks following the weakest connection in the microstructure. Along with inclusions, 

soft ferrite and other microstructure defects act as weak points, causing the crack to shift 

direction. Hadfield manganese steel deforms differently than pearlitic rail steel grade. 

Despite the inclusions, the Hadfield manganese steels have a more homogeneous 

microstructure since they are single-phase austenite. Dislocation and twinning processes 

cause deformation in Hadfield manganese steel, but only dislocations cause deformation 

in pearlitic grades. Besides dislocation movements, extra work hardening is commonly 

associated with Hadfield manganese steels with low SFE, favourable for twinning 

deformation. Carbon atoms are rearranged from octahedral to tetrahedral configurations 

may also contribute to Hadfield manganese steel's additional hardness. As a result, 

(a) (b) (c) (d) 
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correlations between various slip mechanisms, dislocations, and twining systems [177] 

can be due to the deformation mechanism of Hadfield manganese steel. The morphology 

of the crack propagation in this investigation in a Hadfield manganese steel crossing is 

identical to that observed in pearlitic rail steel used in standard rail tracks. In all cases, 

plastic deformation happens, resulting in the formation of cracks. The crack usually starts 

at the surface, where the loads are the maximum. The Hadfield manganese steel exhibited 

elastic-plastic behaviour and ductile fracture propagation that was stable. Elastic 

behaviour and cleavage fracture were seen in the pearlitic steel. 

On the other hand, Hadfield manganese steel only has a few dimples, with 

evidence of oriented tearing flow lines and ridges visible on fracture surfaces at this high 

magnification. However, in pearlitic steel, cleavage and intergranular separation are 

connected with the rapid fracture area. In addition, Hadfield manganese has stronger 

ductile properties than pearlitic steel, indicating better fatigue separation properties. 

While these plastic deformation mechanisms vary between the two types of 

materials, the crack mechanisms that grow in both seem to be similar. In pearlite and 

Hadfield manganese steel, most cracks are limited inside the plastically deformed layer 

by following the weakest connections in the microstructure, such as ferrite grain 

boundaries. As a result, the discovered crack network traverses several grains, and the 

majority of cracks propagate back to the surface at a shallow angle to the origin, 

comparable to pearlite behaviour. 
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7.4 LASER CONFOCAL SCANNING MICROSCOPY ANALYSIS (LCSM) 

In this section are additional tests to explore the feasibility of inspecting fractured 

surfaces with a new technique that provides 3D image analysis. R260 sample 1 and 

Hadfield manganese steel sample 8 (from sections 7.1 and 7.2) were examined to 

characterize the fracture surface and determine the possibility of indicating a ductile or 

brittle fracture. The degree of grain alignment or any inclusion characteristics was not 

studied in this thesis.  

Laser confocal scanning microscopy (LCSM) was used for fractographic analysis 

as described in the present section. It is noted that previous work on this research topic 

has never considered the use of LCSM to examine the fractured surface of rail materials. 

The LCSM examination may not produce accurate results due to the limited testing time, 

making it impossible to assess every sample and all areas of interest. There are also no 

reference articles to be considered in this case. 

LCSM is different from most conventional fractographical methods in that it can 

determine depth profiles, offers fast analysis times, and involves simplified sample 

preparation, among other advantages of this technique. A limitation of LCSM optical 

microscopes is their limited depth of field; images of an object near the focus plane appear 

in confocal mode, while those further away are invisible. The applicability of confocal 

laser scanning microscopy as a fractographic approach has been proven by focusing on 

two examples of problems. LCSM resolution is comparable with other optical 

microscopes, making it appropriate for a wide range of fractographic investigations and 

allowing for excellent synergy with the SEM, which has higher resolution but no surface 

elevation capabilities [171-172]. According to Merson et al., LCSM is an effective 

instrument for the quantitative and qualitative characterisation of various fracture surfaces 



 

221 

 

and topography. By repositioning the focus plane vertically, a sequence of optical sections 

is generated from which the programme reconstructs a three-dimensional digital map, 

with short imaging durations and straightforward sample preparation methods [178].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 187. The area was observed by LCSM of Hadfield Manganese steel sample 8 and 

R260 rail steel sample 1. 

 

Due to the limited time to use the equipment, this technique was employed to 

evaluate the feasibility of using 3D measurements to analyse the fractured surface further 

supporting the experimental results. The surface roughness of the fatigued fracture 

surfaces of the samples can be confirmed using 3D confocal imaging in each area. Figures 

188-189 show isometric views of the fatigue surface together with cross-section profiles 

for both samples. 
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R260 rail steel sample 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 188. LCSM 3D isometric of the fatigue surfaces with cross-section profile for the 

R260 rail steel sample fatigue testing of the imaging process in a confocal microscope. 
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Hadfield manganese steel sample 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 189. LCSM 3D isometric of the fatigue surfaces with cross-section profile for the 

Hadfield manganese steel sample fatigue testing of the imaging process in a confocal 

microscope. 
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Figure 190 is the area examined for differences in levels the tool can detect and measure 

to guide a future test. 

 

 

 

 

 

 

 

 

 

 

Figure 190. LCSM 3D isometric of the Hadfield manganese steel samples. The slope of 

notch area (A), at the middles of fast fracture surface area (B), and the interface between 

fatigue and fracture areas (C). 

 

As described in 7.3.1, R260 rail steel contains many inclusions, resulting in the 

appearance of the crack surface found in the inclusion zone to have features 

corresponding to both cleavage fracture mechanism and microvoid coalescence mode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 191. R260 rail steel profiles corresponding to positions 4, 5, and 6. 
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Unlike the Hadfield manganese steel, which has fewer inclusions, most fractures 

occur along the grain boundary. This makes the difference in the degree of surface change 

of the sample almost invisible. 

 

 

 

 

 

 

 

 

 

 

Figure 192. Hadfield manganese steel profiles corresponding to positions 2, 4, and 5. 

 

The combination of LCSM and SEM research enables the high resolution and 

analytical capabilities of SEM to be combined with the three-dimensional information 

provided by LCSM. The ability to obtain three-dimension information, the rapidity with 

which data is acquired, and the potential of quantitative analysis contribute to LCSM 

competitiveness. Its flexibility makes it suitable for a variety of fractographical 

investigations, while its intrinsic productivity makes it well-suited for quality control 

applications. LCSM seems to have a wide range of potential applications in fractography 

and materials basic science since it bridges the gap between conventional optical 

microscopy and 3D confocal microscopy, SEM, and AFM. Considering that acquiring a 

single LCSM image takes only 1–3 minutes and no vacuum or other specimen preparation 
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is required; this technique is particularly fast compared to others [178]. It can be noted 

that LCSM may serve as an excellent alternative to SEM for a wide range of fractographic 

analysis purposes. For example, SEM images can offer a significantly higher resolution 

of the same fracture surface. However, SEM cannot obtain the height data produced with 

LCSM. Furthermore, LCSM provides the best representation of the global structure, 

resulting in a more detailed image; The grooves are more pronounced, and there are 

apparent depth variations between them. As a result, LCSM and SEM may be thought of 

as complementary methods. 
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CHAPTER 8 

CONCLUSION AND FUTURE WORK 
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 8.1 CONCLUSION 

This research provides the knowledge of the application of AE techniques in developing 

reliable correlations to quantify damage propagation and guarantee that relevant 

information can be obtained from AE data in conventional rail steel (R220, R260) used 

in the manufacturing of plain rail and built-up turnout compared with Hadfield manganese 

steel used in one-piece cast frog turnout. Three-point fatigue bending experiments were 

carried out under laboratory conditions using a customised AE system developed by the 

University of Birmingham and a commercial AE system procured from Physical 

Acoustics Corporation.  

The following conclusions can be drawn from this study: 

• AE monitoring has proven to be a reliable method for identifying small defects 

during the propagation of fatigue cracks. It was particularly beneficial for 

detecting defects caused by rolling contact fatigue, such as subsurface cracking 

and delamination, as well as their propagation. 

• The customized AE system developed in-house has similar capabilities as the PAC 

commercial system, which has found the possibility of further field testing 

applications. 

• Rail steel grade R260 exhibited cleavage fracture during crack growth, whilst the 

Hadfield manganese steel and other high Mn manganese steels have been 

confirmed to exhibit ductile crack growth. 

• In the R260 steel samples examined, captured AE signals with amplitudes more 

than 60 dB exist during steady crack growth. In the experiments performed, the 

distribution of high amplitude AE hits is more scattered. This is due to a continual 

brittle cleavage fracturing process during crack development.  
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• In the Hadfield manganese steel samples, most AE signals with amplitudes larger 

than 60 dB occur during the final stage of damage evolution. The maximum 

amplitude during the testing for all Hadfield samples is lower than for R260 rail 

steel due to the plasticity at the crack tip, resulting in lower AE energy levels being 

generated. 

• For all steel grades studied, the crack growth rates were clearly correlated in each 

sample. Thus, the rapid increase in AE activity arising during crack growth in 

specific locations can be attributed to the presence of inclusions within the 

microstructure. 

• R220 rail steel demonstrates an apparent fit between the energy rate, count rate, 

and amplitude rate of AE signals and ΔK. In addition, R220 rail steel generated 

more consistent elastic waves. Therefore, a better fit between their AE signal 

parameters and cracks growth parameters is feasible. 

• R260 rail steel quantification is also feasible but with a larger margin of error due 

to data point scattering. All parameters except only the Amplitude rate have a 

moderate correlation. 

• Hadfield manganese steel samples were no noticeable Paris trend from the 

recorded AE activity. This is likely due to the plasticity occurring at the tip of the 

fatigue fracture in the samples tested, based on hardness measurements and 

fractographic analyses. This is plausible because the Hadfield manganese steel 

samples were cut from a plate that had not been previously work-hardened, and 

the influence of carbides in the microstructure before fatigue testing is also a 

contributing factor. 
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• MnS, Al2O3, and SiO2 are the most common inclusions observed in R260, whereas 

Mn3C and (Fe, Mn) 3C are found near grain boundaries and inside austenite grains 

in Hadfield manganese steel. Each inclusion has a different shape and hardness 

that affects the occurrence of cracks in the workpiece, as described in Chapter 7.3. 

• The significant rapid growth spikes seen by AE monitoring around these defects 

range from 300 µm to 600 µm, giving a significant signal while none can be seen 

on the DCPD. At this level, other commonly used detection methods are unable 

to detect crack propagation.  

• LCSM method can be used for fracture surface analysis, but additional testing 

with samples is still required to improve the accuracy of the data analysis. 

The knowledge the authors gained in the Hadfield manganese steel was very useful in 

further research. The limitations found in the test results caused by this material rarely 

exhibit elastic wave emission activity when the samples undergo crack growth due to the 

plasticity occurring at the tip. The phenomenon was confirmed using statistical as well as 

SEM fractography. The author suggests that AE data may be used for a more qualitative 

evaluation. However, the test with Hadfield manganese steel that has passed the work-

hardened is necessary because it is unclear if AE from crack growth for in-service 

crossing would behave differently. If the implementation of the AE technique is 

unsuccessful, an alternative NDT method may be considered. 

Ultimately, all these findings will greatly benefit research in the Thai Railways, where 

knowledge of AE applications is very new and rarely experts in this field. 
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8.2 POTENTIAL FOR FURTHER RESEARCH 

The potential for further research is presented below. 

• Further studies should be performed on Hadfield manganese steel samples that 

have been work-hardened and then be carried out using the AE monitoring 

techniques used in this study on the actual railway network. It will be interesting 

to observe if AE from crack growth for in-service crossings varies to that observed 

in the laboratory test. 

• Study more about the usability of the LCSM as this fractographical method can 

analyse both qualitative and quantitative characterisation. 

• Future research will study railways in Thailand using the experimental results 

from this thesis as a basis. Thailand environmental factors differ from the UK in 

terms of climatic conditions, train usage types, and other environmental factors. 

Therefore, the setting of various parameters requires further study. 
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