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Abstract 

With the rapid advancement of manufacturing methods, machined components are expected to 
exhibit improved surface integrity and enhanced functional performance. To achieve better 
surface integrity and dimensional precision, traditionally hardened steels (> 45 HRC) often 
undergo grinding and polishing operations. With the recent advancement in the machining 
process and the progress of new cutting tool materials, high precision, and better surface 
integrity can be obtained by hard turning process with shorter resetting time using PCBN 
inserts. However, depending on the cutting conditions, the interaction between the workpiece 
and cutting tool induces gradients of thermo-mechanical loads on the machined surface 
resulting in white layer formation.  

To understand the white layer formation and its characteristics, the first part of this thesis 
investigates the effects of cutting parameters and tool geometry on the formation of white 
layers and their impact on the surface integrity of hard-turned AISI 52100 bearing steel. The 
results revealed distinctive microstructural morphology in the white layers generated by 
dominant mechanical and thermal loads, i.e. mechanically induced white layer (M-WL) and 
thermally induced white layer (T-WL). The M-WL exhibited an elongated, fragmented 
microstructure with a material drag zone underneath it. M-WL showed ~26% increased 
hardness, while the material drag showed ~6% increased hardness compared to the bulk 
material. Additionally, better surface roughness and higher surface compressive residual 
stresses were observed. In contrast to M-WL, the T-WL exhibited a cellular structure with a dark 
layer adjacent to it. Under thermal dominant conditions, there was an increase in surface 
roughness and reduced surface compressive stresses with fresh inserts compared to M-WL, and 
even observed surface tensile stresses with worn inserts. The T-WL exhibited ~28% higher 
hardness, while the dark layer beneath resulted in 17% lower hardness than the bulk material.  

The second part of the thesis investigates the role of varying retained austenite (RA) content in 
the white layer formation. The results showed that, regardless of the RA content, M-WLs 
associated with surface compressive residual stresses were observed at low cutting speed using 
fresh cutting inserts. With a worn tool, samples with higher RA content resulted in the formation 
of T-WL which was accompanied by surface tensile residual stresses. A similar observation was 
made when machining at high cutting speed using a fresh cutting insert. Regardless of RA 
content, machining at high cutting speed with a worn cutting tool, led to T-WL at the surface, 
which was accompanied by surface tensile residual stresses. 

This work shows the effect of cutting conditions and different retained austenite content on the 
formation of M-WL and T-WL in AISI 52100 bearing steel. The results highlight the improved 
surface integrity capability of the M-WL compared to T-WL. 

Keywords: hard-turning, martensite, AISI 52100, white layer, dark layer, surface roughness, 
residual stresses, retained austenite, nanoindentation 
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CHAPTER 1 
 

 

 

Introduction 

 

1.1 Motivation 
High-quality steel products with superior dimensional precision and surface integrity 
are required for various functional performances. Often machining is performed as a 
final finishing operation to achieve the product requirements manufactured by forging, 
casting, rolling and various other shaping processes. The machining of hardened steel 
components is receiving significant attention due to its numerous applications in 
industries such as automotive, press tooling, die molding, gear manufacturing, bearing 
applications, and aeronautics. Traditionally, the grinding process is performed followed 
by honing as a final finishing process for the hardened steels. However, in recent years, 
there has been a growing acceptance of hard-turning as a competitive alternative to 
grinding. This is due to its ability to achieve required surface integrity specifications, 
higher flexibility in the manufacturing process, lower energy consumption, high material 
removal rate, and manufacturing of complex geometries using Polycrystalline Cubic 
Boron Nitride (PCBN) cutting inserts [1], [2], [3].  

       During the hard-turning process, the workpiece material experiences high strain 
rates from thermo-mechanical loads, which often leads to the generation of a thin layer 
on the machined surface referred to as the 'white layer'. The thin layer appears 
featureless when viewed under optical microscopy [4], [5], [6], [7]. Consequently, the 
machined component exhibits different surface and subsurface alterations in terms of 
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microstructure compared to the bulk material, thereby compromising its surface 
integrity. 

       Depending on the cutting conditions during the hard-turning process, mechanically-
induced and thermally-induced white layers are generated. The white layer consists of 
nanocrystalline grains and ultra-fine grains (20 nm to 200 nm) and possesses higher 
hardness than the bulk material [8], [9], [10]. Due to the anticipated enhanced wear 
resistance and hardness properties at the surface, tailoring the formation mechanism of 
nanocrystalline microstructure with required surface roughness and compressive 
residual stresses might increase the functional performances of the engineered 
component through hard-turning. However, the practical limitations of the white layer 
performances are uncertain depending on the formation mechanism. To address this 
research gap, this thesis aims to investigate the characteristics of hard-turned induced 
white layers to potentially be used as functional surfaces. 

1.2 Research objective 
The main aim of this research project is to understand the surface integrity generated by 
the hard-turning process on AISI 52100 through hardened bearing steel with a tempered 
martensitic microstructure. The interaction between the workpiece material and the 
cutting tool during the hard-turning process creates gradients of thermo-mechanical 
loads such as stress, temperature, and plastic deformation on the machined surface, 
leading to the formation of the white layer.  

       Depending on the cutting conditions, the mechanism behind the formation of white 
layers on the machined surface, along with their corresponding surface integrity and 
mechanical properties, is unlikely to be similar. This study aims to investigate the 
surface integrity and mechanical properties of the white layers generated by mechanical 
and thermal dominance with various cutting conditions. 

       This project is designed to investigate the following research questions related to 
the hard-turning of AISI 52100 bearing steel: 

 

 Q1: What is the effect of cutting parameters and cutting tool geometry on the surface 
integrity of the hard-turned AISI 52100 steel? 
 

 Q2: What is the role of retained austenite in the formation of hard-turned induced 
white layers? 
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1.3 Research outline 
Chapter 2 provides a comprehensive understanding of the background of machining-
induced white layers and then hard-turned induced white layers. To understand the 
formation mechanism of mechanically-induced white layers and thermally-induced 
white layers, the concept of dynamic recovery and dynamic recrystallization is 
discussed. The purpose of this review is to offer the reader valuable background 
information regarding the initial studies of white layers formed by machining. 

       Chapter 3 explains the chemical composition of the material, heat treatments, and 
initial microstructure before hard-turning machining. Additionally, it explains the heat 
treatment process generating different fractions of retained austenite.  

       Chapter 4 introduces the theory of hard turning. In addition, the surface integrity 
resulting from the hard turning process is discussed in terms of residual stresses and 
surface roughness. The focus is particularly on the effect of various cutting parameters 
and the progression of tool flank wear. 

       Chapter 5 outlines the experimental details and process conditions connected to the 
different characterization techniques used to study the white layers. The residual 
stresses are evaluated with X-ray diffraction (XRD), surface roughness is studied with an 
optical profilometer using coherence scanning interferometry technique, the 
microstructural investigation is performed with light optical microscopy (LOM), 
scanning electron microscopy (SEM), and finally, nanoindentation to understand the 
mechanical properties.  

       Chapter 6 summarizes the obtained results in connection to the research questions 
discussing the effect of cutting parameters on white layer formation, the characteristics 
of white layers, and the role of retained austenite in the formation of white layers.  

       Chapter 7 provides the conclusions and insights into the future scope of the work.  
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CHAPTER 2 
 

 

 

White Layers 

 

2.1 Background 
“White layer” refers to the microstructural alteration of the bulk metallic material and 
due to their etch-resistant behaviour, they appear featureless and white when viewed 
under the light optical microscope. They are usually observed in a range of ferrous and 
non-ferrous materials under different conditions. In 1912, Stead was the first to observe 
the presence of white layers on steel wire ropes after use [11]. He determined that these 
white layers are formed because of frictional heating, followed by rapid cooling 
(quenching), which occurred during service. The occurrence of white layers has been 
reported in machining operations like hard-turning [8], [9], grinding [7], milling [12], 
drilling [13], reaming [14], and electrical discharge machining [6], [15]. Apart from 
machining, additionally, they are observed during rail-wheel interactions [16] and impact 
loading testing [10].  

       The appearance of the white layer on the sample cross-section when observed 
under a light optical microscope (LOM) is due to the scattering of the white light when 
the surface interacts with the visible light. The fine features in the altered region are 
smaller than the visible wavelength of light (400 nm – 700 nm) contributing to this white 
light scattering. However, when the white layer is examined using a scanning electron 
microscope (SEM), the higher resolution capability of the SEM allows for the 
visualization of very fine features within the white layer region. Figure 1 shows the hard-
turned induced white layer observed in LOM and SEM. 
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Figure 1: White layer microstructure in AISI 52100 tempered martensite bearing steel machined by hard-turning 
observed by (a) light optical microscopy and (b) scanning electron microscope.  

       The white layer is often observed with a subsurface microstructural transformation 
known as the 'dark layer'. The generated white and dark layers on the machined surface 
exhibit different microstructural properties compared to the bulk material. The 
microstructure of the white layer is usually characterized by untempered martensite 
formed via reverse martensitic transformation. Conversely, the dark layer is composed 
of over-tempered martensite [17], [18].  However, because of various process conditions, 
the generated white layer might not observe a dark layer beneath it. When Turley [14]  
investigated the white etching surfaces formed during the reaming process in ultra-
high-strength steel, he concluded that the white layer with a fine subgrain structure is 
formed due to surface fragmentation that occurs from severe plastic deformation. 
There is no occurrence of dark layers beneath it, but a plastic deformation layer as 
observed in Figure 2 (a). Figure 2 (b) shows the mechanically induced white layers 
generated by the hard turning process with no dark layer beneath in AISI 52100 
tempered martensitic bearing steel. 

 

Figure 2: (a) White etching surface formed by the reaming process with a plastic deformation layer beneath it. 
The arrow indicates a defect. Taken with permission from Ref.  [14]. (b) Mechanically-induced white layer 
generated by the hard-turning process with no dark layer beneath it in AISI 52100 tempered martensitic 
bearing steel. 

       Numerous researchers have investigated the formation of white layers, with 
Griffiths [4] suggesting three mechanisms leading to their generation: (a) the 
development of a very fine grain structure due to severe plastic deformation 
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(mechanical effect), (b) phase transformation resulting from rapid heating and 
quenching (thermal effect), and (c) surface reaction triggered by environmental factors. 
However, when machining the hardened steels, the focus is primarily on the mechanical 
and thermal effects in the formation of white layers. 

2.2 Hard-turned induced white layers   
The hard turning process refers to the machining of metallic materials with a hardness 
exceeding 45 HRC. During this process, the machined surface undergoes simultaneous 
mechanical and thermal effects. The formation of the white layer during the hard-
turning process was examined in 1976 by Bailey et al. [19]. He observed the white layers 
on the hardened AISI 4340 steel when machined using a tungsten carbide cutting tool 
with varying cutting speeds and artificially generated controlled wear land. He 
concluded that under high cutting speeds and extensive tool wear, the observed white 
layers are the result of a phase transformation due to the elevated temperatures 
generated by the tool and the workpiece interaction.  

       Chou and Evans [17] studied the white layer formation on hard-turned AISI 52100 
steel using a worn Al2o3-TiC ceramic tool. As the cutting speed increased, the thickness 
of the white layer increased, but after a certain speed, the rate of increase gradually 
decreased. However, with the increase of tool wear, the white layer thickness increased 
progressively. The XRD results from the study showed an increased retained austenite 
content of 33% in the white layer in comparison to 11% in the bulk material. The high 
retained austenite content in the white layer was concluded to be due to thermally 
driven reverse martensitic transformation with possible activation of plastic strain.  

       Cutting speed and tool wear are the primary interests in the hard-turning process 
because of their intricate influence on thermo-plastic deformation. Several researchers 
have made similar observations about high retained austenite content and the 
formation of a dark layer beneath the white layer, and that the white layer formed 
during hard turning is influenced by increasing cutting speed and tool wear interactions  
[9], [20], [21], [22].  

       In the literature, it is often assumed that the white layer forms when the surface 
temperature of the workpiece surpasses the austenitization temperature in the 
equilibrium Fe-C phase diagram due to the reverse martensitic phase transformation 
effect (γ    α). The fine grain structure in the white layer region is formed due to dynamic 
recovery followed by the dynamic recrystallization process. Zhang et al. [21] investigated 
the formation of the dark layer beneath white layers in AISI 52100 steel and attributed it 
to the tempering process of martensite resulting from thermal effects. 

       However, a limited number of studies have recognized the significant role played by 
severe plastic deformation in the formation of the white layer during hard-turning [8], 
[9], [20], [22], [23]. This scenario occurs when temperatures are insufficiently high for the 



 
 

8 
 

austenitization process to take place, typically due to low cutting speeds, low feed rates, 
and minimal tool wear. In such cases, mechanical deformation predominates in the 
white layer formation.  

       Ramesh et al. [22], investigated the white layer formation on hard-turned AISI 52100 
steel using a low CBN content cutting insert. Machining with a low cutting speed of 91.4 
m/min resulted in the white layer formation because of significant plastic deformation 
and the refinement of grains. The observed retained austenite content was decreased, 
which was attributed to either strain-induced transformation or tempering effects. Both 
these phenomena occurred during the hard-turning process with the low cutting speed. 
In contrast, the high cutting speed of 273.4 m/min resulted in a white layer caused due to 
reverse martensitic transformation with high retained austenite content. Barry and 
Byrne [8] reported similar trends when using fresh and worn inserts, the worn inserts 
led to an increase in surface temperature and resulted in a white layer with increased 
retained austenite content. 

        Han et al. [20] examined the cutting temperatures during orthogonal machining of 
AISI 1045 annealed steel and noted the development of a white layer below the phase 
transformation temperature, attributed to plastic deformation. Hosseini et al. [9] 
examined the formation mechanism of white layers using a low cutting speed of 30 
m/min. They reported that no dark layer formed beneath the white layers and referred 
to them as mechanically induced white layers with lower retained austenite content 
than in the bulk. Additionally, TEM examinations unveiled elongated nano-sized grains 
within the mechanically induced white layer, a result of the dynamic recovery process.        

              Numerous studies conducted using TEM have found that the white layer 
comprises nanocrystalline grains ranging from <10 nm to submicron grains of 200 nm 
[8], [9], [23], [24]. Ramesh et al. [22] reported that the white layers formed by thermal 
domination had larger grains (~ 20 nm ) compared to the mechanical dominant white 
layer (~5 nm). Because of the ultra-fine grain size of the white layer, the hardness in this 
area exceeds that of the bulk material, primarily due to the Hall-Petch effect and 
dislocation strengthening. Zhang et al. [21] measured the hardness of the white layer and 
dark layer in comparison with the parent tempered martensite bulk material in AISI 
52100 steel. The average hardness of the bulk material is around 10.3 GPa with the white 
layer being 12.5 GPa and the dark layer being 8.8 GPa. Ramesh et al. [22] reported that 
the increase in white layer hardness is observed with higher cutting speed as the 
dominant thermal phase transformation causes the carbon to be retained in the white 
layer due to carbide dissolution. However, when examining the hardness of the white 
layer in the EDM sample, which formed solely through reverse martensitic 
transformation, a decrease in hardness is noted in comparison with the hard-turned 
white layer, attributed to the formation of a high retained austenite content. Hosseini et 
al. [25] reported that the mechanically induced white layer displayed approximately 26% 
higher hardness than the bulk material, primarily due to severe plastic deformation that 
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led to the formation of subgrains, and under these circumstances, there is no formation 
of a softer dark layer beneath the white layer.   

2.3 Formation mechanism 
The metal-cutting process is characterized by the intense deformation of workpiece 
material within a small volume during short intervals. During this process, the material 
flow stress depends on the cutting process and workpiece properties. The factors 
depending on the cutting process are - strain, strain rate, and temperature. A few of the 
workpiece properties that affect the material flow stresses are initial grain size, crystal 
structure, hardening behaviour, specific heat etc. [26].  

       During conventional material tests, the strain rates typically range from 10-3 to 10-1 s-1 
(isothermal condition). The strain rates involved in machining operations are typically in 
the order of 103 to 106 s-1 (adiabatic condition) and much higher compared to the 
isothermal conditions and strains ranging between 1 – 10 [26]. In the adiabatic condition, 
the strain rate determines the rate of heat generation during deformation and the 
thermal conductivity of the workpiece material controls the heat dissipation rate. In 
metallic materials experiencing strain rates exceeding 102 s-1, localized deformation 
accelerates, raising the temperature in the deformed area. This increase in temperature 
leads to a reduction in material flow stress due to thermal softening. Since heat 
generation from deformation outpaces heat dissipation rate, the material undergoes 
localized shear propagation, culminating in catastrophic failure [27]. Zener and 
Hollomon [28] were the first to identify adiabatic shear as the predominant factor 
contributing to the failure of metallic targets under high strain-rate ballistic impacts. 

       Depending on the cutting speeds and tool wear, the measured cutting temperatures 
during the white layer formation in hard-turning can be above or below the 
austenitization range. In their research, Ueda et al. [29] investigated the cutting 
temperatures in AISI 52100 steel (700 HV1) with a CBN insert. They found that at a 
cutting speed of 100 m/min, the temperature measured was 800 ⁰C, whereas at 300 
m/min, the temperature on the cutting edge of the tool flank reached 950 ⁰C. According 
to Han et al. [20] despite the transformation temperature not being reached, they 
observed the formation of a white layer on the machined surface during the AISI 1045 
orthogonal cutting. Similarly, Hosseini et al. [30] investigated the formation of white 
layers on hard-turned AISI 52100 steel and utilized a two-colour pyrometer technique to 
measure cutting temperatures. They found that thermally-induced white layers formed 
within the range of 840 ⁰C to 920 ⁰C. In contrast, mechanically-induced white layers 
formed at approximately 550 ⁰C, significantly below the austenitization temperature of 
750 ⁰C. 

       Zhang et al. [31] examined the microstructures formed during impact wear testing of 
a low alloy carbon steel with an initial tempered martensite microstructure. Following 
testing, the material exhibited a surface white layer and internal white adiabatic shear 
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bands. TEM analysis revealed fine subgrains in both regions with no FCC diffraction 
patterns observed. They concluded that the formation of surface white layers and 
internal adiabatic shear bands were attributed to the dynamic recovery process. Barry 
and Byrne [8] conducted a study on the formation of white layers in AISI 4340 tempered 
martensite steel using both unworn and worn tools. They proposed that when unworn 
tools were used, dynamic recovery acted as the initiation mechanism for the refined 
structure, similar to the internal adiabatic shear bands (ASB) mechanism. However, 
when worn tools were employed, the increased temperature on the workpiece led to 
dynamic recrystallization dominating the process, resulting in a very fine grain structure 
with increased FCC content.  

        From the previous studies, the nanocrystalline structures observed in the white 
layers during hard-turning with high strain-rate conditions are either the result of a 
dynamic recovery mechanism due to severe plastic deformation at low cutting speeds 
or dynamic recrystallization mechanisms in combination with severe plastic 
deformation and reverse martensitic transformations at high cutting speeds [8], [9], [22], 
[23].                

2.3.1 Dynamic recovery and dynamic recrystallization 
The hot working behaviour of alloys is typically observed by flow curves, which are a 
direct result of changes in microstructure: a) work hardening, b) dynamic recovery and 
c) dynamic recrystallization [32].  

During the thermo-plastic deformation, the crystalline material's free energy is 
increased by an increase in the dislocation density due to deformation, which results in 
the work hardening phenomenon on the flow stress. In this stage, the morphology of 
the grains remains the same due to relatively low plastic strain. As the deformation 
progresses, adiabatic shear is initiated, leading to a sharp increase in dislocation density. 
It is believed that the material containing those flaws is thermodynamically metastable. 
Further, the intense plastic shear results in the reorientation and elongation of the grain 
structure along the shear direction. As deformation localization intensifies, dislocations 
start climbing to form dislocation cells. The dynamic recovery process initiates with the 
annihilation and rearrangement of dislocations. In such scenarios, the rate of defect 
generation (dislocation increase) exceeds that of dislocation annihilation. Consequently, 
only partial elimination of dislocations occurs under these conditions. With the 
assistance of the local temperature rise resulting from localized plastic deformation, 
dislocation tangles are generated, creating areas with varying dislocation densities and 
forming subgrain boundaries. The subgrain cell walls subsequently segment, leading to 
the refinement of elongated grains [31], [32], [33], [34]. Dislocation climb is a crucial 
mechanism for dynamic recovery. In metals characterized by high stacking fault energy 
(SFE), dislocation climb happens quickly. Conversely, metals with low SFE experience 
challenges in dislocation climb out of their glide planes. Alloys exhibiting slow dynamic 
recovery due to low SFE are more prone to undergo dynamic recrystallization [8], [35].  
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     The substantial strain energy stored in the deformed elongated grains notably lowers 
the recrystallization temperature. Additionally, the intense plastic deformation at high 
strain rates contributes to an increase in the workpiece temperature [36]. When the 
stored energy surpasses a critical threshold where the work hardening and recovery can 
no longer store immobile dislocations, a more intense restoration process known as 
dynamic recrystallization inevitably takes place usually in low SFE materials. This 
process involves the formation of new dislocation-free grains within the deformed or 
recovered structures. These new refined equiaxed grains then grow and consume the 
old grains, leading to a new grain structure with a comparatively lower dislocation 
density. However, if deformation persists, the dislocations in the newly formed grains 
will continue to increase [32], [34]. At 1000 ⁰C, BCC iron has a high SFE of 0.2 Jm-2 in 
comparison to the FCC iron of 0.075 Jm-2 SFE. The low SFE of FCC iron formed due to 
reverse martensitic transformation favors the occurrence of dynamic recrystallization 
[8].   
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CHAPTER 3 
 

 

 

Materials 

 

3.1 AISI 52100 workpiece material 
The workpiece material investigated in the scope of this work is high carbon-chromium 
steel SAE/ASTM/AISI 52100 (DIN 100Cr6, SUJ2, EN31) in tempered martensitic condition. 
This material is widely used in bearing industries due to its high wear resistance, and 
high strength properties to withstand heavy rolling contact fatigue loadings [37]. The 
nominal composition is provided in Table 1.  

Table 1: Chemical composition of 52100 steel used in the current study, Fe-bal. 

Element C Mn Cr Si S P 

Wt.% 0.95 0.32 1.42 0.26 0.001 0.009 

 

       The initial state of AISI 52100 steel is spheroidize annealed, characterized by finely 
dispersed cementite precipitates in a nearly spherical form within the ferrite matrix. This 
microstructure typically exhibits a hardness of approximately 200 HV. The 
spheroidization process involves chromium partitioning into the cementite ((Fe, Cr)3C), 
leading to a microstructure that facilitates efficient machining [38]. The hardness 
requirement for bearing components is typically around 700 HV (58 HRC – 62 HRC) [39]. 
To attain these final properties, the steel undergoes a through-hardening heat 
treatment process. This process begins with austenitization at approximately 840 ⁰C, 
followed by rapid quenching in oil to achieve a martensitic microstructure. 
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Subsequently, tempering (between 1st and 2nd stages) is carried out to reduce the 
retained austenite (RA) content to below 2% and achieve a final hardness of 
approximately 58 – 60 HRC. After the through-hardening heat treatment process, the 
microstructure comprises a combination of plate and lath tempered martensite matrix, 
along with tempered cementite and near-spherical (Fe, Cr)3C cementite, with less than 
2% retained austenite as shown in Figure 3 below [40], [41]. 

       Depending on the application, the microstructure is optimized concerning retained 
austenite content, and carbide fractions distribution in the microstructure. In this thesis, 
the study also focused on the role of retained austenite content in the white layer 
formation. Two different retained austenite contents (12% and 25%) were obtained by 
varying the heat treatment process in the AISI 52100 steel.  

       To obtain a retained austenite (RA) content of 12%, batch 1 samples underwent 
austenitization at 860 ⁰C for 120 minutes with a carbon potential of 0.75% in the furnace. 
On the other hand, to obtain 25% RA, batch 2 samples were austenitized at 920 ⁰C with 
a carbon potential of 0.8% in the furnace for the same duration. Maintaining the carbon 
potential is crucial to prevent decarburization caused by the higher austenitization 
temperature. Both batches were then quenched in oil at 80 ⁰C, with the samples 
oriented vertically to ensure uniformity. Following quenching, both batches underwent 
tempering at 160 ⁰C (1st stage) for 60 minutes. The final hardness achieved was within 
the range of 61±2 HRC. 

       Increased austenitizing temperatures can lead to a higher volume fraction of 
retained austenite primarily due to the increased carbon content in the austenite phase. 
This higher carbon content helps to stabilize the retained austenite, preventing its 
transformation into martensite during quenching by lowering the martensite 
transformation temperature. By varying the austenitization temperature, different 
volume fractions of retained austenite can be achieved [42], [43].  

 

Figure 3: SEM image of the bulk tempered martensite microstructure. Yellow arrows indicate the (Fe, Cr)3C 
carbides in the matrix and red arrows indicate the tempered cementite within the martensite. 
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3.2 Martensite 
The term "martensite" was coined in 1890 as a tribute to the contributions of Adolf 
Martens, specifically to describe the hard phase observed in steel that underwent rapid 
cooling. However, in contemporary usage, it refers more broadly to any diffusionless 
transformation that emerges during cooling or deformation processes in ferrous, 
nonferrous materials and ceramics [44].  

       Martensite is formed when austenite undergoes rapid cooling at speeds exceeding 
the diffusion rate of carbon atoms. Martensitic transformation in steel has been 
observed to occur at a speed of 1000 ms-1 [45]. When diffusion is inhibited, carbon 
atoms are unable to escape and become trapped at octahedral sites within the face-
centered cubic (FCC) austenite lattice. This trapping induces the transformation to the 
body-centered tetragonal (BCT) lattice of martensite through a diffusionless shear 
process. There is a coordinated shift that results in atomic movements that are less than 
the interatomic distance. The significant disparity in solubility between FCC and BCT 
structures results in the BCT lattice of martensite being supersaturated with carbon, 
leading to lattice distortions [45]. The lattice parameters change proportionally with the 
carbon content, and this relationship can be expressed by the ratio of the axes, c/a, as 
indicated in equation 1.  ௖௔ = 1 + 0.045 ∗ 𝑤𝑡. % 𝐶                                                             (1) 

In this equation, c and a represent the axes of the body-centered tetragonal (BCT) unit 
cell.  

        Martensite formation is diffusionless and athermal, so the level of undercooling 
determines the extent of transformation. The temperature at which martensite 
formation starts is called the martensite start temperature (Ms), indicating the necessary 
energy for austenite-to-martensite transformation. Conversely, the martensite finish 
temperature (Mf) marks the end of martensite formation, beyond which further cooling 
doesn't lead to martensite formation. With higher carbon content, martensite 
transformation temperatures decrease as carbon strengthens the resistance of 
austenite to shear. In cases of high carbon content, complete martensite transformation 
might not happen at room temperature, leading to retained austenite formation [45], 
[46]. 

       Martensite primarily takes two forms: lath martensite and plate martensite. The type 
of morphology formed depends on the carbon content present. Lath martensite is 
typically observed when the carbon content is ≤ 0.6 wt.% C, whereas plate martensite is 
seen when the carbon content is ≥ 1 wt.% C. In cases where the carbon content falls 
between these values, a combination of lath and plate martensite may be observed [45]. 

       After rapid cooling, martensite becomes hard and brittle, resulting in a material with 
reduced toughness and ductility. To address this, bearing steels often undergo 
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additional tempering. This process involves heating the material to a temperature above 
room temperature but below the AC1 point for a specific duration. Under these 
conditions, martensite is highly susceptible to phase transformations due to: (i) the 
dense dislocations and martensite crystal interfaces, which promote grain recovery and 
growth, (ii) the supersaturation of alloying elements, leading to segregation and carbide 
precipitation, and (iii) the presence of unstable retained austenite below the AC1 point 
[47]. Distinct stages related to specific microstructural changes have been identified 
based on both time and tempering temperature [41], [45], [47].  

• Segregation (T < 100 ⁰C): carbon atoms migrate towards dislocations, with up to 
0.2 wt. %C is involved in the migration. 

• First stage (100 ⁰C  < T < 200 ⁰C): precipitation of nano-sized transition ε-carbides 
and η-carbides with a partial loss of tetragonality. 

• Second stage (200 ⁰C  < T < 300 ⁰C):  decomposition of retained austenite to form 
cementite and ferrite.  

• Third stage (250 ⁰C < T < 350 ⁰C): precipitation of cementite (Fe3C) to the 
detriment of existing ε-carbides. 

• Fourth stage (350 ⁰C  < T < AC1 ): recovery, martensite lath coarsening and 
recrystallization.         

       By carefully varying the austenitization and tempering temperatures, it is possible to 
achieve a final microstructure of tempered martensite that maintains the high strength 
of martensite while also retaining a certain level of ductility and toughness with different 
retained austenite content.  
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CHAPTER 4 
 

 

 

Hard Turning 

 

4.1 Introduction 
The fundamental goal of metal cutting processes is to create a fresh surface with the 
required surface integrity on the workpiece by mechanically eliminating the material in 
the form of chips. This objective can be accomplished using tools featuring single-point 
(turning) or multi-point (milling) geometrically defined cutting edges or tools with 
geometrically undefined cutting edges (such as grinding). This work specifically 
emphasises hard turning, a process employing a single-point, geometrically well-
defined cutting edge to machine metallic materials with a hardness exceeding 45 HRC 
[1]. 

4.2 Fundamentals of hard-turning 

4.2.1 Cutting parameters 
The underlying principle for generating the machined surface relies on ensuring the 
appropriate relative motion between the workpiece and the cutting tool. In hard-
turning, the workpiece is held in a rotating chuck while the cutting tool moves along its 
surface, resulting in the formation of chips due to their relative motion. This process, 
where the tool is fed along the length of the workpiece parallel to its axis of rotation, is 
referred to as longitudinal turning as illustrated in Figure 4 [48].  
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       The primary group of cutting parameters critical for machining processes includes 
cutting speed (vc), feed rate (f), and depth of cut (ap). Cutting speed refers to the relative 
velocity between the workpiece and the cutting tool, usually stated in meters per 
minute (m/min). Feed rate indicates the distance travelled by the cutting tool for each 
revolution of the workpiece, measured in millimetres per revolution (mm/rev), while the 
depth of cut is the depth to which material is removed, expressed in millimetres (mm). 
Figure 4 illustrates the key process parameters.   

 

Figure 4: Illustration of the longitudinal hard-turning process. Key process parameters cutting speed (vc), feed 
rate (f), and depth of cut (ap) are indicated along with the workpiece, and tool direction. 

4.2.2 Heat generation and deformation zones 
Roughly 97% of the mechanical energy is transformed into thermal energy during the 
hard-turning process through the workpiece plastic deformation and the frictional work 
taking place at the interface between the workpiece and the tool. The three shear 
zones—primary, secondary, and tertiary zones—are where heat is generated and then 
transported to the workpiece, tool, and chip as shown in Figure 5. In the primary zone 
(I), material from the workpiece is sheared off to create chips. The zone extends from 
the cutting tool tip to the point where the undeformed workpiece surface intersects 
with the deformed chip. Heat is generated in this area from plastic deformation, leading 
to material softening and increased deformation. Approximately 80% of the heat is 
produced in the primary shear zone, of which 75% is removed through the chip and 5% 
is transferred to the workpiece. The secondary shear zone (II) occurs at the tool rake 
face-chip interface. Heat is produced in this zone through the plastic deformation of the 
chip and the friction between the tool's rake face-chip interface. Of the remaining 20% 
thermal energy, 18% is produced at the secondary zone. The tertiary shear zone (III) 
arises in the freshly machined surface under the tensile stress exerted by the tool's 
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clearance face. The remaining 2% heat is generated here through the plastic 
deformation of the fresh surface and the frictional work between the clearance face and 
the newly generated surface [49], [50]. 

       During the cutting process, the material in front of the cutting tool tip is either 
displaced upwards by the rake face to form a chip or ploughed below the cutting edge 
to create the machined surface. The point where the material flow diverges to create the 
chip and the newly machined surface is known as the stagnation point as shown in 
Figure 5 [50]. 

       The friction and temperature at the tool-workpiece and tool-chip interfaces 
contribute to the progression of tool wear through various simultaneous mechanisms, 
ultimately leading to compromised surface integrity. To mitigate these negative effects, 
cutting fluids are employed to reduce friction and heat during tool and workpiece 
interaction. The application of coolant in hard-turning offers three major beneficial 
effects: a) cooling, b) lubrication between the chip and rake face, and c) efficient chip 
removal from the workpiece [49]. 

 

Figure 5: Schematic illustration of the deformation zones: Primary shear zone (I), Secondary shear zone (II), and 
Tertiary shear zone (III). The stagnation point is indicated in the image where the material flow separates to 
form the chip and machined surface.  

4.3  Cutting tool    
The cutting tools used in hard-turning must endure significant mechanical forces and 
high temperatures simultaneously. Moreover, the friction between the tool and chip, as 
well as between the tool and workpiece, is substantial. To execute hard-turning 
effectively, the tool must exhibit characteristics like high wear resistance, elevated 
temperature hot hardness, increased toughness to prevent fractures, and stability both 
chemically and physically at high temperatures [51]. 

       The introduction of polycrystalline cubic boron nitride (PCBN) cutting tools, 
comprising sintered CBN grains with a binder, has revolutionized hard-turning. Coating 
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these PCBN inserts and developing the required tool geometry has enhanced cutting 
tool performance by reducing wear, thereby extending the tool lifespan and ensuring 
the desired surface quality on the workpiece [49]. Figure 6 illustrates the schematic 
representation of the cutting tool geometry utilized in the thesis work. 

 

 

Figure 6: Cutting tool geometry with important features. 

4.3.1 Tool wear 
Despite its ability to produce surface integrity comparable to that of a ground 
workpiece in a shorter production time, hard-turning is not widely adopted as the final 
finishing process. This is primarily because the cutting tool experiences continuous 
deterioration, resulting in significant tool wear that directly affects the workpiece's 
surface integrity. As the tool wear progresses, cutting forces and temperatures rise due 
to the increased contact length during machining between the cutting tool and 
workpiece. The degradation of tools can be categorized based on micro and macro scale 
progression into two main groups: wear and fracture [52].  

       The wear mechanism in the cutting zone becomes intricate due to the simultaneous 
influence of mechanical, thermal, and adhesion factors. Because of these factors, tool 
wear can be caused by multiple mechanisms or specific mechanisms depending on the 
cutting conditions. The four primary classifications of wear mechanisms are: a) abrasive 
wear, b) adhesion wear, c) diffusion wear, and d) chemical wear. When cutting speeds 
are low to moderate, mechanically dominated abrasive and adhesive wear tends to 
dominate. Conversely, at high cutting speeds, thermally activated diffusion wear, 
thermal wear (caused by plastic deformation due to thermal softening), and chemical 
wear (resulting from oxidation and corrosion) become the dominant mechanisms [49], 
[52].   

       Due to the continuous action of the chip removal process by the cutting tool, the 
tool wear can be located in two zones:  
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• The wear on the rake face is identified by the formation of a crater or built-
up edge, which occurs due to the action of chip flow along the rake face. Its 
primary cause is due to adhesion and diffusion. 

• Wear on the flank or clearance face results from the high friction between 
the tool edge and the newly machined surface, with abrasion being the 
primary wear mechanism.  

       Figure 7 (a) represents the fresh cutting insert with a 15⁰ chamfer angle after 
machining with VB: ~ 0.04 mm and Fig. 7 (b) shows a pre-worn insert with a 35⁰ chamfer 
angle after machining with VB: ~ 0.21 mm. Flank wear and crater wear are observed on 
the worn insert which eventually affects the surface integrity. 

       In hard-turning operations, flank wear (VB) is the preferred mode of tool wear 
pattern as it affects the surface quality due to its gradual progression and controllability. 
The thesis is focused on investigating the impact of flank wear on residual stresses, 
surface roughness, and white layer generation in comparison to the fresh inserts.  

 

Figure 7: (a) Fresh insert after machining observed VB: ~0,04 mm flank wear (15⁰ chamfer angle) (b) Pre-worn 
insert after machining with VB: ~ 0.21 mm (35⁰ chamfer angle) and crater wear is observed on the rake face.   

4.3.2 Tool geometry 
Cutting tool geometry significantly impacts the hard-turning process. A crucial aspect of 
hard-turning is selecting the suitable rake angle and preparing the cutting edge 
correctly. When machining hardened steel, a negative rake angle is preferred by aligning 
the tool along the cutting speed direction. Additionally, a positive clearance angle 
between the tool and the workpiece is maintained to avoid rubbing against the 
workpiece during cutting. This setup ensures a robust cutting edge, reducing the risk of 
chipping under high cutting forces. A chamfer is incorporated into the tool's cutting-
edge design to withstand the significant tool stresses that are generated during 
machining [49], [53]. Tool geometry including tool nose radius, edge radius, and chamfer 
angle, when combined with cutting parameters like cutting speed, feed rate, and depth 
of cut, plays a crucial role in influencing residual stress generation, surface roughness, 
and white layer microstructural evolution on the machined surface after hard turning. 
The surface integrity of these parameters is discussed in section 4.4. 
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4.4 Surface integrity 
Surface integrity involves examining the changes that occur during the manufacturing 
process of a component, which can impact its properties and overall service 
performance. The term surface integrity is defined as ‘The inherent or enhanced condition 
of a surface produced in machining or other surface generation’ [54]. Considering that 
components undergo dynamic loads after hard-turning, surface integrity can be divided 
into two main aspects and holds great significance [55], [56]. 

• Geometric irregularities (surface finish and texture)  
• Internal subsurface aspects (metallurgy, hardness, and residual stresses) 

In this section, the theory of surface topography and residual stresses are discussed. 
White layer metallurgical features and their corresponding hardness effects were 
discussed in Chapter 2. 

Surface topography: Surface topography results from a combination of factors, 
including aspects of the manufacturing process and characteristics of the workpiece 
material. Topography irregularities arise from a combination of three types of features: 
surface form, surface waviness, and surface roughness. Form and waviness are caused 
by macrogeometric errors like cutting tool instability and workpiece deflection, while 
roughness pertains to microgeometric errors. The current work is focused on evaluating 
the surface roughness generated with varied cutting conditions. Surface roughness is 
defined as the high-frequency irregularities on a surface, which emerge from the 
interaction between the cutting tool parameters and the workpiece microstructure [55]. 
The surface roughness achieved after hard-turning is primarily influenced by tool 
geometry, cutting speed, and feed rate. However, factors such as the built-up-edge 
phenomenon, tool wear and machine-tool dynamics also play crucial roles in 
determining the surface texture quality. 

Residual Stresses: Residual stresses are internal stresses that maintain equilibrium 
within components without the influence of external forces, and thermal gradients. 
Depending on the length scale, the residual stresses are classified into macro residual 
stresses that balance throughout the bulk of the material (Type I). Micro residual 
stresses are equilibrated among grains and can vary due to the presence of different 
phases within the material (Type II). Sub-micro residual stresses occur at atomic 
dimensions within a grain, where they balance due to line defects (dislocations) and 
point defects (vacancies and interstitials) in the solid body (Type III). All types of residual 
stresses are present to some extent in the components [57].  

       The residual stress distribution in machined components is influenced by both the 
machining process parameters and the preceding materials processing steps. The 
combination of thermal and mechanical effects during the hard-turning generates the 
residual stresses in the machined component. The residual stress state in machined 
surfaces can be attributed to several factors, including [55]: 
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• The pressure between the tool and the workpiece causes rubbing, leading to 
plastic deformation of the machined workpiece material and consequently 
generating compressive residual stresses. 

• Tool/workpiece friction during plastic deformation heats the surface, causing 
temporary expansion due to the surrounding material's constraints. This can 
exceed the yield stress, leading to plastic deformation. Subsequent cooling 
induces thermal contraction, resulting in tensile residual stresses at the surface. 

• Elevated cutting temperatures can trigger phase transformations in the 
machined material. For instance, in hardenable steel, rapid heating, and cooling 
can generate martensite, creating compressive stresses due to volumetric 
changes during the transformation. 

4.4.1 Influence of cutting parameters and tool geometry on 
surface integrity  
The impact of cutting parameters and tool geometry on surface integrity has garnered 
significant research attention, resulting in varied findings across the literature.   

       Navas et al. [58] studied the impact of feed rate on surface residual stresses in AISI 
4340 steel. They found that increasing the feed rate led to higher surface tensile 
stresses, attributed to the elevated temperature during cutting. This temperature rise 
was linked to increased chip thickness, generating more heat from material plastic 
deformation during chip formation and contributing to thermal tensile stresses on the 
surface. Dahlman et al. [59] investigated how rake angle, and cutting feed influence 
residual stresses during the hard turning of AISI 52100. They found that higher feed 
rates and more negative rake angles led to increased compressive stresses beneath the 
surface. A more negative rake angle leads to increased mechanical action in the 
subsurface, resulting in higher compressive stresses due to the rise in passive cutting 
force [60]. Higher feed rates lead to elevated temperatures, causing increased tensile 
plastic deformation below the cutting tool (beneath the flank face). This deformation 
region deepens with the feed rate. As a result, at higher feed rates, the tensile plastic 
deformation extends further under the flank face behind the cutting edge. When the 
deformation zone is unloaded, this leads to a reversal in the stress state, creating deeper 
compressive residual stresses [60], [61], [62]. The effect of cutting speed on residual 
stresses was reported by Gunnberg et al. [60] in hard-turned case-carburized 18MnCr5 
steel using a PCBN cutting tool. They observed that the increased cutting speed 
generates more heat, leading to higher temperatures and surface tensile residual stress. 
However, because most of the heat is removed by the chip, the high temperature does 
not penetrate deeply into the workpiece, limiting its impact on residual stress 
generation below the surface. Dahlman et al. [59], Gunnberg et al. [60], and Matsumoto 
et al. [63] reported that the impact of depth of cut on residual stresses in hard-turning 
was minimal. Abräo et al. [64] investigated the impact of tool wear on residual stresses 
generated in AISI 52100. They observed that worn inserts resulted in higher compressive 
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stresses at a depth of 20 μm from the surface. This is because worn inserts require 
higher cutting forces to shear the material, leading to the induction of compressive 
stresses, in contrast to the lower mechanical energy required with sharp inserts. Liu et 
al. [65] studied how tool wear impacts residual stress formation in SuJ2-bearing steel 
during hard turning. Their findings indicate that as tool wear increases, surface tensile 
stresses and compressive residual stresses beneath the surface are observed. This 
outcome is attributed to higher thermal energy resulting from friction and plastic 
deformation on the machined surface due to tool wear. The increased friction amplifies 
thermal energy, subsequently raising surface temperatures. Moreover, higher thrust 
force due to a larger contact area leads to more significant mechanical impacts beneath 
the surface. König et al. [66] also observed similar effects regarding the impact of tool 
wear on residual stresses. Hua et al. [62] examined how the hone radius and chamfer 
angle of a cutting tool affect subsurface residual stresses during the hard-turning of AISI 
52100 steel. They found that incorporating a chamfer with the hone radius enhanced the 
rounding of the cutting edge, resulting in increased subsurface compressive stresses. 
Increasing the hone radius and chamfer angle results in burnishing at the cutting edge, 
which becomes a prominent factor in chip formation. This burnishing process, involving 
the material being squeezed under the cutting edge, leads to significant elastic and 
plastic deformation on the machined surface, resulting in higher compressive residual 
stress levels. Varela et al. [67] noted similar effects with the chamfer+honing edge 
geometry. This geometry resulted in higher negative rake angles, which in turn 
increased cutting forces and generated higher compressive stresses. 

       The surface roughness of hard-turned components is significantly influenced by the 
feed rate and tool nose radius, which are widely recognized as the main parameters in 
this context. A theoretical model for machining surface roughness (Ra) with f as feed rate 
(mm/rev) and Rε as tool nose radius (mm) is given in equation 2: 𝑅a = ௙మଷଶோఌ                                                                                           (2) 

According to this equation, the calculated surface roughness tends to be higher or lower 
than the experimental values. This discrepancy could be attributed to the material's 
plastic flow caused by the hone edge geometry as this equation does not incorporate 
tool geometry.  

       Increasing the feed rates with a constant tool nose radius increases the surface 
roughness as the higher feed rate increases the separation between the feed marks. 
Benga et al. [68] investigated the impact of feed rate and cutting speed on surface 
roughness in 100Cr6-bearing steel (AISI 52100). They noted that lower feed rates led to 
smoother surfaces due to the reduced distance between peaks and valleys on the 
machined surface. The optimal cutting speed range of 116 – 130 m/min produced the 
best surface roughness. Below this range, insufficient temperature did not reduce the 
workpiece's shear strength, requiring higher cutting forces that worsened surface 
roughness. Conversely, speeds above this range caused machine/tool vibrations and 
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increased tool wear resulting in higher surface roughness. Expanding the edge hone 
radius under a constant feed rate generally increases average surface roughness. This 
occurs due to a greater contribution from the deformation ploughing component than 
the shearing component [69]. The honed radius significantly impacts side plastic flow 
compared to chamfer geometry. During cutting, a higher negative rake angle and lower 
feed rates lead to increased material interaction with the cutting edge. This causes 
material displacement towards the side of the cutting edge, resulting in plastic 
deformation at elevated temperatures, resembling a viscous liquid behaviour. The 
plastically deformed material is then pushed out of the cutting-edge region as side flow. 
Consequently, this mechanism raises peak heights in the cut profile, increasing surface 
roughness. This mechanism is absent in chamfered tools without hones, aligning the 
surface roughness more closely with theoretical values. While tool edge geometry is 
crucial for surface roughness, feed rate remains the dominant factor [67], [70]. 

 

  



 
 

26 
 

  



 
 

27 
 

 

 

 

 

 

CHAPTER 5 
 

 

 

Methodology and Material Characterization 

 
In this chapter, the methodology and characterization techniques are explained. Paper A 
and Paper B examine research question 1 and Paper C examines research question 2.        

5.1 Methodology 
The longitudinal hard-turning machining experiments were performed using 
MONFORTS RNC500 Single Turn machine (Paper A and Paper B) and Hembrug CNC 
turning machine (Paper C) in wet conditions. Cylindrical rings with dimensions 180 mm 
diameter and 60 mm length were machined and investigated in papers A and B. For 
Paper C, cylindrical rods with a length of 200 mm and a diameter of 34 mm were 
machined and analysed.  

       To understand the effects of cutting parameters on the white layer formation and its 
impact on surface integrity (Paper A and B), cutting speed (Vc), feed rate (f), depth of cut 
(ap), coolant pressure (P), tool chamfer angle (ү), and tool wear (VB)  are varied between 
two levels as mentioned in Table 2. The full factorial design of experiments resulted in 
64 tests. Tool wear (VB) of 0.2 mm signifies that the tool needs pre-treatment to run the 
experiment. As part of the pre-treatment, a new tool was used to machine the extra 
workpiece with a cutting speed (Vc) of 110 m/min until the tool flank wear (VB) reached 
0.2 mm in a controlled manner under identical conditions of feed rate (f), depth of cut 
(ap), and chamfer angle (ү). While generating the flank wear, crater wear is also observed 
on the tool rake face. The current study specifically focuses on flank wear's impact, 
given its significant influence on white layer formation compared to crater wear. 
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Table 2: Test parameters to understand the effect of cutting parameters on the white layer formation and its 
impact on surface integrity (Paper A and Paper B). 

Parameters Units Low High 
Cutting speed (Vc)  m/min 60 110 

Feed rate (f) mm/rev 0,05 0,2 
Depth of cut (ap) mm 0,05 0,2 

Coolant pressure (P) bar 20 150 
Chamfer angle (ү) deg 15 35 

Tool wear (VB) mm 0 ~0,2 
 

       To investigate the impact of retained austenite content on white layer formation and 
residual stress distribution (Paper C), the study varies the cutting speed (Vc) and flank 
wear (VB) according to the depicted Figure 8. The feed rate (f) is maintained at 0.16 
mm/rev, and the depth of cut (ap) is kept constant at 0.16 mm under wet conditions with 
flooding coolant. The design of experiments resulted in 12 tests.  

 

 

Figure 8: Test parameters to study the role of retained austenite in the white layer formation (Paper C).  

        Two different grades of coated polycrystalline cubic boron nitride (PCBN) cutting 
inserts are used to perform the hard-turning experiments. BNC 2125 (DNGA 1506 
S01015/S01035) cutting insert is used in papers A and B. BNC 200 (DNGA 150612 (HS)) 
cutting insert is used in paper C. The tool nose radius is varied for 2 cutting inserts. 
Table 3 shows the cutting insert specification for BNC 2125 and BNC 200.  
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Table 3: Cutting tool specifications. BNC 2125 (paper A and Paper B), BNC 200 (Paper C). 

Cutting inserts BNC 2125 BNC 200 
CBN content (%) 65-70 65-70 

Coating TiAlBN TiAlN 
Nose radius (mm) 2 1.2 
Chamfer angle (ү) 15⁰ / 35⁰ 15⁰ 

Chamfer land (mm) 0.1 0.1 
 

5.2 Material Characterization 
After conducting the hard-turning tests, the surfaces of the machined components are 
thoroughly examined to assess the formation of white layers and their surface integrity. 
The techniques include X-ray diffraction (XRD) analysis for studying residual stresses, 
followed by measurements of surface roughness. The samples undergo sectioning, 
mounting, and polishing to enable observation of the white layers in the machined 
cross-section. Initial imaging using a light optical microscope (LOM) is carried out, 
followed by scanning electron microscopy (SEM) on the etched samples. Additionally, 
stereo optical microscopy (SOM) is conducted to examine the wear of cutting inserts, as 
the geometry of flank wear can impact surface roughness. Moreover, nanoindentation is 
performed on the white layer samples to determine their hardness. Figure 9 illustrates 
the hard-turned samples followed by the characterization techniques performed in the 
thesis work. 
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Figure 9: Illustration of the hard-turning machining and the characterization techniques implemented in the 
thesis work. 
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5.2.1 X-Ray diffraction 
The X-ray diffraction (XRD) technique was used to measure the residual stresses 
generated by the hard-turning process (Paper A-C). Stresstech Xstress G2R 3000 
laboratory XRD equipment was used. A Cr Kα X-ray tube with a wavelength (λ) of 1.54 
nm and a 2 mm collimator was employed to measure the interplanar spacing of the 
crystal lattice. The XRD was operated at a voltage of 30 kV and a current of 9 mA. The tilt 
angles (ψ) spanned from -45⁰ to +45⁰. Two position-sensitive detectors (PSD) were 
positioned on arc-shaped detectors at a 156.4⁰ diffraction angle to measure the (211) 
lattice plane spacings utilizing the modified sin2ψ method depending on the peak 
position using Bragg’s law. Residual stresses were determined using elastic strain 
theory, where strain within the crystal structure was measured. Hooke’s law was 
applied with Young’s modulus of 210 GPa and Poisson’s ratio of 0.3, both taken as 
tabulated values. Evaluation of residual stresses was conducted along the feed direction 
and cutting direction on the machined rings. The depth profile ranged from the surface 
to 100 μm (0, 5, 10, 20, 50, 100) below the machined surface. These measurements 
necessitated layer removal using electropolishing with a salt electrolyte, alongside a dial 
gauge to measure the depth removed. 

       When irradiated by X-rays, the sample undergoes an interaction with its atomic 
lattice. This interaction leads to the ejection of an electron from the outer shell, thereby 
producing a scattered X-ray beam. Those scattered X-rays that correspond to Bragg’s 
law, expressed in equation 3, will be detected as a diffraction peak originating from a 
specific lattice plane by the detectors. The diffraction order is denoted by 𝑛, 𝜆 
represents the wavelength, 𝑑 stands for the interplanar spacing, and 𝜃 signifies the 
incidence angle. 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝛳                                                                          (3) 

       When a metal experiences stress, it undergoes elongation and contraction, causing 
changes in the interplanar spacing (d) of its crystal lattice. These alterations in lattice 
spacing correspondingly affect the diffraction angle (2θ). Precise measurement of this 
angle allows for the evaluation of the change in interplanar spacing, which in turn helps 
to measure the strain within the material. The d was plotted against several sin2ψ tilt 
angles. From this measurement, the total stress on the metal can be determined using 
elastic theory equation 4, where m is the gradient of the d vs sin2ψ line, E and ν are 
Young's modulus, and Poisson's ratio of the material. 𝜎ః = ( ாଵାఔ)𝑚                                                                          (4) 

5.2.2 Surface roughness 
Surface roughness on the machined surface was evaluated using the Sensofar S Neox 
3D optical profilometer equipment with coherence scanning interferometry technique 
(Paper A and Paper B). Interferometric microscopy is an optical technique used for non-
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contact measurements of surface topography. The measurement covered a stitched 
area of 7.4 x 1.3 mm with a magnification of 20x and a uniform lateral resolution of 1.29 
μm. Analysis of the acquired data involved applying a 2nd-order polynomial fit to 
remove form errors. To minimize short-wavelength noise, a spatial medium noise 
reduction filter was applied with a window size of 5 x 5 points. 3 measurements were 
performed on the samples and the results are averaged. The collected data was 
analyzed using Digital Surf's MountainsMap software. The roughness parameter (Ra) 
was evaluated in this thesis work. 

5.2.3 Sample preparation 
To conduct further analyses, cross-sectional samples are prepared. The machined 
workpieces are cut into smaller sections using a Struers cutting machine and then hot-
mounted in conducting polyfast bakelite using CitoPress 20. The grinding process 
begins with P220 silica carbide papers with a coarser grit size. Subsequently, polishing is 
carried out on Struers Tegrapol machine using diamond-paste suspensions on 9 μm, 3 
μm, and 1 μm polishing cloths, adjusting the load and time until a scratch-free, mirror-
finish surface is achieved. For examining the white layers, the polished samples undergo 
etching with a 2% nital etchant solution (2 ml nitric acid and 98 ml ethanol) for 7-10 
seconds.  

5.2.4 Optical microscopy 
Light optical microscopy (LOM) was employed to visually examine the presence of white 
layers under varying cutting conditions and tool geometries (paper A-C). Zeiss 
Axiovision 7 LOM was utilized for this purpose. The use of a Nital etchant resulted in 
contrasting images that revealed the white and dark layers of the microstructure. A 20x 
lens was used for an overall observation of continuous or discontinuous white layer 
formation. Additionally, a 50x magnification allowed for the measurement of white and 
dark layer thicknesses across different cutting conditions as seen in Figure 10 (a) and (b). 
However, as the interested features are within 5 μm from the surface, the spatial 
resolution of this method did not permit a detailed examination of microstructural 
features, carbide morphology within the white layer, material drag zone, or dark layer.  

       Stereo optical microscopy (SOM) was employed to capture images of tool wear 
geometry on cutting inserts, correlating with the resulting surface roughness (Paper B). 
Zeiss Discovery V20 equipment was utilized for this purpose. Unlike light optical 
microscopy, stereo optical microscopy had lower magnification and did not require 
additional preparation of the cutting inserts for observation of tool wear (Figure 10(c)). 
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Figure 10: (a) 20x magnification of the white layer in LOM (b) 50x magnification of the white layer on the 
machined surface in LOM (c) SOM image of the tool wear on the cutting edge. 

5.2.5 Scanning electron microscopy 
The scanning electron microscopy (SEM) was performed using a Zeiss Gemini 450 and 
LEO Gemini 1550 SEM. Secondary electron (SE) imaging mode was used on Nital etched 
samples by Gemini 450 SEM in this study to observe the white layer microstructure in 
high magnification mode (Paper A-C). An accelerating voltage of 3 kV and a current of 
500 pA with a working distance of 5 mm – 6mm were used. Secondary electron imaging 
provides insight into the topography of a sample by detecting electrons that escape 
from its surface. These images result from inelastic interactions between the primary 
electron beam and the etched sample. Secondary electron imaging employs lower-
energy electrons generated from a shallower region within the sample, approximately 
10 nm depth, allowing for high-resolution imaging [71]. Figure 11 shows the SE images of 
the 25% RA content machined sample of different magnifications. The white layer 
microstructural features are observed due to better spatial resolution in comparison to 
the LOM.  

 

Figure 11: (a) 5000x magnification SEM image of WL and DL formed on the 25% RA sample (b) 12000x 
magnification (c) 24000x magnification and carbides are observed in the white layer. 

5.2.6 Nanoindentation 
The white layers generated on the machined surface are in the range of 1 – 3 μm in 
thickness. Nanoindentation was performed in both the generated mechanically induced 
white layer and thermally induced white layer to study the hardness behaviour (Paper 
B). The measurements were performed using NanoTest Vantage equipment (Micro 
Materials Ltd.) with a load of 4 mN. The load of 4 mN was selected so that the 
indentations could be performed within the white layer thickness as seen in Figure 12 
below. Hardness was assessed via load and displacement graphs, applying the Oliver-
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Pharr method [64]. To accurately measure the hardness values of the white layer 
without the presence of (Fe, Cr)3C carbides, SEM analysis was conducted on the 
nanoindentation results.  

       Nanoindentation is a method employed to assess the mechanical characteristics of 
small material volumes using a diamond Berkovich indenter. It operates on contact 
elastic-mechanics theory, wherein the elastic modulus and hardness (H) are deduced 
from the initial unloading curve's slope and the ratio of peak load (Pmax) to contact area 
(Ac), respectively.  𝐻 =  ௉೘ೌೣ஺೎                                                                            (5) 

 

Figure 12: (a) LOM image of the nanoindentation location (b) SEM image of the nanoindentation performed on 
the sample.  
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CHAPTER 6 
 

 

 

Summary of Appended Papers 

 
 In this chapter, the research questions mentioned in section 1.2 are addressed by 
summarizing the work from the appended papers. Section 6.1 deals with research 
question 1 from papers A and B while section 6.2 deals with research question 2 from 
paper C. 

6.1 Paper A and Paper B 
Q1: What is the effect of cutting parameters and cutting tool geometry on the surface 
integrity of the hard-turned AISI 52100 steel? 

Depending on the cutting conditions, the machined surfaces generated by the hard-
turning process are subjected to experience different thermo-mechanical loadings 
resulting in different residual stresses, surface roughness, microstructure, and hardness 
behavior. From a temperature point of view, the white layers generated on the 
machined surface can be formed by predominantly thermal influences termed 
thermally-induced white layer (T-WL) or predominantly mechanical influences termed 
mechanically-induced white layer (M-WL). The parameters cutting speed (Vc), feed rate 
(f), depth of cut (ap), tool chamfer angle (ү), coolant pressure (P), and tool flank wear (VB) 
influence the thermal and mechanical loads resulting in M-WL or T-WL.  

       The results indicate that machining with a low feed rate of 0.05 mm/rev under all 
cutting conditions generated a grinding profile rather than the usual hook-shaped 
profile, as shown by the black curve in Fig. 13 (a). This is due to the uncut chip thickness 
being smaller than the cutting tool tip radius, resulting in a high compressive state ahead 
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of the cutting edge. As the feed rate increased, surface compressive stresses decreased 
due to higher surface temperatures, while deeper sub-surface compressive stresses 
were observed due to plastic deformation and higher cutting forces. However, with 
increasing feed rate, surface roughness deteriorated, forming helicoid furrows with 
increased peak-to-valley distance in feed marks as shown in red colour in Fig. 14. As 
shown in Figure 6a in paper A, the lowest surface roughness of 0.07 μm is observed 
with the hard-turning process and is comparable with the roughness obtained by the 
grinding process. 

       An increase in chamfer angle led to better surface and sub-surface compressive 
stresses due to mechanical load effects. Higher cutting speeds of 110 m/min resulted in 
increased surface cutting temperatures which lower surface compressive stresses. 
Furthermore, with fresh inserts, the microstructural results showed the generation of 
discontinuous white layers as shown in Figures 15 (a) and 15 (c). The use of high coolant 
pressure (150 bar) resulted in better compressive stresses on the surface for low feed 
rate workpieces. The depth of cut did not significantly affect residual stresses or surface 
roughness of the machined samples.  

       

 

Figure 13:  Residual stress plots for (a) Vc: 60 m/min, f: 0.05 mm/rev, (b) Vc: 110 m/min, f: 0.2 mm/rev with 
constant ap: 0.2 mm, ү: 35⁰, P: 150 bar parameters and the worn insert represents VB: 0.2 mm. 

       The effects of cutting speed and feed rate as shown in Figs. 13 and 14 influence the 
residual stress profiles and surface roughness due to predominantly thermal and 
mechanical loads. Tool wear further amplifies these effects, generating significantly 
higher compressive stresses from mechanical effects or resulting in tensile stresses due 
to high thermal effects. Machining at a low cutting speed of 60 m/min and a low feed 
rate of 0.05 mm/rev results in higher compressive stresses and reduced surface 
roughness. In contrast, using a high cutting speed of 110 m/min and a high feed rate of 
0.2 mm/rev results in reduced compressive stresses or even tensile stresses along the 
cutting direction, especially with a worn insert. 
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       Regarding surface roughness, the micro geometry of tool wear causes an increase in 
surface roughness under both predominantly thermal and mechanical conditions 
compared to a fresh insert, as shown in Fig. 14. However, the extent of this increase is 
driven by the cutting speed and feed rate. The predominantly mechanical effect resulted 
in a roughness of 0.11 μm with the fresh insert and 0.19 μm with the worn insert. In 
contrast, the predominantly thermal effect resulted in a surface roughness of 0.59 μm 
with the fresh insert and 1.19 μm with the worn insert. This behaviour indicates the 
beneficial residual stresses and roughness obtained by the predominantly mechanical 
effects. 

 

Figure 14:  Surface roughness values for the selected mechanically and thermally influenced parameters (a) Vc: 
60 m/min, f: 0.05 mm/rev, (b) Vc: 110 m/min, f: 0.2 mm/rev with constant ap: 0.2 mm, ү: 35⁰, P: 150 bar 
parameters and the worn insert represents VB: ~0.2 mm. 

 

Figure 15:  Optical microscopy (OM) images of the mechanically dominant and thermally dominant machined 
samples with ap: 0.2 mm, P: 150 bar, γ: 35⁰ constant cutting parameters along the feed direction. (a) Fresh 
insert, f: 0.05 mm/rev, Vc: 60 m/min (M-WL Fresh) (b) VB: ~0.2 mm worn insert, f: 0.05 mm/rev, Vc: 60 m/min 
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(M-WL Worn), (c) Fresh insert, f: 0.2 mm/rev, Vc: 110 m/min (T-WL Fresh), (d) VB: ~0.2 mm worn insert, f: 0.2 
mm/rev, Vc: 110 m/min (T-WL Worn). 

       Figure 15 shows the OM images of the generated white layer along the feed direction 
under predominantly mechanical and thermal influences. Low cutting speed of 60 
m/min and a low feed rate of 0.05 mm/rev resulted in the formation of a mechanically 
induced white layer (M-WL) for both fresh and worn inserts. In contrast, a high cutting 
speed of 110 m/min and a high feed rate of 0.2 mm/rev resulted in the formation of a 
thermally induced white layer (T-WL) for both fresh and worn inserts. However, in the 
case of fresh insert, a very thin dark layer was observed compared to the worn insert 
dark layer for high cutting conditions. This is due to as the flank wear increased, the 
friction between the tool and workpiece resulted in higher temperatures affecting the 
subsurface regions generating a thicker dark layer area underneath the white layers. 

 

 

Figure 16: SEM images of the (a) mechanically-induced white layers (M-WL) accompanied with material drag 
beneath, and (b) thermally-induced white layers (T-WL) with dark layer generated by worn inserts  

       The SEM images reveal that the mechanically induced white layer (M-WL) is formed 
due to intense plastic deformation, characterized by an elongated and fragmented 
refined structure along the feed direction and a material drag zone beneath it (see 
Figure 16 (a)). Figure 16 (b) shows the thermally induced white layer (T-WL) generated 
under high thermal influence, with a dark layer beneath it. The morphology of M-WL 
and T-WL is different, indicating distinct formation mechanisms. To further understand 
the characteristics of M-WL and T-WL, nanoindentation was performed. The 
nanohardness results for M-WL and T-WL are shown in Figure 17. Both white layers 
exhibit similar hardness behavior; however, the material drag zone in M-WL has ~6.15% 
higher hardness than the bulk material, whereas the dark layer in T-WL has a ~17% 
lower hardness than the bulk. The higher hardness of the M-WL and material drag, 
along with higher compressive stresses and lower surface roughness, would be 
beneficial for functional performance compared to T-WL. 
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Figure 17: Nanoindentation results of the (a) Mechanically-induced white layer with material drag beneath, and 
(b) Thermally-induced white layers with the dark layer beneath 

6.2 Paper C 
Q2: What is the role of retained austenite in the formation of hard-turned induced white 
layers? 

The objective of the research question is to understand the role of retained austenite in 
the formation of M-WL and T-WL. As shown in Figures 13 and 14 from papers A and B, 
the M-WL resulted in better surface integrity compared to T-WL and paper C 
summarizes how the different retained austenite content  (<2%, 12%, and 25%) 
influences the white layer formation. 

 

Figure 18: Residual stresses measured along the cutting direction for different retained austenite fractions and 
tool wear with cutting speed of  (a) Vc: 60m/min and (b) Vc: 260m/min. 
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Figure 19: Light optical microscopy (LOM) and their respective scanning electron microscopy images of 
samples machined with different cutting conditions. The white dashed lines indicate the boundary between the 
white layer and the bulk for the mechanically-induced white layer and the boundary between the white layer 
and dark layer for the thermally-induced white layer.   
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       Figure 18 shows the residual stress profiles along the cutting direction for different 
retained austenite content and tool wear with (a) Vc: 60m/min and (b) Vc: 260m/min. In 
both cutting speed conditions, the higher retained austenite contents (12% and 25%) 
resulted in reduced surface compressive stresses with a fresh insert and generated 
tensile stresses with a worn insert. The increased cutting speed of 260 m/min resulted in 
much higher tensile stresses of 600 – 800 MPa with worn inserts due to an increase in 
surface temperature. Samples with <2% retained austenite content observed surface 
tensile stresses of 200 MPa at 260 m/min with a worn insert.  

       Further to understand the increase in surface tensile residual stresses for worn 
insert and lower surface compressive stresses for fresh insert in 12% and 25% RA 
content samples compared to <2% RA content, microstructural study was performed. 
The corresponding microstructures shown in Fig. 19 relate well to the observed residual 
stress profiles. The higher tensile stresses resulted in the formation of thermally-
induced white layers for 12% and 25% RA content samples. When all the samples 
observed higher surface compressive stresses, this is due to the formation of 
mechanically induced white layers for 60 m/min and fresh insert conditions.  

       Higher RA content promotes the formation of a thermally induced white layer with 
increased tool wear and cutting speed. Even though the T-WL is observed for <2% RA 
content at 260 m/min with a worn tool, the thickness of the generated T-WL is very thin 
as shown in Fig. 19 (a) compared to Fig. 19 (b) and (c).  The influence of specific cutting 
pressure on the austenitization temperature is significant. The austenite phase (FCC) 
being denser than tempered martensite (BCC) concerning the atomic packing fraction 
will reduce the austenitization temperature due to the cutting pressure effect. Also, the 
low stacking fault energy of austenite inhibits dynamic recovery and promotes dynamic 
recrystallization resulting in the formation of T-WL. However, to fully understand the 
underlying mechanisms of how the retained austenite affects the WL formation, and its 
final characteristics, a detailed investigation of the austenitization temperature is 
necessary. In such work, the influence of heating rate, strain, pressure, and carbon 
concentration must be included. 
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CHAPTER 7 
 

 

 

Conclusions and Future Work 

 

7.1 Conclusions 
Q1: What is the effect of cutting parameters and cutting tool geometry on the surface 
integrity of the hard-turned AISI 52100 steel? 

• The samples machined with low Vc: 60 m/min, low f: 0.05 mm/rev with constant 
ap: 0.2 mm, P: 150 bar, and ү: 35⁰ conditions resulted in better surface roughness 
and higher surface compressive stresses with mechanically induced white layers 
(M-WL) on the machined surface. 

• The samples machined with high Vc: 110 m/min, high f: 0.2 mm/rev with constant 
ap: 0.2 mm, P: 150 bar, and ү: 35⁰ conditions showed increased surface roughness 
and reduced surface compressive stresses with fresh inserts, and surface tensile 
stresses with worn inserts, forming thermally induced white layers (T-WL) on the 
machined surface. 

• The white layer morphology for M-WL and T-WL appears different when 
observed by SEM. 

• The M-WL exhibited an elongated and fragmented microstructure with hardness 
26% higher than the bulk material, while the material drag zone observed 
beneath had a 6.15% higher hardness than the bulk material.  

• The T-WL exhibited 27.6% higher hardness than the bulk material, while the dark 
layer beneath had 17% lower hardness than the bulk material. 
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Q2: What is the role of retained austenite in the formation of hard-turned induced white 
layers? 

• Regardless of RA content, a low cutting speed of 60 m/min using fresh cutting 
inserts, resulted in M-WLs accompanied by surface compressive residual 
stresses. 

• For samples with 12% and 25% RA and when the tool flank wear increased to 0.2 
mm while machining at 60 m/min, the formation of T-WL was observed which 
was accompanied by surface tensile residual stresses. A similar observation was 
made when machining at 260 m/min using a fresh cutting insert. 

• Regardless of RA content, all surfaces were characterized by T-WL that were 
accompanied by surface tensile residual stresses when machined at 260 m/min 
with a worn cutting tool (VB: 0.2 mm). 

7.2 Future work 
In the thesis, the cutting parameters leading to mechanically induced and thermally 
induced white layers are investigated. However, to understand the functional 
performances of the generated white layers, the following investigations are 
recommended for future work: 

• To investigate the wear mechanism and fatigue performances of M-WL and T-
WL surfaces and compare them with ground specimens. 

• To perform transmission electron microscopy and atom probe tomography to 
study the differences in white layers (M-WL /T-WL) generated using fresh and 
worn inserts and the adjacent material drag and dark layer microstructures. 

• To perform the EBSD analysis using transmission kikuchi diffraction to study the 
orientation mapping for the M-WL and T-WL.  

• Further, to investigate the role of high retained austenite content in reducing the 
austenitization temperature.  
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