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Abstract 

Understanding the Stability of Retained Austenite in High-Carbon Steels: 

Modelling and Alloy Design 

 

Adriel Wong Tze Chuen 

 

In high-carbon steels, the austenite-to-martensite transformation under applied 

stress initiates at a critical value, contrary to low-carbon steels where the 

transformation occurs at the early stages of deformation. There are few models 

that account for the delayed transformation, because previous models were 

mostly developed from low-carbon steels that exhibit martensite transformation 

behaviour that is different from high-carbon steels. Also, few studies have been 

done on methods of tailoring chemical composition and processing to design 

steels that possess optimal austenite stability, but do not require too many 

expensive austenite stabilising elements such as nickel.  

This research aims to develop equations for modelling the critical 

stress and progress of deformation-induced martensite transformation in high-

carbon steels. Another aim is to design a new high-manganese steel that is 

comparable to the high-nickel AISI 3310 carburising steel in terms of austenite 

stability and mechanical properties.  

The research investigated carburising-grade steels used in bearing 

applications. Various thermomechanical tests were conducted to investigate the 

influence of chemical composition and microstructure on retained austenite 

stability. Dilatometry experiments showed that the martensite-start temperature 

decreased with increasing grain size when the steels were austenitised below the 

ὃ  temperature, but increased with grain size above the ὃ  temperature. 

These observations were linked to the amount of carbon dissolved in austenite. 

Analytical models that describe the critical stress and progress of 

martensite transformation in high-carbon steels were developed. The critical 

stress model is a function of chemical composition, deformation temperature, 



 

 

and initial retained austenite fraction. Higher austenite stabiliser concentrations 

or deformation temperatures result in smaller magnitudes of the chemical 

driving force, leading to a higher critical stress predicted and represent higher 

austenite stability. A lower initial austenite fraction represents fewer martensitic 

nucleation sites, resulting in deformation-induced martensite transformation 

that occurs at a higher critical stress. The transformed amounts of austenite 

under applied stress depends on the critical stress for martensite transformation. 

The predicted results were in good agreement with experimental data.  

Model applications were demonstrated through examples that involve 

the determination of alloying combinations and service conditions that are 

suitable for desired range of critical stresses and austenite fractions predicted. 

The examples highlight the utility of these models as tools for alloy design.       

A new high-manganese carburised steel was developed based on 

thermodynamic modelling and literature-informed design criteria. Samples of 

the new steel and AISI 3310 steel were carburised and subjected to martensitic 

quench-and-temper heat treatments. The mechanical properties and austenite 

mechanical stability of the new steel were found to be not on par with the 3310 

steel. The reasons include a lower bulk carbon content, and the presence of 

massive carbides and oxide inclusions in the new steel. Practical solutions to 

improve the low-pressure carburisation process of the new steel are suggested 

in Section 7.5.2. 

The possibility of designing new carburising steels with lower costs by 

tailoring composition and processing routes based on enhancing austenite 

stability was explored and demonstrated. Process improvement aspects 

identified from the carburisation and heat treatment of the new steel can be used 

to inform the processing of such steels in the future.  
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AISI American Iron and Steel Institute 

ASTM American Society for Testing and Materials 

CCT Continuous cooling transformation 
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MC Massive carbide 

NS New steel 
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RCF Rolling contact fatigue 

SEM Scanning electron microscopy 

TTT Time temperature transformation 

XRD X-ray diffraction 
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Nomenclature 

 

‌  Dimensionless shape factor of the potency distribution of 

martensitic nucleation sites 

‌ᴂ  Martensite 

‎  Austenite 

‎  Nucleus specific interfacial energy. Units in J m-2 

‐  Plastic strain 

‐  True strain 

”  Density of atoms in the fault plane for martensitic 

nucleation. Units in mol m-2 

„  Applied stress. Units in Pa 

„  Critical stress for the start of martensite transformation. 

Units in Pa  

„  True stress. Units in Pa 

„   Ultimate tensile strength. Units in Pa 

„  Yield strength. Units in Pa 

„Ȣ  0.2% proof strength. Units in Pa 

ὥ    Lattice parameter of martensite. Units in nm  

ὥ  Lattice parameter of austenite. Units in nm or Å  

Acm Temperature separating the ‎ + Fe3C and ‎ phase fields for 

a specific alloy. Units in °C  

ὅ  Concentration of carbon dissolved in austenite. Units in 

weight percent (wt-%) 

Ὀ   Austenite grain diameter. Units in µm 

Ὡ  Total elongation 

Ὁ  Youngôs modulus. Units in Pa 

Ὁ   Elastic strain energy. Units in J mol-1 

Ὢ  Fraction of austenite particles that transform into martensite 

Ὄ   Hardening capacity 
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ɝὋ   Chemical driving force for martensitic transformation. 

Units in J mol-1 

ɝὋ   Mechanical driving force for martensitic transformation. 

Units in J mol-1 

ɝὋ   Total driving force for martensitic transformation. Units in 

J mol-1 

ɝὋ
ᴼ

  Critical driving force for martensitic transformation. Units 

in J mol-1 

Ў
  Parameter that represents the stress state of a transforming 

martensite plate. Units in J mol-1 Pa-1 

ὓ   Martensite-start temperature. Units in °C  

ὓ   Temperature above which martensite transformation 

ceases. Units in °C 

ὓ   Characteristic temperature for the initiation of martensite 

transformation under applied stress. Units in °C 

ὲ  Thickness of a martensite nucleus (in terms of the number 

of crystal planes) or the strain-hardening exponent  

ὔ   Number density of operational martensitic nucleation sites. 

Units in m-3 

ὔ   Total number density of martensitic nucleation sites of all 

potencies. Units in m-3 

Ὕ  Temperature. Units in °C or K 

ὠ   Volume fraction of martensite 

ὠ  Volume fraction of austenite 

ὠ   Initial volume fraction of austenite before transformation by 

cooling or mechanical loading 

ὠ  Volume of an austenite particle. Units in m3 

ὡ   Frictional work of interfacial motion. Units in J mol-1 

ὼ  Concentration of element Ὥ. Units in wt-% 
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Chapter 1: Introduction 

Retained austenite can be found in most martensitic steels because its 

transformation into product phases rarely reaches completion at ambient 

temperature. However, its presence in the microstructure has implications for 

steel properties. This research aims to understand the stability of retained 

austenite in high-carbon, carburised steels. This chapter provides an 

introduction and background to the research topic, highlights the research aims 

and objectives, and presents the scope and significance of this research.  

The steels investigated in the present work are high-carbon carburised 

steels used in bearing applications. The microstructure of a carburised steel can 

be categorised into the case (near surface) and core microstructures. If the 

carburised steel is subjected to a martensitic quench and tempered heat 

treatment, the case microstructure will contain tempered martensite, retained 

austenite, and carbides. The percentage of retained austenite in the 

microstructure can be as much as 30% to 40% [1]. 

In a recent investigation of the influence of retained austenite stability 

on the rolling contact fatigue (RCF) performance of a case-carburised 8620 

bearing steel, Morris and Sadeghi [2] reported that higher retained austenite 

fractions did not enhance RCF life. Their experiments showed minimal retained 

austenite decomposition in steel samples that were subjected to long fatigue 

cycles at high contact pressures. This was because the high retained austenite 

stability suppressed the transformation of austenite to martensite, which led to 

a weaker microstructure that had poor RCF performance.  

The authors also performed computational simulations that showed the 

improvement in RCF performance irrespective of retained austenite fraction, 

provided that the austenite stability was below a pre-defined free energy 

threshold for inducing martensite transformation [2]. Their research highlighted 

the influence of retained austenite stability on RCF performance, which is not 

solely dependent on the austenite fraction; the RCF life is improved only if the 
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stability of the retained austenite allows it to undergo martensite transformation, 

which strengthens the microstructure [2].    

Further, the progress of stress-induced martensite transformation is 

known to vary with steel composition. In low-carbon steels, retained austenite 

is reported to transform at the early stages of deformation [3], [4]. However, in 

high-carbon steels, the transformation of retained austenite into martensite 

occurs after the applied stress exceeds a critical value [1], [5]. According to an 

investigation on retained austenite mechanical stability in carburised bearing 

steels with varying nickel concentrations, Bedekar et al. [1] reported that 

retained austenite starts transforming into martensite when the applied stress 

reaches the yield point. The authors reported that the mechanical stability of 

retained austenite increases with nickel concentration; the steel with the highest 

nickel concentration in combination with fine austenite grain size showed the 

highest yield strength and austenite stability among the steels investigated.  

They also performed crystal plasticity simulations of the stress-strain 

response and austenite transformation behaviour, which agreed with 

experimental results. Their research highlights the important roles of chemical 

composition and austenite grain size in influencing austenite stability and 

mechanical properties in carburised steels.  

Several insights can be drawn from the investigations of Bedekar et al. 

[1] and Morris and Sadeghi [2]. These studies demonstrated how 

micromechanical models can be applied to model the stability and 

transformation progress of retained austenite in high-carbon carburised steels. 

The simulation results can be used to inform targeted experiments for designing 

steels with optimal austenite stability. While micromechanical models can 

simulate the material response in detail, their implementation is complex and 

sometimes requires input parameters that are difficult to obtain by experimental 

means, thus resulting in the use of fitting parameters that lack physical meaning. 

Analytical models are easier to implement, although these models normally 

have some degree of empiricism and are limited by material properties such as 

composition range.  
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While there are analytical models in literature that describe the 

austenite-to-martensite transformation progress [6], most of these models do not 

account for the delayed transformation behaviour as observed in high-carbon 

steels. This is because these models were developed based on data from low-

carbon steels. Therefore, developing equations that are not numerically complex 

can be useful as tools for modelling the stability and transformation progress of 

retained austenite in high-carbon steels.  

Further, these studies highlight the influence of chemical composition 

on austenite stability by controlling the critical driving force for martensite 

transformation. Although nickel promotes austenite stability, nickel is known to 

be an expensive alloying element. Manganese is a possible alternative to replace 

nickel as an austenite stabiliser because it has similar austenite stabilising 

potency but is cheaper in price [7]. Manganese is also a cost-effective option for 

increasing steel hardenability [7], [8]. Although the concept of replacing nickel 

with manganese as an austenite stabiliser has been explored previously, these 

investigations were mostly based on austenitic steels [9]ï[12]. At the time this 

research was conducted, to the best of the authorôs knowledge, there was not 

much reported work on the exploration of this concept for carburised steel 

applications. Therefore, this gap in research motivates the design of a new high-

manganese carburised steel that has austenite stability comparable to 

commercial carburised steels with high-nickel concentrations.      

There is a lack of physics-based equations that can be implemented to 

model the mechanical stability of retained austenite in high-carbons steels 

without resorting to micromechanical models that are numerically complex and 

require significant computational resources. Therefore, this research aims to 

develop equations that can model the austenite stability and transformation 

behaviour of retained austenite in high-carbon steels, using input parameters 

that are easily accessible. Given the similar austenite-stabilising potencies of 

manganese and nickel, this research also aims to design a new carburised high-

manganese steel that can be compared to a commercial high-nickel carburised 

steel in order to investigate the relative effects of these elements on austenite 

stability. 
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The research objectives are outlined as follows: 

1. To develop analytical equations that can model the critical 

stress and progress of austenite-to-martensite transformation in 

high-carbon steels.  

2. To design and test a new high-manganese carburised steel with 

austenite stability and mechanical properties similar to the AISI 

3310 carburised steel. The latter is commercially available and 

commonly used in bearing applications.  

The aims and objectives outlined are used to guide research activities 

that address the following questions: 

1. What are the considerations that should be incorporated in 

models for the stability and transformation progress of 

retained austenite in high-carbon steels? 

2. What are the design criteria and approach that will be used to 

develop the new high-manganese carburised steel with 

austenite stability and mechanical properties comparable to the 

AISI 3310 carburised steel? 

3. What are the processing requirements (e.g., carburisation 

method, heat treatments) for the new high-manganese 

carburised steel? 

This research will contribute to existing modelling approaches for 

austenite stability in high-carbon steels by developing material models that are 

based on data with physical meaning and easily accessible. It is envisioned that 

these models can contribute to the improvement of constitutive relations in 

crystal plasticity formulations.  

Further, this research will investigate the mechanical properties and 

mechanical stability of retained austenite in a new high-manganese carburised 

steel. This opens up the possibility of replacing existing carburised steels for 

bearing applications with a cheaper alternative. 

While retained austenite can also be mechanically induced to 

transform into bainite [13], this research is limited to the transformation of 

austenite to martensite. Practically, this means that the heat treatments of the 
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studied steels are tailored to produce tempered martensitic microstructures that 

also contain retained austenite and small amounts of carbides. Microstructural 

characterisation procedures (e.g., X-ray diffraction) will be defined according 

to these microstructures.  

Consequently, the new model for calculating the critical stress for 

martensite transformation in high-carbon steels is limited to microstructural 

systems that consist primarily of martensite and retained austenite. The 

experimental data used to develop these models are based on synchrotron or 

neutron-diffraction studies of austenite stability and transformation progress 

under applied deformation. Since these experimental techniques have become 

widely used for such studies only in recent decades, it is acknowledged that the 

limited amount of experimental data available limits the new modelôs scope of 

application.  

Further, the mechanical tests conducted in the present research are 

limited to tensile and hardness tests only. Patel and Cohen [14] reported that 

tensile loading conditions favour retained austenite transformation under stress, 

whereas the transformation is less favourable under compression or may be 

suppressed under hydrostatic pressure. These observations have been verified 

through in-house experiments conducted by the project sponsor. Therefore, 

tensile tests as a means to assess austenite stability were conducted to induce 

austenite transformation in the easiest way possible, which might not fully 

represent the rolling contact loading conditions in bearings. Nonetheless, certain 

slip planes may still experience tensile stresses in contact loading conditions, 

which can facilitate martensite transformation [15]. 

Given the project constraints, the design of the new steel was also 

limited to one selected composition. Ideally, several alloying compositions 

would be created and tested to select the composition that gives the best 

austenite stability and mechanical properties. 

The outline of this thesis is as follows:  

¶ In Chapter 1, the context of the research is presented. The 

research aims, objectives, and questions are highlighted and the 
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significance of such research argued. The scope and limitations 

of the research are also explained.  

¶ In Chapter 2, the existing literature is reviewed to highlight the 

main factors that influence austenite stability and to identify 

important considerations for the development of the new 

models.  

¶ In Chapter 3, the procedures of the experimental techniques 

undertaken to characterise and analyse the steel samples are 

described.  

¶ In Chapter 4, the effect of chemical composition and austenite 

grain size on the transformation of austenite to martensite 

induced by cooling is studied by performing dilatometry 

experiments.  

¶ In Chapter 5, the development of new models for the critical 

stress and progress of deformation-induced martensite 

transformation are presented; the model limitations are then 

highlighted in a parametric analysis and their implementation 

as tools for alloy design are assessed.  

¶ In Chapter 6, the thermodynamic modelling approach used to 

design the composition of the new steel is presented, along with 

a description of the initial carburisation difficulties that were 

revealed and the mitigation solution.  

¶ In Chapter 7, the characterisation and analysis of the 

microstructure, mechanical properties and austenite stability of 

the new and reference carburised steels are presented.  

¶ In Chapter 8, the general conclusions to this research are 

presented, along with recommendations for future work. 
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Chapter 2: Literature review 

2.1 Introduction  

Retained austenite transforms into martensite when it is cooled at a rate that is 

fast enough to avoid the formation of other phases. It can also transform when 

subjected to an applied stress that promotes martensite transformation by 

contributing a mechanical term to the total free energy of transformation. 

Consequently, the thermal and mechanical stability of retained austenite 

characterises its resistance to martensite transformation by thermal and 

mechanical influences, respectively. 

The presence of retained austenite can be beneficial or detrimental to 

steel properties. The stress-induced transformation of retained austenite to 

martensite increases the strength of the component [16], and retained austenite 

has been reported to enhance the RCF life of bearings [17]. However, excessive 

amounts of retained austenite can lead to detrimental effects such as lower 

hardness [18], which reduces the wear resistance of bearings [19]. The 

transformation of retained austenite can cause dimensional instability in 

bearings [20]. Fluctuations in service temperatures or loads can trigger the 

transformation of austenite into martensite, leading to size changes that affect 

the internal clearance of the bearing and in turn modify the state of stress [17]. 

The expansion accompanying the transformation of austenite into martensite 

was reported to be in the order of 4 µm per 100 mm [21].    

Studies on the factors influencing austenite stability and 

transformation kinetics during thermal- or deformation-induced martensite 

transformations are widely reported in literature [22]ï[27]. However, most 

models describe austenite stability and kinetics under thermal [28]ï[30] and 

mechanical conditions [31], [32] separately. In thermomechanical processes 

such as the hard turning or cutting of steels, models that incorporate thermal and 

mechanical effects can provide a more accurate estimation of phase contents 

and transformation temperatures. Zhang et al. [33] conducted one such study to 

model the stress distribution in workpieces under hard-cutting processes. 
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Therefore, the aim of the work in this chapter was to present a literature 

review that addresses the following questions: 

1) What are the key parameters that influence austenite stability and 

transformation kinetics? 

2) What is the feasibility of modelling the thermal and mechanical aspects of 

austenite transformation in a unified model? 

This chapter begins with a brief description on the development of 

bearing steels. The main factors that influence retained austenite stability are 

reviewed, followed by a brief discussion on the thermodynamics of martensite 

transformation. Models that describe the martensite-start temperature and 

kinetics of athermal martensite transformation are discussed. Models that 

describe the deformation-induced martensite transformation are also reviewed. 

The main findings of the review are summarised at the end of the chapter. 

2.2 Development of bearing steels 

The manufacture of bearings conventionally involves the use of high-carbon (1 

wt-%C) and low-carbon (0.2 wt%C) steels. An important difference in 

processing is that high-carbon steels are subjected to through-hardening or 

surface-induction hardening treatments, whereas low-carbon steels are 

carburised to achieve sufficient surface hardness while maintaining toughness 

at the core [34]. Historically, European bearing producers favoured the use of 

high-carbon steels that were based on chromium-type tool steels to manufacture 

bearings [34]. Examples of through-hardened steels include the AISI M-50 steel 

for high-temperature bearing applications above 149°C, and the AISI 52100 

steel for bearings operating below 149°C; the latter is reported to be the most 

widely used bearing steel grade [35].  

In contrast, bearings manufactured in North America were 

predominantly based on the carburisation of low-carbon steels to produce a case 

with sufficient hardness that meets the high load-bearing capacity required of 

rolling-element bearings [34]. Popular carburising-grade steels for bearings 

operating below 149°C include the AISI 8620 and AISI 9310 steels, whereas 

the M50-NiL steel is preferred for bearings operating above 149°C [35]. 
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Fracture toughness is an important property for bearings that ensures 

their ability to withstand significant damage progression without catastrophic 

failure before they are repaired [36]. Through-hardened steels are known to 

have limited fracture toughness; the ὑ  value is normally lower than 24 

MPaĀm1/2, which varies with heat treatment [35]. Such low fracture toughness 

is not desirable if rapid fracture is to be avoided. Thus, carburising-grade steels 

are more suitable for bearing applications that require high toughness [35]. 

Since fracture toughness is inversely related to hardness and hardness 

depends on carbon content, nickel is added to carburising steels because it 

allows the fracture toughness to be enhanced without affecting hardness [35]. 

Based on this concept, Bamberger developed the carburising-grade M50-NiL 

steel from the AISI M-50 steel by reducing the carbon concentration and 

increasing the nickel concentration [37]. Compared to the through-hardened 

AISI M-50 steel (ὑ  of 29 MPaĀm1/2), the carburised M50-NiL steel has a core 

with higher fracture toughness (ὑ  over 60 MPaĀm1/2) [35]. Further, the 

compressive residual stresses generated during carburisation in combination 

with an even dispersion of fine carbides in the M50-NiL steel gives it a longer 

RCF life than the through-hardened AISI M-50 steel [38]. 

While nickel enhances the toughness of carburising steels, its addition 

also promotes the retention of austenite in the microstructure. The 

transformation of retained austenite into martensite is known to cause 

dimensional changes that can disrupt the inteference fit of the bearing to a shaft 

[17]. This is why the retained austenite percentage is normally limited to 2 to 5% 

for critical applications such as those for aerospace engines [35]. For non-

critical applications, a higher percentage can be tolerated and case 

microstructures typically contain 15 to 40% retained austenite [34]. The factors 

that influence retained austenite stability are discussed in the next section. 

2.3 Factors affecting the stability of retained austenite 

Among the main factors that affect retained austenite stability are chemical 

composition, austenite grain size, austenite morphology, load partitioning, the 

strength of the phases surrounding austenite grains, stress state, and austenite 
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grain orientation [39]. These factors have been reviewed in detail by previous 

authors [39], [40]. Therefore, this section highlights the key aspects that relate 

the influence of these factors to austenite stability.  

2.3.1 Chemical composition 

Considering an equilibrium binary phase diagram of iron and its alloying 

element, the alloying additions can be grouped according to the manner in which 

they influence the diagram. The first group are those that extend the austenite 

phase field and promote its formation over higher compositional limits [7]. 

These elements are known as austenite stabilisers and include elements such as 

carbon, manganese, and nickel. The second group are those that contract the 

austenite phase field and promote the formation of ferrite over higher 

compositional limits [7]. These elements are known as ferrite stabilisers and 

include elements such as silicon, aluminium, and phosphorus. Carbide-forming 

elements such as vanadium, molybdenum and chromium also fall into this group 

[7].  

The relationship between chemical composition and phase stability in 

steels is based on how the alloying elements affect the thermodynamic stability 

of the phases. Considering the influence of alloying elements on the relative 

thermodynamic stabilities of austenite and ferrite in equilibrium, any alloying 

combination that increases the free energy of austenite relative to that of ferrite 

will stabilise the latter and promote the austenite-to-ferrite transformation [7]. 

The relative potencies of these alloying elements as ferrite or austenite 

stabilisers are shown in Fig. 2.1. For example, elements such as silicon promote 

ferrite formation, while manganese and nickel promote the retention of austenite 

[7]. Carbon is observed to have the greatest austenite stabilising effect in steel. 
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Austenite transforms into martensite when it is cooled to the 

martensite-start ὓ  temperature. The ὓ  temperature is commonly expressed 

in empirical equations as a function of the chemical composition of the steel. 

For instance, the ὓ  (in °C) equation by Steven and Haynes [41] can be 

expressed as, 

ὓ υφρτχτὼ σσὼ ρχὼ ρχὼ ςρὼ Ȣ (2.1) 

Equation (2.1) is valid within the following composition range (in wt-%): 0.1ï

0.55 wt-%C, 0.2ï1.7 wt-%Mn, 0ï5 wt-%Ni, 0ï3.5 wt-%Cr, 0ï1 wt-%Mo [42]. 

The development of ὓ  equations is discussed in Section 2.5. 

The empirical expression of the ὓ  temperature in Equation (2.1) does 

not show any dependence on time. This observation points towards a critical 

value of the free energy difference between martensite and austenite, ɝὋ
ᴼ

, 

that must be reached at the start of martensite transformation. The sole effect of 

the alloying elements is to vary the relative thermodynamic stabilities of 

martensite and austenite [42]. 

The transformation of martensite occurs via the movement of a glissile 

interface. Therefore, any obstacles that hinder dislocation motion also lower the 

ὓ  temperature. The austenite is strengthened by the addition of alloying 

elements, and it has been reported that the tendency of austenite to transform 

Figure 2.1 Relative potency of alloying elements as: (a) ferrite stabilisers; (b) 
austenite stabilisers. ɝ( is the heat of solution of the element in austenite less that in 
ferrite. Schematic redrawn from [7]. 
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into martensite is influenced by its ability to resist deformation. According to 

Ghosh and Olson [43], the resistance to dislocation motion varies with the 

square root of solute concentration, which has been expressed in their model for 

calculating ɝὋ
ᴼ

(in J mol-1) as follows:  

ɝὋ
ᴼ

ρπρπτππωὼ σπωχὼ ρψφψὼ ȣ 

ρωψπὼ ρτρψὼ ρφυσὼ ρψχωὼ ȣ 

ρτχσὼ ρφρψὼ ςψπὼ χυςὼ ȣ 

ρχςὼ χρτὼ συςὼ ȟ 
(2.2) 

where ὼ is the solute concentration in wt-%.  

Various thermodynamic models for evaluating the critical driving 

force have been developed by previous authors [44]ï[47]. It is now common to 

perform free energy calculations using thermodynamic software such as 

Thermo-Calc [48]. 

2.3.2 Austenite grain size 

The thermal stability of austenite has been reported to increase with smaller 

grain size [22]ï[24], which is indicated by lower ὓ  temperatures. Some 

authors [22]ï[24] reported that martensite transformation was suppressed in 

grains with diameters smaller than 20 ɛm, although this value may vary in other 

steels [49]. The influence of grain size on the thermal stability of austenite has 

been linked to several mechanisms including the density of martensite 

nucleation sites [50], single- or multi-variant martensite transformation modes 

[25], the stress field surrounding the martensite plate [51], and the strength of 

the austenite matrix [52]. A review of these mechanisms can be found in [40]. 

The effect of grain size on the mechanical stability of retained austenite 

is less well defined. By performing tensile tests on steel samples with different 

average austenite grain sizes at the same loading conditions, Matsuoka et al. [24] 

reported a small difference in martensite transformation rate among the samples. 

Blondé et al. [26] reported that blocky retained austenite grains transform into 

martensite regardless of the grain size, although the tendency to transform is 

higher for the largest grains. Zhou et al. [53] also reported the transformation of 
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large retained austenite grains at low strains during tensile loading and observed 

that smaller grains tend to transform at higher strains.  

In both investigations [26], [53], it was found that the largest grains 

have the lowest carbon content, which explains the low mechanical stability 

since carbon is an austenite stabiliser. This shows that the influence of grain size 

on retained austenite stability is linked to chemical composition, which can be 

difficult to isolate in experiments. 

2.3.3 Austenite morphology 

Fig. 2.2 shows the blocky and film-like morphologies of retained austenite 

reported by previous authors [54]ï[56]. Retained austenite films are known to 

have higher resistance to martensite transformation under mechanical loading 

compared to blocks [26].  

The morphological effects on mechanical stability are intrinsically 

linked to other factors governing retained austenite stability, including carbon 

content, stress state and strength of matrix. Xiong et al. [54] reported that 

retained austenite films (Fig. 2.2c) were more mechanically stable than blocky 

austenite (Fig. 2.2a) despite having a lower carbon content. The higher 

mechanical stability of these films was due to the surrounding lath martensite, 

whereas the blocks were surrounded by proeutectoid ferrite. The higher yield 

strength of lath martensite and the hydrostatic pressure exerted on retained 

austenite films makes it harder for them to transform into martensite [54]. 
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2.3.4 Stress state 

Patel and Cohen [14] investigated the effect of stress state in austenite stability 

by performing tension and compression tests on Fe-C-Ni and Fe-Ni steels. They 

reported that the ὓ  temperature increased with uniaxial compression and even 

with uniaxial tension, but it decreased under hydrostatic pressure. Based on 

these results, they proposed that external loads provide a mechanical 

contribution that either increases or decreases the free energy change driving 

the martensite transformation. The promotion of martensite transformation by 

applied stress has also been reported by Liu [57] and Maalekian [58]. 

Figure 2.2 The variation in retained austenite morphology as the applied strain is 
increased in a quench-and-partition steel, where blocky and film-like retained 
austenite are highlighted in the bright field (2.2a, 2.2b) and dark field (2.2c, 2.2d) 
images, respectively. The applied strains corresponding to each image are as 
follows: (2.2a, 2.2c) 0%; (2.2b, 2.2d) 12%. Reproduced from [54] with permission 
of Elsevier.  
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2.3.5 Strength of neighbouring phases 

Retained austenite stability is governed by the partitioning of stress or strain 

between the retained austenite and its neighbouring phases when deformation is 

applied. For example, athermal martensite was reported to increase the 

hardening of the ferrite matrix in multiphase transformation-induced plasticity 

(TRIP) steels, which reduces the rate of stress increase in retained austenite, 

thus delaying its decomposition into martensite [59]. 

Retained austenite stability is also determined by the capacity of the 

neighbouring phases to accommodate the volume expansion resulting from 

austenite-to-martensite transformation. Hidalgo et al. [27] studied the influence 

of the surrounding matrix on austenite stability in a steel that was tempered at 

different temperatures and times. They found that the specimen with the highest 

tempering temperature had the lowest hardness. Tempering decreases the 

martensite strength as a result of lower dislocation density and carbon in solid 

solution. Subsequently, the volume expansion from the martensitic 

transformation can be accommodated more easily, leading to lower retained 

austenite stability [27]. 

2.3.6 Austenite grain orientation 

Deformation-induced martensitic transformation in austenite grains also 

depends on the grain orientation with respect to the loading direction [4], [26], 

[60]. The transformation is governed by the critical resolved shear stress 

induced by the applied tensile load along the preferred slip systems. The critical 

resolved shear stress (†) is related to applied stress („) by the Schmid factor, ά, 

according to  [61]: 

† ά„ ÃÏÓ‗ϽÃÏÓ‰ Ͻ„ȟ (2.3) 

where ‗ is the angle between the slip and loading directions and ‰ is the angle 

between the slip plane normal and the loading direction. Grains in a favourable 

orientation have higher Schmid factors and resolved shear stress; thus, they are 

the earliest to transform. 
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2.4 Thermodynamics of martensite transformation 

When external stresses are absent (see Fig. 2.3), martensite transformation that 

is driven by the chemical driving force, ɝὋ , initiates at the ὓ  temperature, 

where the free energy difference is equal to ɝὋ
ᴼ

. 

When ɝὋ  is reduced at temperatures higher than the ὓ  

temperature, martensite transformation can still occur with the aid of an external 

stress. The applied stress adds a mechanical interaction energy to the total 

driving force for martensite transformation. The applied stress interacts with the 

shape deformation of the martensite, thus producing a mechanical driving force, 

ɝὋ , that can be expressed as [14]:    

ɝὋ †‎ „‐ȟ (2.4) 

where † is the shear stress on the habit plane, ‎ is the transformation shear 

strain, „  is the stress normal to the habit plane, and ‐ is the transformation 

strain normal to the habit plane. ɝὋ  is negative when the applied stress 

promotes transformation. Referring to Fig. 2.3, if the applied stress is below the 

austenite yield strength, then the total driving force ɝὋ ɝὋ  equals 

ɝὋ
ᴼ

 at ὓ ὓ . 

Martensite transformation occurs when ɝὋ ɝὋ ɝὋ
ᴼ

. 

This is illustrated by the arrows (parallel to the free energy axis) pointing 

downwards if martensite transformation is favoured. At temperatures above Ὕ, 

ɝὋ  is the sole contributor to the driving force as ɝὋ  opposes the 

transformation [42]. Beyond the ὓ  temperature, the total driving force is less 

than ɝὋ
ᴼ

. Stress continues to assist the transformation until it no longer 

increases because of plasticity. A point is reached where ɝὋ ɝὋ
ᴼ

 at 

a temperature ὓ , and martensite transformation ceases above that temperature 

[42].  

Martensite transformation is stress-assisted in the ὓ ὓ  range 

because stress is expressed through a thermodynamic term as defined by 

Equation (2.4) [42]. The transformation is driven predominantly by the 

nucleation of martensite at the same pre-existing sites as those of transformation 

induced by cooling but aided by the external stress [62]. Once the austenite 
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yields before it transforms into martensite, the thermodynamic term remains, 

but defects such as dislocations and shear bands introduced during plastic 

straining provide additional nucleation sites [63]. The additional formation of 

martensite due to plastic strain is known as a strain-induced transformation. 

Within the ὓ ὓ  range, martensite transformation occurs due to the 

combined effects of stress and strain.  

 

For a further review of the theory of deformation-induced martensitic 

transformations, the reader is directed to the work of Eres-Castellanos et al. [64]. 

The authors also performed thermodynamics-based calculations of the critical 

temperatures for deformation-induced martensitic and bainitic transformation 

in an ausformed steel [13]. 

2.5 Modelling martensite transformation induced by cooling 

The ὓ  temperature is an indicator of the thermal stability of austenite. 

Equations for the ὓ  temperature can be derived using linear regression. These 

models have the form: 

Figure 2.3 Variation in the ὓ  temperature as a function of temperature and applied 
stress. Schematic redrawn from [42]. 



21 

 

ὓ ὴ ὴὼȟ (2.5) 

where ὴ  is a constant, ὼ is solute concentration in wt-%, and ὴ is the 

corresponding coefficient. Empirical ὓ  equations are widely reported in 

literature [65]ï[69]. A collection of ὓ  equations can be found in [70]. Table 1 

shows the ὓ  equations developed by Andrews [65], which have a composition 

range that is valid for many low-alloy steels. The pseudo-linear equation 

involves the product of solute concentrations to describe alloying interactions. 

Table 2.1 Models for the ὓ  temperature. 

Author Model 

Andrews [65] Linear 

ὓ ᴈ υσωτςσὼ  σπȢτὼ ρχȢχὼ ȣ 

ρςȢρὼ χȢυὼ  

Non-linear  

ὓ ᴈ υρςτυσὼ ρφȢωὼ ρυὼ ωȢυὼ ȣ 

ςρχὼ χρȢυὼὼ φχȢφὼὼ  

Composition range (ὼ in wt-%) 

0.11ï0.58 C; 0.04ï4.87 Mn; 0.11ï1.89 Si; 0ï5.04 Ni;  

0ï4.61 Cr; 0ï5.4 Mo 

 

Capdevila [71] ὓ ὑ χφτȢς σπςȢφὼ σπȢφὼ ρφȢφὼ ȣ 

ψȢωὼ ςȢτὼ ρτȢυὼ ρρȢσὼ ȣ 

ψȢυψὼ χȢτὼ  

Composition range (ὼ in wt-%) 

0.001ï1.62 C; 0ï3.76 Mn; 0ï3.4 Si; 0ï17.9 Cr; 0ï27.2 Ni; 

0ï5.1 Mo; 0ï4.55 V; 0ï30 Co; 0ï1.1 Al; 0ï12.9 W;  

0ï0.98 Cu; 0ï0.23 Nb; 0ï0.01 B; 0.0001ï0.06 N 

 

While regression models are popular due to their ease of use, the 

functional dependence between the ὓ  temperature and alloying concentration 

has to be defined explicitly before the analysis [72]. These models also require 
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alloying elements to be in solution and have austenite grain sizes that are high 

enough to avoid any influence on the ὓ  temperature [68], although the grain 

size effect can be accounted for by adding a correction term as shown in ὓ  

models developed by Lee [69] and Arlazarov [73]. Ultimately, regression 

models are restricted by the composition range of the steels. 

ὓ  models can be developed using neural networks [74] and other 

data-driven approaches [75]ï[77]. The advantage of neural network models is 

that the non-linear functions selected to describe variations in data are derived 

rather than assumed [72]. However, the application of these models can lead to 

overfitting of data [72]. This problem can be overcome by using a Bayesian 

neural network such as Capdevilaôs model [71], where the relative effect of 

alloying elements derived from the neural network analysis is expressed in an 

empirical equation (Table 2.1). This approach incorporates error bars to 

represent the uncertainty of fitting parameters and thus define the range of 

applicability. Despite the increasing interest in employing data-driven models 

for the ὓ  temperature [75]ï[77], Eres-Castellanos et al. [78] suggested that 

these powerful methods are unnecessary for modelling simple problems that can 

be solved by linear regression. 

The thermodynamics approach can be used to model the ὓ  

temperature [79]ï[82] based on the influence of alloying additions on ɝὋ
ᴼ

 

as shown in Equation (2.2) [43]. The change in driving force for transformation 

due to binary and higher-order alloying element interactions provides a physical 

basis for thermodynamic models. However, this approach is essentially 

empirical since calculation of ɝὋ
ᴼ

 depends on the thermodynamics database 

used, and its accuracy is limited by that of the database [83]. To address this 

limitation, Peet [83] suggested a hybrid approach that combines 

thermodynamics and Bayesian neural network models, which was reported to 

perform better. 

2.6 Kinetic models of athermal transformation 

Martensite forms either athermally (i.e., the fraction of austenite transformed is 

solely temperature-dependent) or isothermally (i.e., the fraction of austenite 
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transformed is temperature- and time-dependent). Since the transformation 

kinetics are athermal for most steels with a ὓ  temperature above ambient [42], 

models that predict the fraction of athermal martensite are discussed in this 

section.  

One of the most well-known empirical models for predicting the ὓ  

temperature is the Koistinen and Marburger model [84]: 

ὠ ρ ÅØÐπȢπρρ- 4 ȟ  

 
ὓ Ὕ ψπᴈȟ 

(2.6) 

where ὠ  represents the martensite volume fraction, and Ὕ  represents the 

lowest temperature (in °C) reached during quenching.  

Referring to Fig. 2.4, the transformation curve produced by 

implementing Equation (2.6) is compared to the experimental data of a Fe-0.8 

wt-%C steel [28]. Although there is reasonable agreement between the 

experimental and predicted curves, the experimental data shows a more gradual 

start and progression of martensite formation compared to the predicted curve. 

This observation has been reported in the formation of athermal martensite in 

steels [85], [86], and is known as the ñslow-startò phenomenon [87]. While its 

exact cause is unknown, Sourmail and Smanio [87] suggested several reasons 

that could lead to the ñslow-startò phenomenon. These reasons include the 

variation in solute concentration in different parts of the microstructure, the 

effect of austenite grain size, and temperature gradients in the sample (in the 

case where the ὓ  temperature is measured using dilatometry).      

Another limitation of Equation (2.6) is the fixed-rate parameter that 

restricts its applicability to a narrow compositional range. Since the chemical 

composition strongly affects the thermal stability of austenite, it should also 

influence the progress of austenite transformation. However, the influence of 

alloying elements is not explicitly considered in Equation (2.6) other than as it 

pertains to the ὓ  temperature. 

The limitations of the Koistinen-Marburger model were improved by 

Bohemen and Sietsma in their model [29]: 
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ὠ ρ ÅØÐ‌ Ὕ Ὕ ȟ 

 

Ὕ  ᴈ   τφςςχσὼ ςφὼ ρφὼ ρσὼ σπὼ ȟ 
 

‌  ὑ πȢπςςτπȢπρπχὼ πȢπππχὼ πȢππππυὼ ȣ 

πȢπππρςπȢπππρὼ ȟ 

(2.7) 

where the solute concentration ὼ is in wt-%. Bohemen and Sietsma extended 

the composition range of the Koistinen-Marburger model and expressed the rate 

parameter as a function of solute concentration. The improved prediction 

demonstrated the dependence of the transformation rate on alloying elements, 

with carbon as the most influential element.  

In Equation (2.7), Bohemen and Sietsma employed a theoretical 

martensite-start temperature Ὕ  to account for the effect of austenite grain 

size on the onset of martensite transformation, which was 5 to 20°C lower than 

the experimental ὓ  temperature [29]. In a subsequent work [85], they reported 

that the experimental ὓ  temperature approximates Ὕ  when grains are very 

small. They attribute the lowering of the ὓ  temperature by smaller grains to a 

Hall-Petch strengthening mechanism [52]. However, the detection of martensite 

transformation can be associated with the sensitivity of the measuring 

instrument used. Acoustic emission instruments were reported to detect the 

onset of martensite transformation at higher temperatures than electrical 

resistivity and dilatometry were able to [88]. The latter require a larger amount 

of martensite to form before it is detected, which naturally leads to a lower ὓ  

temperature. It would be interesting to validate Ὕ  by measuring the ὓ  

temperature using instruments of different sensitivities in conditions where the 

austenite grain size has a negligible effect. 

Huyan et al. [89] proposed a thermodynamic model to calculate the 

athermal martensite volume fraction: 

ὠ
ρ

ρ ὃ Ͻ
ɝὋ ɝὋ

ρππ

ȟ 

(2.8) 

where ɝὋ Ὃ Ὃ ɝὋ  and the unit of ɝὋ  is J mol-1. 

Parameter ὃ  (in mol J-1) was found to be 0.05 from a least squares analysis. 
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Huyan et al. [89] fitted parameter ὄ  as a function of the ὓ  temperature. The 

linear function of parameter ὄ  is expressed as ὄ πȢππφὓ ρȢυπς, where 

the ὓ  temperature is in °C. Parameter ὄ  controls the gradient of the Equation 

(2.8), in which a smaller value results in a curve with a smaller gradient. The 

driving force for transformation is taken as the difference in free energy change 

at temperatures Ὕ and ὓ .  

Two sets of calculations were performed using Equation (2.8). The 

sigmoidal shape of the predicted curves is similar to the experimental data [28], 

as shown in Fig. 2.4. The first set ὄ ςȢω was calculated using the linear 

function for ὄ , which overestimates the martensite fraction. The lack of 

accuracy is due to the large scatter of ὄ  values that the authors calculated for 

steels with ὓ  temperatures ranging from 300 to 700 K, which affects the 

overall accuracy of the linear function for ὄ  [89]. The accuracy of the 

predicted curve improved when ὄ  was set to 1.9 by trial and error. 

 

Based on the present analysis, the ὓ  temperature, rate parameter, and 

degree of supercooling are the main features in describing the progress of 

martensite transformation in empirical models. It is important to consider the 

influence of chemical composition on transformation kinetics; this effect can be 

Figure 2.4 Comparison between the experimental and predicted martensite 
transformation curves for a Fe-0.8C wt-% steel. 
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incorporated by expressing the rate parameter as a function of solute 

concentration. Equation (2.7) appears to be the most appropriate in this respect. 

2.7 Modelling deformation-induced martensite transformation 

While the ὓ  temperature is used to indicate the thermal stability of austenite, 

some authors have defined the ὓ  temperature as a measure of mechanical 

stability [90], [91]. 

The ὓ  temperature was first reported to be a characteristic property 

of metastable austenite by Richman and Bolling [90]. They performed 

experiments that involved measuring the yield stress from interrupted tensile 

tests conducted at varying test temperatures. By plotting the yield stresses over 

the range of test temperatures,  ὓ  corresponded to the temperature at which 

the yield stress was maximum and where martensite transformation initiates 

under applied stress [90]. Haidemenopoulos et al. [91] employed the same 

procedure to measure the ὓ  temperature in a tempered martensitic steel, and 

later developed a model for predicting the ὓ  temperature [92], [93]. Their 

model has been applied in designing TRIP-assisted [94] and quench-and-

partition [95] steels. 

2.8 Kinetic models for deformation-induced transformation 

2.8.1 Strain-induced martensite transformation models 

Olson and Cohen proposed a theoretical model for predicting the kinetics of 

strain-induced martensite nucleation [96]. Their model assumes martensite 

nucleation at the intersections of shear bands. These bands can appear in the 

form of dense bundles of stacking faults, mechanical twins, or ‐-martensite [96]. 

The volume fraction of shear bands in austenite, ὠ , is related to the plastic 

strain, ‐, based on the following expression: 

ὠ ρ ÅØÐ‌ Ͻ‐ ȟ (2.9) 

where ‌  is a strain-independent constant representing the rate of shear band 

formation at low strains. This parameter is expected to increase with increasing 
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strain rates and decreasing stacking fault energy, thus promoting strain-induced 

martensite nucleation. Setting the increase in the number of ‌ᴂ-martensite 

embryos proportional to the increase in the number of shear-band intersections 

ultimately leads to the following relationship between martensite volume 

fraction and plastic strain [96]: 

ὠ ρ ÅØÐ‍ ρ ÅØÐ‌ Ͻ‐ ȟ (2.10) 

where the exponent ὲ ς. The parameter ‍  is related to the probability of 

martensite embryo formation on an intersection, which in turn is temperature-

dependent because it is a function of ɝὋ . While this model has physical 

meaning, fitting the parameters with reliable values from experiments may be 

challenging, and such values could vary for different steels.  

Matsumura et al. [31] proposed a model for strain-induced martensite 

transformation that can be expressed as: 

ὠ
ὠ

ρ
Ὧ
ή Ͻὠ Ͻ‐

ȟ (2.11) 

where ὠ is the volume fraction of retained austenite, ὠ  is the initial volume 

fraction of austenite, Ὧ  is a constant related to retained austenite stability, ή  

is a strain exponent related to autocatalytic effect, and ‐ is the true strain. The 

constant ή  is a fitting parameter that varies with ὠ  according to [31].  

Sherif et al. [32] developed a model for strain-induced martensite 

transformation in TRIP-assisted steels. The austenite fraction is calculated as a 

function of the plastic strain, chemical composition, deformation temperature 

and initial volume fraction of austenite. Their model is expressed as: 

ÌÎὠ ÌÎὠ ὯϽɝὋ Ͻ‐ȟ (2.12) 

where Ὧ  is a constant determined to be 0.00446 mol J-1. The effects of 

deformation temperature and chemical composition are included in ɝὋ . 

Therefore, higher temperatures or concentrations of austenite stabilisers are 

expected to increase the austenite resistance to transformation by plastic strain.  
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For a further review on strain-induced martensite transformation 

models, the reader is directed to the work of Mukherjee et al. [6].  

2.8.2 Stress-assisted martensite transformation models 

Some authors argued that the kinetics of deformation-induced martensite 

transformation should be described in terms of stress instead of plastic strain 

because the transformation is primarily stimulated by a shearing stress [97]ï

[99]. Referring to Equation (2.4), † and „  can be expressed for any given 

orientation of a martensite plate [14] as: 

† πȢυ„ÓÉÎς—ÃÏÓ‌ȟ (2.13) 

„ πȢυ„ ρ ÃÏÓς—ȟ (2.14) 

where „ is the absolute applied stress (óô for tension and óô for compression), 

— is the angle between the loading axis and the habit plane normal, and ‌ is the 

angle between the transformation shear direction and the maximum shear 

direction on the habit plane. Equation (2.4) can be subsequently expanded as:  

ɝὋ πȢυ„‎ÓÉÎς—ÃÏÓ‌ ‐ ρ ÃÏÓς— Ȣ (2.15) 

Assuming that the martensite volume fraction transformed under 

applied stress is proportional to the increase in ɝὋ , Tamura [98] proposed 

a model to predict ὠ , which can be expressed as: 

ὠ
ρ
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“
Ὧ
ὃ

ὄ
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Ͻ
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ς
‎ÓÉÎς—ÃÏÓ‌ ‐ ρ ÃÏÓς— ɝὋ Ὠ—Ὠ‌ȟ 

(2.16) 

where Ὧ = 7.08, ɝὋ  is the critical mechanical driving force for martensite 

transformation, and ὃ  and ὄ  are constants.  

A simpler method to calculate ɝὋ  is to relate the mechanical 

driving force to the applied stress „ according to:  

ɝὋ „
‬ɝὋ

‬„
ȟ (2.17) 
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where the parameter  is expressed as a function of stress state as follows 

[100]: ï0.58 J mol-1 MPa-1 for uniaxial compression, ï0.86 J mol-1 MPa-1 for 

uniaxial tension, and ï1.42 J mol-1 MPa-1 for a crack tip loading condition. 

According to Das et al. [97] and Chatterjee et al. [101], the ὓ  

temperature can be obtained from plots of the chemical and total driving force 

as a function of temperature (see Fig. 2.5). These authors evaluated the total 

driving force by adding ɝὋ  and ɝὋ  (from Equation (2.17)), and 

replaced ὓ  with ὓ  in Equation (2.6) to model stress-assisted martensite 

transformation according to the expression: 

ὠ ÅØÐπȢπρρὓ Ὕ ȟ (2.18) 

where Ὕ represents the lowest temperature at which martensite is formed.  

 

2.8.3 Comparison of kinetic models 

There are differences in strain-induced and stress-assisted models for martensite 

transformation. This section compares the transformation progress predicted by 

selected models against experimental data from TRIP-assisted [4] and 

carburised [1] steels.    

Figure 2.5 Martensite starts to transform when the driving force reaches ɝὋᴼ . 
Since the applied stress promotes martensite transformation, ὓ  is higher than 
ὓ . Schematic redrawn after [97].  



30 

 

The utility of Equations (2.11) and (2.12) is assessed based on 

experimental data from a TRIP-assisted steel [4] that was tensile-tested at 293 

K. According to Fig. 2.6, the experimental retained austenite fraction decreases 

with strain until a strain of 0.025 is reached, then remains relatively constant 

until sample fracture. The slower transformation rate towards the end was 

reported to correlate with the transformation of austenite grains with higher 

carbon concentrations, which have higher mechanical stability [4]. Equations 

(2.11) and (2.12) predict decreasing retained austenite with higher strains and 

agree with the experimental trend. However, the large difference between the 

experimental and predicted data during the course of transformation (i.e., the 

disagreement of the predicted plots with the experimental data points) shows 

that the respective equations cannot fully represent the deformation-induced 

martensite transformation progress of TRIP-assisted steels. 

 

The utility of Equations (2.11), (2.12) and (2.18) is further assessed 

against experimental data from a carburised steel [1], which exhibits austenite 

transformation behaviour different from that of the TRIP-assisted steel [4]. The 

retained austenite in the carburised steel starts transforming only at a critical 

stress. This observation has also been reported in through-hardened steels [5], 

Figure 2.6 Comparison between the experimental and predicted retained austenite 
volume fractions of a TRIP-assisted steel [4]. The plastic strain is calculated from 
the true strain data in order to implement Equation (2.12).  
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[102]. Bedekar et al. [1] reported that the critical stress is close to the yield 

strength of the steel. 

Based on Fig. 2.7, the transformation curve produced by implementing 

Equation (2.11) shows a gradual decrease in retained austenite fraction with 

increasing strain. It matches the experimental curve more closely at the later 

stages of transformation. The prediction by Equation (2.12) does not agree with 

the experimental data, implying that a model based on plastic strain is unsuitable 

for predicting the transformation kinetics in steels that exhibit low plasticity. 

 

Fig. 2.8 compares the predicted (i.e., Equation (2.18)) and 

experimental transformation curves of the carburised steel [1]. There a few 

possible reasons for the disparity. First, Equation (2.18) assumes that retained 

austenite transformation initiates upon the application of stress. The equation 

could not account for the delayed retained austenite transformation related to 

load partitioning between the austenite and the harder martensite matrix [1]. 

Second, the exponential term in Equation (2.18) produces a parabolic curve that 

does not represent the linear reduction in retained austenite fraction that initiated 

when the martensite transformation commenced. 

Figure 2.7 Comparison of transformation curves predicted by using Equations 
(2.11) and (2.12) with experimental data from a carburised steel [1]. 
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The analysis demonstrated several aspects of deformation-induced 

martensite transformation that require consideration before the application of 

any model. First, the transformation is influenced by the interaction between the 

factors influencing austenite stability such as chemical composition [103], grain 

size [26], grain orientation [60], and load partitioning with neighbouring 

phases[59]. However, the influence of these factors on austenite stability can 

vary with the type or microstructure of the steel, so these differences should be 

considered in any model (i.e., the model should be adaptable). Although 

empirical models for strain-induced martensite transformation are capable of 

predicting the decomposition of austenite with applied strain, they often neglect 

the effect of mechanical stabilisation [58], [104], which can cause the 

transformation to cease when dislocation debris in the austenite impedes the 

translation of the glissile austenite-martensite interface.  

Further, several conditions of the theory of strain-induced 

transformations must be present but are difficult to measure experimentally, 

such as the dependence of defect density on plastic strain and the potency of 

Figure 2.8 Comparison between the transformation curve predicted by using 
Equation (2.18) with experimental data from a carburised steel [1]. 



33 

 

defects [96]. It is noteworthy that the experimental data used for fitting strain-

induced models include the concomitant effects of stress and strain [42]. 

Although the theory of stress-assisted transformation is well 

established [14], the accuracy of empirical stress-assisted models comes at the 

cost of simplifying the assumptions made to approximate ɝὋ . 

Implementation of a model that considers the factors that affect ɝὋ , such 

as grain orientation [105], could provide a better representation of the 

transformation behaviour. In this respect, the availability of synchrotron X-ray 

and neutron diffraction facilities has made it easier for studies of the orientation-

dependent stability of austenite to be conducted [1], [4], [26], [102]. 

2.9 Summary 

In this chapter, a review has been conducted on the development of bearing 

steels, the factors that affect austenite stability, and models that describe the 

austenite-to-martensite transformation under thermal and mechanical 

influences.  

One of the main factors that influence austenite stability is chemical 

composition. Alloying elements can generally be classified as those that 

promote ferrite formation or the retention of austenite to wider composition 

limits. Austenite stabilising elements help to retain austenite in unfavourable 

conditions by lowering the free energy of austenite relative to other phases in 

equilibrium. 

Smaller retained austenite grains and austenite with film-like 

morphology are said to increase the stability of retained austenite. However, it 

is challenging for these effects to be studied in isolation, as experimental studies 

show that the most stable grains with these features also have a high carbon 

content. This implies that size and morphological effects on austenite stability 

are linked to chemical composition. 

The stability of retained austenite depends on the strength of the 

neighbouring phases. Retained austenite that is surrounded by a harder phase, 

such as martensite, have higher stability because the rate of stress increase in 
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the austenite is reduced and the volume expansion accompanying the 

transformation is suppressed.   

The transformation of austenite to martensite is promoted if austenite 

grains are subjected to loading conditions that contribute an additional 

mechanical energy to the total driving force for transformation. Retained 

austenite grains that are oriented favourably with respect to the loading direction 

also transform earlier into martensite.    

From the outset, the development of a unified model for modelling 

austenite stability and transformation is challenging due to the complex 

interplay between factors affecting the thermal and mechanical stability of 

austenite. The prospect of a unified model should consider the following aspects:  

1. The Gibbs free energy change can be used as a common parameter to 

describe changes in the thermal and mechanical stabilities of austenite. 

For instance, the Gibbs free energy change is a function of temperature 

and applied stress, which affects the thermodynamic driving force for 

martensite transformation.  

2. Chemical composition is the primary factor affecting austenite stability. 

Since the ὓ  temperature relies on solute concentrations, the effect of 

chemical composition is vital in predicting the initial volume fraction 

of retained austenite and transformation kinetics.  

3. The representation of stress and strain must be evaluated since 

currently there is no consensus on the role stress and strain play in 

contributing towards deformation-induced martensite transformation 

[96], [98], [99], [101], [106]. Further work is needed to elucidate the 

influence of stress and strain on martensite transformation [64]. 

4. The transformation rate parameter in the model should be related to 

material properties that are physically meaningful. For instance, the 

transformation can be related to the chemical composition of steel, 

such as in the case of Equation (2.7). 

Based on the review conducted, the effects of chemical composition 

and austenite grain size on austenite stability were highlighted to be 

interconnected. Their relationship in high-carbon steels will be investigated in 
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Chapter 4 by performing dilatometry experiments with varying austenitisation 

conditions. The delayed austenite-to-martensite transformation (Fig. 2.8) 

observed in high-carbon steels is studied through the development of models to 

calculate the critical stress and progress of martensite transformation in Chapter 

5. The insights gained from the literature review and model predictions helped 

inform the design of a new high-manganese carburised steel. The alloy design 

process and investigations conducted to assess the properties of the new steel 

are discussed in Chapters 6 and 7, respectively.  
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Chapter 3: Experimental methods 

This chapter provides an overview of the experimental methods employed in 

the present work. Further details for specific methods are described in the 

relevant chapters.     

3.1 Materi als 

Carburised bearing steels supplied by The Timken Company were investigated 

in the present work. These steels include the AISI 8620, AISI 4320, and AISI 

3310 steel grades that are commonly used in bearing and gear applications. The 

AISI 3310 steel formed the basis for the development of a new high-manganese 

carburised steel that was manufactured by The Timken Company.  

The steels were supplied in the form of dilatometry and tensile samples. 

The chemical compositions of the steels were analysed by inductively coupled 

plasma for all alloying elements, except for carbon and sulphur, which were 

analysed by combustion. The analysis was performed by Inspiratech 2000 

Limited. The chemical compositions are shown in Table 3.1.  

 

Table 3.1 Chemical compositions of the steels. The dilatometry samples are made from 
the AISI 8620 and AISI 4320 steels, which are presented in Chapter 4. The tensile 
samples are made from the AISI 3310 steel (reference steel) and high-manganese 
carburised steel (new steel), which are presented in Chapter 7. All steels contain minor 
amounts of phosphorus (0.003ï0.011 wt-%P) and sulphur (0.003ï0.027 wt-%S). 

Steel 
Chemical composition / wt-% 

C Mn Si Cr Ni Mo Cu Al  

AISI 8620 1.16 0.81 0.25 0.52 0.41 0.20 0.16 0.03 

AISI 4320 1.14 0.54 0.20 0.48 1.74 0.20 0.12 0.03 

AISI 3310  0.85 0.44 0.28 1.47 3.43 0.10 0.18 0.04 

New steel 0.62 2.91 0.19 1.41 - 0.01 0.24 0.02 
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3.2 Sample preparation 

The first step in the sample preparation process was to cut the sample into the 

desired shape using an ATM Brillant 220 cutting machine. The subsequent steps 

depended on the types of analysis that were used for a particular sample. 

Mounted samples were used for scanning electron microscopy, energy 

dispersive spectroscopy, and hardness tests. Unmounted samples were used for 

X-ray diffraction and fractography.   

Mounted samples were prepared by hot-mounting in conductive 

Bakelite, followed by grinding with silicon carbide papers (400 grade to 2500 

grade). After coarse grinding, the samples were polished with diamond paste (6 

to 0.25 µm) using suitable polishing cloths and an oil-based lubricant. Between 

each grinding and polishing step, the surface quality of the samples was 

examined under an optical microscope. The grinding and polishing of the 

samples were performed by hand, and samples were cleaned with acetone or 

ethanol after polishing. In order to reveal the microstructure of the steel, samples 

were etched with 2% nital (2% nitric acid and 98% methanol by volume) for a 

short duration and rinsed with water.  

Unmounted samples for X-ray diffraction were ground and polished in 

the same manner. Samples that were too small or unwieldy were stuck to 

specimen stubs to ease the preparation process and removed by immersing in 

acetone in an ultrasonic bath.  

3.3 Microstructural characterisation  

3.3.1 Optical microscopy 

Images from the fracture surface of broken tensile specimens were obtained 

using a Brunel stereomicroscope fitted with a Canon EOS 2000D camera. The 

ImageJ software was used for digital image enhancement (e.g., adding scale bar, 

adjusting brightness and contrast, cropping).  
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3.3.2 Scanning electron microscopy 

Scanning electron microscopy (SEM) was performed using a ZEISS Gemini 

300 scanning electron microscope. The secondary electron imaging mode was 

used for surface characterisation and fracture analysis. The accelerating voltage 

was varied between 10 and 20 kV. The aperture size and working distance were 

adjusted accordingly to obtain high-resolution images. Energy dispersive 

spectroscopy (EDS) was performed using the backscattered electron imaging 

mode to analyse the chemical composition of local microstructural features in 

the samples. 

3.3.3 Carbon profiling 

Carbon profiling was performed to determine the homogeneity of carbon 

distribution in dilatometry samples. Referring to Fig. 3.1, the samples were cut 

in half lengthwise using a 0.10 mm-thick blade to reduce material loss. The flat 

side of the unmounted samples was ground and polished following the method 

in Section 3.2, but without etching. The samples were additionally polished to 

a 0.05 µm finish to improve surface quality. It is imperative that the surface to 

be examined is flat and smooth to ensure accurate carbon measurements.  

The work was performed at the Warwick Manufacturing Group, 

University of Warwick. The samples were cleaned under ultraviolet radiation 

for 2 minutes prior to examination. Carbon profiling was performed using a 

JEOL 7800F scanning electron microscope fitted with a wavelength dispersive 

spectroscopy detector. The accelerating voltage used was 10 kV with a scanning 

step size of 0.2 mm. Line scans of pre-defined scan areas (120 × 10 µm) across 

the sample width were taken instead of point measurements. Line scans provide 

a more accurate representation of the carbon concentration because the accuracy 

of point measurements can be affected by contaminants on the sample surface. 
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3.3.4 X-ray diffraction 

X-ray diffraction (XRD) was performed using a Bruker AXS D8 diffractometer 

to measure the amount and lattice parameter of the phases present in the 

microstructure of the steel samples. Polished samples were mounted on silicon 

wafers to minimise background noise and fixed to the sample holder of the 

diffractometer. XRD measurements were performed in a 2— range between 37° 

and 103° with Cu ὑ  radiation at a voltage and current of 40 kV and 40 mA, 

respectively. A 0.012 mm-thick nickel filter was used to absorb ὑ  radiation. A 

scanning step size of 0.04° and dwell time of 5 seconds were used. Samples 

were rotated at 30 rotations per minute to reduce preferred orientation effects.  

The raw data from the XRD measurements were analysed using the 

Rietveld refinement routine in HighScore Plus software [107]. The software 

generates a fit of the XRD pattern and calculates XRD parameters such as the 

amount and lattice parameters of the phases. The quality of the fit was assessed 

using the weighted R-profile (Ὑ ) and goodness-of-fit parameters. The fit 

quality was also assessed by visually comparing the observed and calculated 

patterns, which can be shown in a difference plot. 

3.4 Dilatometry  

Dilatometry is an experimental technique that can be used to study phase 

transformations in steels. The transformation of one phase to another results in 

changes in the lattice parameter of iron, which causes a detectable volume 

Figure 3.1 Schematic of carbon profiling scan for dilatometry samples. As the 
electron beam scans across the sample, the average carbon concentration in the 
yellow box is measured.  
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change in the sample [108]. This technique was used to measure the ὓ  

temperature of the steel. 

Dilatometry experiments were performed using a TA Instruments 

DIL805A/D dilatometer in the quenching mode. Cylindrical samples with two 

different dimensions were used, namely solid samples (length: 10 mm; diameter: 

4.5 mm) and hollow samples (length: 10 mm; outer diameter: 4mm; inner 

diameter: 2mm). The hollow samples differ from the solid samples in that they 

contain a 2-mm bore at the sample core, which helps to improve heat transfer 

and allows a faster and more uniform cooling rate throughout the sample. Fine 

silicon carbide paper was used to remove any surface oxide on the samples.  

The samples were spot-welded with 0.1 mm S-type thermocouples, 

which enables the temperature to be recorded during heating under vacuum. 

Dimensional changes in the samples were detected through changes in the 

diameter and length of the samples during heat treatment. During the heating 

and cooling stages, changes in length were measured by a linear variable 

differential transducer connected to silica push rods. Changes in diameter were 

measured by a laser with a precision of ± 1 µm [109].  

In order to determine the austenite grain size, prior to the dilatometry 

experiments the samples were subjected to thermal etching, which reveals the 

austenite grain boundaries. It should be noted that the austenite grain size refers 

to the size of the parent austenite grains, not the size of the individual retained 

austenite blocks or films. Thermal etching was performed by grinding one side 

of the cylindrical sample lengthwise to a flat surface that was approximately 2 

mm wide. The width of the flat surface should be large enough to allow enough 

grains to be observed for grain size measurements. Helium gas was used for 

cooling the thermally etched samples because it has a low contamination level 

that enables a good surface finish [109]. After the dilatometry experiment, the 

flat surface was polished to a 1 µm finish and etched with 2% nital.  

The austenite grain size is defined by the grain diameter measurement 

based on the mean linear intercept method, as described in the ASTM E112-13 

standard for determining the average grain size [110].  
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3.5 Mechanical tests 

3.5.1 Hardness 

Vickers microhardness tests were conducted on heat-treated tensile samples 

using a Qness Q30 A+ hardness machine. Samples for hardness tests were cut 

from the cross-section of the gauge length region in the tensile samples. The test 

load and dwell time for a single indent were 1 kg and 10 s, respectively. During 

the test, a pyramidal indenter was pressed against the sample surface with a 

constant test force. Hardness measurements were made across the diameter of 

each sample with two perpendicular rows of indents, each row having at least 

12 indents. This step was performed to ensure that the measurements were 

unaffected by any microstructural heterogeneity.   

The diagonal lengths of a square indent were optically measured and 

converted into Vickers hardness according to the formula [111]: 

Ὄὠ
πȢρψωρὊ

Ὠ
ȟ (3.1) 

where Ὂ is the test load in newton and Ὠ is the diagonal length measured in mm. 

A distance of at least ςȢυὨ between successive indents was maintained to avoid 

an increase in hardness due to work hardening in the vicinity of an indent. 

3.5.2 Tensile test 

Tensile tests were conducted on samples with the dimensions shown in Fig. 3.2. 

The tests were performed at room temperature using an Instron 100 kN machine. 

An extensometer was attached to the gauge length of each sample to record the 

load and displacement data. A strain-controlled tensile test was conducted on 

one sample with a constant strain rate of 1 × 10-4 s-1. Strain-control yield loops 

(explained in Section 7.3.1) were observed on the load-displacement curve of 

that sample, which was a test artefact. Subsequently, all tensile tests were 

conducted in displacement-control mode with a constant crosshead speed of 

0.00125 mm s-1. 
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In order to determine the retained austeniteôs transformation progress 

after the tensile tests, the amount of retained austenite from the fractured 

samples was measured with XRD. Referring to Fig. 3.3, samples for the XRD 

analysis were extracted from the gauge length region by cutting at fixed 

intervals away from the fracture surface. The samples are denoted as FS, S1, S2 

and S3. The sample FS contains the fracture surface, and S3 is the sample 

farthest away from the fracture surface. 

 

2

FSS1S2S3

fracture surface

sample FS
surface for 
XRD analysis

fracture surface

Figure 3.3 Schematic showing samples that were cut from the gauge length 
region of a fractured tensile sample for subsequent XRD analysis. The thickness 
of each XRD sample was approximately 2 mm, and at least four sub-samples (at 
the intervals FS, S1, S2 and S3) were cut from each fractured tensile sample.  

Figure 3.2 Schematic showing the dimensions of a tensile test sample. The grips are 
threaded according to the ρȾςᴂᴂςπ unified thread standard (UNF). 2ρȾτᴂᴂ 
denotes the radius of the grip section to be 0.25 inches (6.35 mm). R20.6 denotes 
the fillet radius to be 20.6 mm. All other dimensions are in mm.  
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Chapter 4: Understanding the influence of chemical 

composition and grain size on austenite stability in 

high-carbon steels 

The aim of the work in this chapter was to investigate the effects of chemical 

composition and austenite grain size on the ὓ  temperature of high-carbon 

carburised steels. Dilatometry experiments with varying austenitisation 

conditions were performed on AISI 8620 and AISI 4320 steels. The phase 

amounts of the steel samples were measured with XRD. The experimental ὓ  

temperatures were compared against values estimated with an ὓ  equation. The 

latter was modified to include a correction factor that accounts for the effect of 

austenite grain size. 

4.1 Introduction  

A steelôs chemical composition and austenite grain size are known to influence 

the ὓ  temperature. As highlighted earlier, alloying elements such as carbon, 

nickel, and manganese promote austenite stability and suppress the martensite 

transformation induced by cooling, which leads to lower ὓ  temperatures. 

Previous studies have shown that the ὓ  temperature decreased with smaller 

austenite grain sizes when austenitisation was carried out at lower temperatures 

[52], [112]. Since these studies were performed in low-carbon steels with high 

nickel concentrations, the effects of chemical composition and austenite grain 

size on the thermal stability of austenite in high-carbon steels are of interest. 

4.2 Experimental information  

4.2.1 Dilatometry experiments 

The steels investigated were AISI 8620 and AISI 4320 carburised steels 

supplied by The Timken Company. The chemical compositions of these steels 

(denoted as 8620 and 4320 hereafter) are shown in Table 4.1. Dilatometry 

experiments were conducted in a TA Instruments DIL 805 dilatometer under 
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the quenching mode using solid samples (length: 10 mm; diameter: 4.5 mm). 

Samples were heated at a rate of 5°C/s to temperatures of 830°C, 880°C, 930°C, 

and 1030°C. The austenitisation temperatures are within the vicinity of the ὃ  

temperature, which is the temperature that separates the fully-austenitic phase 

from the austenite and cementite phase in an equilibrium iron-carbon phase 

diagram. The thermodynamic software Thermo-Calc with the TCFE8 database 

[48] was used to calculate the ὃ  temperatures according to the compositions 

of 8620 and 4320 steels in Table 4.1, which are 917°C and 910°C, respectively.  

The samples were held at 10, 30 and 60 minutes at each austenitisation 

temperature. The samples were subsequently quenched to 30°C at a cooling rate 

of 50°C/s. Due to a shortage of samples, hollow dilatometry samples for both 

alloys (length: 10 mm; outer diameter: 4mm; inner diameter: 2mm) were used 

for the 10- and 30-minute austenitisation treatments conducted at 1030°C. 

The sample preparation and measurement processes to determine the 

austenite grain size were based on the procedures outlined in Section 3.4.   

Table 4.1 Chemical composition of representative dilatometer samples for 8620 and 
4320 steels following the carburisation process. 

Steel 
Chemical composition / wt-% 

C Mn Si Cr Ni Mo Cu Al  

8620 1.16 0.81 0.25 0.52 0.41 0.20 0.16 0.03 

4320 1.14 0.54 0.20 0.48 1.74 0.20 0.12 0.03 

4.2.2 Offset method 

Since the transformation of austenite to martensite is accompanied by a volume 

expansion, the start of martensite transformation can be detected when there is 

a dimensional change in the sample. In dilatometers with push-rods, the change 

in the length of a sample is recorded during the experiment. The ὓ  temperature 

can be measured from the dilatometric curve using the offset method developed 

by Yang and Bhadeshia [113]. The basic principle of this method is similar to 

the offset technique employed to determine the 0.2% proof stress from tensile 
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stress-strain curves. Fig. 4.1 illustrates the application of the offset method to 

determine the ὓ  temperature of a 4320 steel sample.  

The ὓ  temperature is defined at a certain value on the dilatometric 

curve that is very close to the martensite transformation. A strain value 

corresponding to the formation of 1 vol.% martensite is typically selected as the 

critical transformation strain that dictates the offset value. The offset strain (‐ ) 

for a specified volume fraction of martensite (ὠ ), which is 0.01 in the present 

study, can be expressed as: 

ρ ‐ ὥ ςὠ ὥ ρ ὠ ὥ . (4.1) 

The lattice parameters at the room temperature of austenite, ὥ (in nm) 

and martensite, ὥ  (in nm) are calculated as follows [113]: 

ὥ πȢσυχσπȢσσɱ πȢππωυɱ πȢππφɱ ȣ 

 πȢπσρɱ πȢπρψɱ πȢππςɱ Ƞ 
(4.2) 

and,  

ὥ πȢςψφφτȣ 

‪ πȢπςχω‪ ‪ πȢςτωφ‪ ‪

σ‪
ȣ 

πȢππσ‪ πȢππφ‪ πȢππχ‪ πȢπσρ‪ ȣ 

πȢππυ‪ πȢππωφ‪Ƞ 
 

(4.3) 

where ɱ  represents the weight fraction of element Ὥ in austenite and ‪ 

represents the mole fraction of element Ὥ in martensite. The ὥ and ὥ  for the 

8620 steel are 0.36129 nm and 0.29006 nm, respectively. The ὥ and ὥ  for 

the 4320 steel are 0.36117 nm and 0.29008 nm, respectively. 

Referring to Fig. 4.1b, the offset strain line does not necessarily 

intersect at the minimum point of the dilatometric curve. The advantage of the 

offset method is that it is reproducible and allows independent calculations of 

the same dilatometric data to achieve the same measurement of ὓ  temperature 

[113]. This is the reason for using the offset method to obtain the ὓ  

temperatures in the present work. 
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4.2.3 Carbon profiling 

Since the dilatometry samples were through-carburised, carbon profiling was 

conducted to determine the homogeneity of carbon distribution. The sample 

preparation and profiling were conducted based on the procedure in Section 

3.3.3.  

4.2.4 X-ray diffraction 

The phase amounts and lattice parameters from the samples were measured by 

using XRD, which was performed according to the procedure in Section 3.3.4. 

4.3 Results 

4.3.1 Microstructure analysis 

The microstructures of the samples in the carburised condition are shown in Fig. 

4.2. Based on Fig. 4.2b, the retained austenite grains have an irregular, blocky 

morphology, whereas the martensite plates have a lenticular appearance. The 

midrib of a martensite plate can be seen in Fig. 4.2c. The dark-coloured particles 

indicated by the arrows in Fig. 4.2d could be carbides or manganese sulphide 

(MnS) inclusions. While the dark particles were observed in both alloys, the 

8620 steel samples appeared to have more of them compared to the 4320 steel 

samples. A possible reason is because 8620 steel has a higher manganese 

Figure 4.1 (a) Dilatometric curve of 4320 steel sample austenitised at 830 °C; (b) 
offset point corresponding to 1 vol.% of martensite formed. 
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concentration than 4320 steel, which promote the formation of carbides and 

MnS inclusions [7].  

 

Referring to Fig. 4.3, the austenite grain size was observed to increase 

with higher austenitisation temperatures. The arrows in Fig. 4.3b indicate some 

of the longest and most likely the first few martensite plates to form in the parent 

austenite grain. These plates tend to grow across the parent austenite grain and 

partition the austenite into smaller volumes [114]. As grain partitioning limits 

the size of the subsequent nucleating plates, the microstructure contains plates 

of various sizes. Since the martensite transformation is not fully complete at 

room temperature in high-carbon steels, retained austenite can be found in 

pockets of untransformed regions between the martensite plates. 

Micrographs corresponding to different austenitisation times at a given 

austenitisation temperature are not shown; however, it was found from visual 

comparison of the microstructures that increasing the austenitisation time did 

not significantly increase the austenite grain size.  

Figure 4.2 Microstructure of 4320 steel at: (a) the edge; (b, c) the centre of the 
sample after carburisation. (d) Microstructure of 8620 steel. 
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4.3.2 Carbon profiles of dilatometer samples 

Fig. 4.4 shows the carbon profiles (expressed in wt-%C) for the 8620 and 4320 

steel samples, respectively. The outlying points are attributed to the presence of 

artefacts as the beam scans through a particular region. The carbon distribution 

also appears to decrease gradually along the sample width as the scan progresses 

farther away from the sample surface (at 0 mm). The gradual drop was most 

likely caused by an uneven sample surface created by the polishing process, 

which affected the carbon measurements.  

Furthermore, the average carbon concentration for all samples (1.2 

wt-%C) is higher than the value determined by combustion analysis (around 1.1 

wt-%C), as mentioned earlier. The difference was most likely due to carbon 

contamination as a result of organic molecules splitting under the action of the 

electron beam. The sources of these molecules include contamination from 

polishing and residual oil vapours from the scanning electron microscope pump 

and vacuum greases. It has been suggested that plasma cleaning of the sample 

prior to examination is effective in reducing surface contamination [115]. 

Despite the differences in carbon concentration along the samples, the carbon 

distribution is fairly uniform because these samples were through-carburised. 

Figure 4.3 Microstructures of 4320 steel samples austenitised for 1 hour at: (a) 
830°C; (b) 930°C; (c) 1030°C. After austenitisation, the samples were quenched to 
30°C. 
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4.3.3 Dilatometry experiments 

Based on Fig. 4.5, when the 8620 and 4320 steel samples were austenitised at 

930°C and 1030°C, the ὓ  temperatures of both steels at the respective 

austenitisation temperatures were very similar regardless of the treatment time 

(indicated by overlapping data points). However, the increase in treatment time 

when samples from both steels were austenitised at 830°C resulted in minor 

differences in the ὓ  temperature.   

By comparing the ὓ  temperature across all treatment times (10, 30, 

and 60 minutes) as a function of austenitisation temperature, a distinctive 

change in ὓ  temperature was observed. The ὓ  temperatures of samples from 

both steels decreased significantly as the austenitisation temperature increased 

from 830°C to 930°C, but the ὓ  temperatures increased slightly when 

austenitisation was performed at 1030°C. 

Relating this observation to the increase in austenite grain sizes with 

austenitisation temperatures as shown in Fig. 4.3, it can be implied that the 

influence of austenite grain size on the ὓ  temperature is significant when the 

austenite grain size is below a certain size. However, the influence of the carbon 

dissolved in austenite cannot be ignored because the cementite present at the 

austenitisation temperature of 830°C also affects the ὓ  temperature. The 

interplay between the effects of carbon dissolved in austenite and the austenite 

grain size on the ὓ  temperature will be discussed in Section 4.4.    

(a)

Distance along sample width / mm

w
t-

%
 C

(b)

Distance along sample width / mm

w
t-

%
 C

Figure 4.4 Carbon profiles along the width of: (a) 8620; (b) 4320 steel samples. 
Measurements show an average carbon concentration of 1.2 wt-%C for all samples. 
Note that the measurements for the 8620 samples were made for only half the length 
of each sample. 
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4.3.4 XRD measurements of phase amounts 

Table 4.2 shows the percentages of the retained austenite, martensite, and 

cementite phases detected in the samples after the dilatometry experiments were 

completed. Cementite is present only in samples that were austenitised at 830°C, 

and the phase percentage of cementite decreased as the austenitisation time 

became longer.  

For samples from both steels, the retained austenite percentage 

increased when the austenitisation temperature was increased from 830°C to 

930°C. As the austenitisation temperature was increased from 930°C to 1030°C, 

a decrease in retained austenite was observed in the 10-minute and 30-minute 

treatments. However, the retained austenite percentage for the 60-minute 

treatments increased when the austenitisation temperature was raised from 

930°C to 1030°C. These observations apply to samples from both steels and 

will be discussed in Section 4.4.1.  

 

 

 

 

 

(a) (b)

Figure 4.5 ὓ  temperatures of: (a) 8620; (b) 4320 steel samples. 
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Table 4.2 Phase percentages of dilatometer samples after heat treatments. 

Steel 
Austenitisation 

temperature 

Austenitisation 

time 

Retained 

austenite 
Martensite Cementite 

 °C minutes % % % 

8620 

830 10 14.5 80.6 4.9 

 30 15.5 79.9 4.6 

 60 15.6 80.3 4.1 

     

930 10 34.7 65.3 - 

 30 27.3 72.7 - 

 60 25 75 - 

     

1030 10 23.5 76.5 - 

 30 22 78 - 

 60 28.2 71.8 - 

      

4320 

830 10 14 84 2 

 30 16.6 82.4 1 

 60 15.2 84.2 0.6 

     

930 10 39.3 60.7 - 

 30 44.2 55.8 - 

 60 29 71 - 

     

1030 10 26.9 73.1 - 

 30 25.9 74.1 - 

 60 38.1 61.9 - 

4.3.5 Modelling of the ὓ  temperature 

The influence of alloying elements on the ὓ  temperature (in °C) is modelled 

with the following empirical equation [67]: 



52 

 

ὓ υφυσρὼ ρσὼ ρπὼ ρψὼ ρςὼ ȣ 

φππρ ÅØÐπȢωφὼ ȟ 
(4.4) 

where the alloying concentration ὼ is in wt-%. Equation (4.4) is valid within a 

composition range of 0.1ï1.9 wt-%C, 0ï3 wt-%Mn, 0ï2 wt-%Si, 0ï4 wt-%Cr, 

0ï5 wt-%Ni, and 0ï0.8 wt-%Mo [67].   

With the exception of carbon, the concentrations of other substitutional 

alloying elements are assumed to fully dissolve in austenite and remain 

unchanged after heat treatment. At an austenitisation temperature of 830°C, the 

amount of carbon dissolved in austenite is not identical to the total carbon 

concentration of the bulk alloy, ὼ , since some of the carbon dissolves in 

cementite. The concentration of carbon dissolved in austenite, ὅ , can be 

expressed as: 

ὼ ὅ ρ ὠ ὅὠȟ (4.5) 

where ὅ  represents the carbon dissolved in cementite and ὠ represents the 

equilibrium cementite volume fraction at the austenitisation temperature.  

Based on the 3:1 Fe:C atom ratio of cementite, ὅ is set as 0.25 [116]. 

The term ὠ is dependent on chemical composition and can be obtained from 

thermodynamic software such as Thermo-Calc [48]. For an austenitisation 

temperature of 830°C, ὠ values for the 8620 and 4320 alloys are 0.0423 and 

0.0398, respectively. At 930°C and 1030°C, ὠ is 0 since the microstructure is 

fully austenitic. ὅ (in wt-%) can be calculated as: 

ὅ
πȢπτὼ πȢςυὠ

τρ ὠ
ρππȟ (4.6) 

where ὼ for the 8620 and 4320 steels follows the carbon concentrations of 

these steels in Table 4.1.      

The effect of the austenite grain size on the ὓ  temperature is 

considered. Following the work of Arlazarov et al. [73], the grain size effect is 

defined as the difference between the experimental ὓ  temperature and the 

calculated value from Equation (4.4). By performing a regression analysis using 

the measured ὓ  temperatures and grain diameters from samples in the present 
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work, Equation (4.4) is modified to include a correction factor for grain size, 

which is expressed as: 

ὓ υφυσρὼ ρσὼ ρπὼ ρψὼ ρςὼ ȣ 

φππρ ÅØÐπȢωφὼ σψȢψτὩ Ȣ ȟ 
(4.7) 

where Ὀ  is the austenite grain diameter in µm. Note that the values of ὼ in 

Equations (4.4) and (4.7) are taken as equal to ὅ calculated from Equation (4.6) 

in subsequent calculations. 

The austenite grain size is expressed through an exponential term 

because the calculated ὓ  temperatures showed good agreement with 

experimental values when using this relation. The physical representation of the 

exponential term is currently not known, and would be explored further in 

studies on the effect of austenite grain size on the ὓ  temperature.       

The experimental ὓ  temperatures and those calculated using 

Equations (4.4) and (4.7) are shown in Fig. 4.6. Both equations correctly predict 

the decrease in ὓ  temperature that occurred when the austenitisation 

temperatures increased from 830°C to 930°C. The austenite grain size term in 

Equation (4.7) reduces the ὓ  temperature calculated with Equation (4.4) by 

approximately 30°C, which enables a closer prediction to experimental ὓ  

values for the samples when austenitised at 930°C and 1030°C. 

 

(a) (b)

Figure 4.6 Variation of the experimental and calculated temperatures for samples 
held at austenitisation temperatures for 60 minutes: (a) 8620 steel; (b) 4320 steel. 
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4.4 Discussion 

4.4.1 Influence of austenitisation conditions on the ὓ  temperature 

The effect of austenite grain size on the ὓ  temperature was studied by 

performing dilatometry experiments with different austenitisation conditions. 

An increase in austenitisation temperature allows grain growth, which increases 

the austenite grain size.  

Referring to Section 4.3.3, when samples from both steels were heated 

at 830°C, minor differences in the ὓ  temperature were observed as the 

austenitisation time was varied; the differences in ὓ  temperature were 

negligible when samples were heated at 930°C and 1030°C for varying 

austenitisation times. The increase in austenitisation time is expected to increase 

the amount of carbon dissolved in austenite, which would result in lower ὓ  

temperatures with longer austenitisation times.  

However, this was not observed in the ὓ  temperatures of both steels 

when the duration for samples austenitised at 830°C was increased from 10 to 

60 minutes. Since only one experiment was conducted for each austenitisation 

condition, additional tests at the same conditions are required to ascertain if the 

experimental observations were anomalous.  

Further, the ὓ  temperature of samples from both steels decreased as 

the austenitisation temperature was increased from 830°C to 930°C, whereas 

the ὓ  temperature increased slightly as the austenitisation temperature was 

raised from 930°C to 1030°C. 

The most likely reason for this observation is because increases in the 

austenitisation temperature lead to a higher dissolution of cementite. When the 

samples were heated to 830°C, the austenitisation step of the heat treatment was 

performed at a temperature where austenite and cementite are present in the 

equilibrium iron-carbon phase diagrams of 8620 and 4320 steels. Thermo-Calc 

calculations indicate that the volume percentages of cementite and austenite in 

equilibrium at 830°C for the 8620 steel are 4.2% and 95.8%, respectively. As 

more cementite dissolves at higher heating temperatures and longer treatment 

times, the excess carbon partitions from cementite to austenite, which increases 



55 

 

the stability of the austenite. This explains why the ὓ  temperature decreases 

when the austenitisation temperature was increased from 830°C to 930°C, 

resulting in a higher retained austenite percentage after the samples were 

quenched.  

In dilatometry experiments performed by Cui et al. [117] on 100Cr6 

and 100CrMnSi6-4 bearing steels, the ὓ  temperature was reported to decrease 

with increasing austenitisation temperatures within a range of 800°C to 900°C. 

Therefore, the experimental results from the present work agree with those 

reported by Cui et al. [117]. 

In contrast to high-carbon steels, the relationship between the ὓ  

temperature and austenite grain size in low-carbon steels (considered here as 

those with carbon contents lower than 0.76 wt-%C) is not affected by cementite 

dissolution. Considering the iron-carbon equilibrium phase diagram, the 

austenitisation of a low-carbon steel at intercritical annealing temperatures 

corresponds to heating at the ferrite or austenite and ferrite phase fields [7]. At 

these temperatures, the absence of cementite and the low carbon solubility of 

ferrite, i.e., with a maximum solubility of 0.02 wt-%C at 727°C, allow most of 

the carbon to dissolve in austenite. Therefore, the interplay between cementite 

dissolution and austenite grain size on the ὓ  temperature applies only to high-

carbon steels above the eutectoid composition of 0.76 wt-% (based on the iron-

carbon equilibrium phase diagram).     

When a steel with 0.76ï2.06 wt-%C is heated in the fully-austenitic 

phase according to the iron-carbon equilibrium phase diagram, heating at higher 

temperatures increases the amount of carbon dissolved in austenite until a 

temperature of approximately 1147°C; this corresponds to a maximum amount 

of carbon dissolved in austenite of 2.06 wt-%C. A higher amount of carbon 

dissolved in austenite will increases austenite stability. Referring to Table 4.2, 

this could explain the increase in retained austenite percentage when the 

austenitisation temperature was raised from 930°C to 1030°C in the 60-minute 

treatment for both steels. The decrease in retained austenite percentage within 

this temperature range for the 10- and 30-minute treatments could possibly be 

due to the difference in cooling rate; the cooling rate in solid samples is slower 
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than in hollow samples. Therefore, a direct comparison for the 10- and 30-

minute treatments cannot be made. 

When austenitisation is performed at a temperature where cementite 

particles are fully dissolved (e.g., 930°C or 1030°C), it is suggested that the 

influence of austenite grain size on the ὓ  temperature becomes more 

significant at this stage. This observation is explained based on Cohenôs work 

[88]. 

According to Cohen [88], it is acknowledged that the ὓ  temperature 

determined upon quenching does not necessarily indicate the nucleation of the 

first martensite plate, but corresponds to the first experimentally detectable 

amount of martensite transformed. This implies that the ὓ  temperature 

depends on the first martensite plate to nucleate as well as those that form 

autocatalytically [88]. 

By employing acoustic emission and electrical resistivity techniques to 

determine the start of martensite transformation, Cohen reported contrasting 

trends on the variation of ὓ  temperature with austenite grain size [88]. When 

the acoustic emission technique was employed, the ὓ  temperature was 

observed to decrease when larger austenite grains were present. The high 

sensitivity of the acoustic emission equipment allows the detection of martensite 

transformation that coincides with the first few martensite plates that nucleate 

upon cooling. Since larger austenite grains have a smaller grain-boundary area 

per unit specimen volume, the ὓ  temperature decreases with increasing 

austenite grain size because the detection of martensite transformation using the 

acoustic emission method relies on pre-existing nucleation defects such as grain 

boundaries [88]. 

In contrast, the ὓ  temperature detected by electrical resistivity 

increases with austenite grain size. The electrical resistivity method is less 

sensitive than the acoustic emission method, so the presence of more martensite 

is required in order for the transformation to be detected. Once the initial 

martensite nucleation event has occurred, martensite forms autocatalytically. 

With larger austenite grains, a certain extent of autocatalytic nucleation 
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transforms a larger amount of austenite into martensite, resulting in earlier 

detectability [88].  

Provided there is no undissolved cementite particles in the 

microstructure, the ὓ  temperature is expected to increase with larger austenite 

grains when using techniques with lower detectability limits for martensite 

transformation, such as dilatometry. This observation agrees with previous 

work by Umemoto and Owen [51]. Therefore, it can be understood why the ὓ  

temperatures of samples from both steels increase with austenite grain size as 

the austenitisation temperature was increased from 930°C to 1030°C for the 60-

minute treatment. 

4.4.2 Comparison of experimental and calculated ὓ  temperatures 

Referring to Fig. 4.6, as the austenitisation temperature is increased, the ὓ  

temperatures calculated with Equations (4.4) and (4.7) follow the same trends 

shown by the experimental data. There are differences between the 

experimental and calculated temperatures, notably for the treatment performed 

at 830°C.  

One possible reason is because empirical formulas for estimating the 

ὓ  temperature such as Equation (4.4) assume that all alloying elements are in 

solid solution [68]. The presence of undissolved cementite for samples 

austenitised at 830°C would have resulted in a lower amount of carbon 

dissolved in the retained austenite, leading to higher ὓ  temperatures. This 

effect has a bigger influence on the ὓ  temperature than that of the austenite 

grain size, which explains why the ὓ  temperature predicted by Equation (4.7) 

is much lower than the experimental value. However, the incorporation of the 

grain size term in Equation (4.7) improved ὓ  temperature estimations in the 

case of samples austenitised at 930°C and 1030°C at which all cementite 

particles are fully dissolved.  

According to Bohemen [67], the influence of austenitising conditions 

on the ὓ  temperature is only slightly larger than the uncertainties associated 

with the measurement of the ὓ  temperature. Yang and Bhadeshia [113] 

reported that the standard deviation of ὓ  temperatures determined using the 
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offset method is ± 12°C. The uncertainty is associated with noise from 

dilatometry experiments [113]. Considering that the ὓ  temperatures calculated 

with Equation (4.7) are reasonably close to the experimental uncertainty, this 

equation can effectively be applied to estimate the ὓ  temperature of high-

carbon steels.    

4.5 Conclusions 

In this chapter, the influence of chemical composition and austenite grain size 

on the ὓ  temperature of high-carbon carburised steels was investigated. This 

was achieved by conducting dilatometry experiments under various 

austenitisation conditions. When the austenitisation of steel samples was 

performed at a temperature where cementite particles are not fully dissolved, 

i.e., 830°C, the ὓ  temperature decreased with a higher austenitisation 

temperature because of the increasing amount of carbon dissolved in austenite, 

which enhances its stability. However, this effect will not occur in low-carbon 

steels because cementite is absent at the equivalent intercritical annealing 

temperature.  

When austenitisation was performed at temperatures where all 

cementite particles are fully dissolved, the ὓ  temperatures were found to 

increase with larger austenite grain size as a result of the higher austenitisation 

temperatures. The reason is related to the method employed to measure the ὓ  

temperature. Methods such as dilatometry require a greater amount of 

martensite to form before they can detect the start of martensite transformation 

because of their lower sensitivity. Since the austenite grain size determines the 

volume per plate of martensite, a larger austenite grain requires fewer martensite 

plates to reach a detectable amount, leading to earlier detection at a higher ὓ  

temperature. 

The experimental ὓ  temperatures were compared against those 

calculated with an empirical equation, in which the estimated values follow the 

same trends as shown by the experimental data. The estimated ὓ  temperatures 

were closer to experimental values when the equation was modified to include 

a correction factor that accounts for the effect of austenite grain size.  
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The experimental findings agree with results from similar studies 

reported in literature and contribute to a better understanding of the thermal 

stability of austenite in high-carbon steels. Most notably, the present work 

confirms that the effect of the austenite grain size on the ὓ  temperature for 

high-carbon steels is significant only when there is no undissolved cementite 

present during austenitisation. It also demonstrates the dependence of the ὓ  

temperature on heat treatment conditions.  

Lastly, it is confirmed that the original and modified ὓ  temperature 

equations in the present work can be applied to estimate the ὓ  temperature for 

a given composition and austenite grain size within the validated range.    
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Chapter 5: Modelling deformation-induced 

martensite transformation in high-carbon steels 

The aim of the work in this chapter was to develop equations that model the 

critical stress and progress of deformation-induced martensite transformation in 

high-carbon steels. The equation developed by Haidemenopoulos et al. [118] 

was adapted to calculate the critical stress for martensite transformation in high-

carbon steels. The critical stress was employed in a new equation that predicts 

the transformed amount of retained austenite with applied stress. Both equations 

were validated with experimental data from bearing steels. A parametric 

analysis was conducted to study the limits of the critical stress equation, 

followed by examples illustrating the application of both equations in alloy 

design. 

5.1 Introduction  

In a study on the mechanical stability of retained austenite in carburised bearing 

steels, Bedekar et al. [1] reported the onset of retained austenite transformation 

into martensite at a critical stress close to the yield point; retained austenite 

remained stable in the elastic deformation regime. Similar observations were 

reported in through-hardened steels [5], [102], [119]. In contrast, retained 

austenite in transformation-induced plasticity (TRIP) steels transforms into 

martensite almost immediately upon loading [3], [4]. 

The mechanical stability (or kinematic stability) and transformation 

kinetics of retained austenite have been modelled in several investigations [1], 

[119], [120]. These studies employed crystal plasticity finite element models 

informed by experimental measurements of the transformed amounts of 

retained austenite. While micromechanical models can simulate the material 

response in detail, their implementation is complex and requires significant 

computational resources. Analytical models are simpler to implement, although 

their dependence on empirical data limits their range of applicability. 
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Haidemenopoulos et al. [118] developed an analytical model for 

calculating the critical stress required to transform retained austenite into 

martensite in a low-carbon steel; the model considers the effect of austenite 

chemical composition, size, and stress state. The critical stress is calculated to 

determine the ὓ  temperature, which is an indicator of retained austenite 

mechanical stability. The application of this model has been demonstrated for 

low-carbon TRIP [94], quench-and-partition (QP) [95], and Fe-Ni-Co [93] 

steels. Therefore, it serves as a starting point in the present work.  

Models that describe the kinetics of deformation-induced martensite 

transformation have been developed by previous authors [96]ï[98]. The 

numerical coefficients in these models are often composition-dependent. Since 

the models are fitted to experimental data that are primarily from low-carbon 

steels, their direct application to high-carbon steels can lead to poor predictions 

of the transformation progress. This is because the effect of increased carbon 

concentration on the factors controlling austenite stability is not considered.  

For example, the critical driving force to initiate martensite 

transformation increases with carbon concentration, which leads to the 

enhanced thermodynamic stability of retained austenite. The effect of carbon 

concentration also intrinsically affects the influence of austenite morphology 

[54] and strength of the martensite matrix [27], where the latter influences the 

degree of stress-strain partitioning between austenite and martensite [59]. 

5.2 Material information  

The equations were developed based on the experimental data for bearing steels 

reported in [1], [5], [102] and [119]. The chemical compositions of the bearing 

steels are shown in Table 5.1. The steels are labelled according to their original 

designations, and the heat treatments for these steels (known as ñquench-and-

tempered steelsò hereafter) are described in the respective works [1], [5], [102], 

[119]. Their microstructures consist of martensite, austenite, and unreported 

amounts of carbide. The amount of carbides in the samples was noted to be 

small. Hence, carbides are not considered in the following calculations.  
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The concentration of carbon dissolved in austenite ὅ  is shown 

beside the nominal carbon content of the respective steels. ὅ  is normally 

estimated from equations relating the lattice parameter of austenite, ὥ, to the 

chemical composition. Since the equations for evaluating ὅ are different in the 

respectively noted works, ὅ is derived based on the following expression to 

ensure consistency in calculations [102]: 

ὥ σȢυυφπȢπτυσὼ πȢπππωυὼ πȢπυφὼ ȣ 

πȢπππφὼ πȢππρυὼ  πȢπππςὼ ȟ 
(5.1) 

where ὥ  is the measured austenite lattice parameter in Å and ὼ is the 

concentration of the alloying element in wt-%. The value for ὅ is derived from 

ὼ (i.e., ὅ ὼ) and the concentrations of the other elements follow the bulk 

composition.  

Table 5.1 Chemical composition of quench-and-tempered bearing steels used for model 
development. The asterisk (*) represents the initial carbon content before carburisation. 

Steel 
Chemical composition / wt-% 

C Mn Si Cr Ni Mo Cu Al  

8620 [1] 
0.2* 

(0.987) 
1.43 0.32 0.74 0.28 0.09   

4320 [1] 
0.2* 

(0.994) 
0.78 0.33 0.64 1.6 0.22   

3310 [1] 
0.1* 

(0.799) 
0.45 0.26 1.51 3.39 0.06   

A485-M1 

[5] 

1.0 

(0.813) 
1.09 0.6 1.06 0.11    

52100-QT 

[102] 

1.005 

(0.8) 
0.32 0.27 1.46 0.1  0.19 0.024 

 

In Fosterôs work [102], the original ὅ for the 52100-QT steel was 

reported to be 0.593 wt-%C, which is much lower than expected. The ὅ for a 

52100 steel has been reported to be 0.86 wt-%C [17] after undergoing heat 

treatment similar to the method employed by Foster et al. [102]. Therefore, the 
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ὅ  of 52100-QT steel in Table 5.1 is taken as 0.8 wt-%C for calculation 

purposes. It is also noted that the ὅ calculated for other steels mentioned in this 

work (including those in Tables 5.1 and 5.5) is close to the values quoted in the 

respective works [1], [5], [102], [119]. 

5.3 Description of the critical stress model 

5.3.1 Derivation of the critical stress model  

Referring to the work of Haidemenopoulos et al. [118], the derivation of the 

critical stress model is presented in this section. The modifications made to 

adapt the original model [118] to high-carbon steels are presented in subsequent 

sections.    

In stress-assisted martensite nucleation, the martensite nucleates at 

pre-existing sites within the parent austenite grain, which are also the same 

nucleation sites where transformation under quenching occurs [121], [122]. The 

applied stress influences the transformation kinetics by changing the potency 

distribution of these nucleation sites. This distribution can be described by a 

model of heterogeneous martensitic nucleation developed by Olson and Cohen 

[123], [124].  

The potency of a martensitic nucleation site, ὲ, is represented by the 

thickness of the nucleus (in terms of the number of crystal planes) that is derived 

from the disassociation of existing defects. The critical ὲ at a given 

thermodynamic driving force per unit volume is [118]: 

ὲ
ςϽ‎Ⱦ”

ɝὋ Ὁ ὡ
ȟ (5.2) 

where ‎ is the nucleus specific interfacial energy (J m-2), ” is the density of 

atoms in the fault plane (mol m-2), ɝὋ  is the chemical driving force for 

martensitic transformation (J mol-1), Ὁ  is the elastic strain energy (J mol-1), 

and ὡ  is the frictional work of interfacial motion (J mol-1). 

When an external stress is applied, a mechanical driving force, ɝὋ  

(J mol-1), is added to ɝὋ  in Equation (2) to give the total driving force as: 
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ЎὋ ЎὋ ЎὋ Ȣ (5.3) 

 

ɝὋ  varies with applied stress, „ (in MPa), according to: 

ЎὋ „
‬ЎὋ

‬„
ȟ (5.4) 

where 
Ў

 (J mol-1 MPa-1) represents the stress state of the transforming plate 

[100]. 

Based on Equation (5.2), Cohen and Olson [125] derived the number 

density of operational nucleation sites ὔ  as: 

ὔ ὔÅØÐ ‌ὲȟ (5.5) 

where ὔ  is the total number density of nucleation sites of all potencies (m-3) 

and ‌ is the dimensionless shape factor of the potency distribution [121].  

For an austenite particle with volume ὠ (m3), the fraction of particles 

that will transform into martensite (Ὢ) via sites of potency with density ὔ  (m-

3) is equal to the probability of finding at least one nucleation site in the particle, 

assuming the austenite particle transforms into martensite in a single nucleation 

event [93]. This probability is given as [125]: 

Ὢ ρ ÅØÐ ὔὠ Ȣ (5.6) 

Combining Equations (5.2)ï(5.6), the critical stress at which 

martensite transformation initiates, „ (in MPa), can be expressed as: 

„
ρ

‬ЎὋ
‬„

Ͻ

ừ
Ử
Ừ

Ử
ứ

ς‌Ͻ‎Ⱦ”

ÌÎ 
ÌÎρ Ὢ
ὔ Ͻὠ

ɝὋ Ὁ ὡ

ữ
Ử
Ữ

Ử
ử

Ȣ (5.7) 

Equation (5.7) is the critical stress model that was originally developed 

by Haidemenopoulos et al. [118].  
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5.3.2 Calculation of parameters in Equation (5.7) 

Equation (5.7) has been implemented to estimate the „ for the quench-and-

tempered steels investigated. However, the calculated values of „  were 

significantly different from the experimental values reported in the respective 

works [1], [5], [102], [119]. Details of the calculation using Equation (5.7) are 

presented in this section. For clarity, the parameters calculated using equations 

in the original work [118] are denoted with the superscript óGHô; the latter 

represents the authorôs initials (e.g., ɝὋ ).   

According to Haidemenopoulos et al. [118], ɝὋ  (J mol-1) is 

calculated using the following linear expression: 

ɝὋ υρυχȢσ υχωχω‪ σχȢσυσ‪Ὕ ψȢςψὝȟ (5.8) 

where ‪  is the mole fraction of carbon in austenite and Ὕ is the temperature in 

degrees Celsius. 

The parameter  (in J mol-1 MPa-1) is calculated according to the 

expression [118]: 

‬ɝὋ

‬ʎ
πȢχρυπȢσςπφ

„

„
ȟ (5.9) 

where  is -1/3 for uniaxial compression, 1/3 for uniaxial tension and 0 for 

pure shear.  

The frictional work of interfacial motion is expressed as a function of 

carbon concentration since it was assumed that carbon has the highest 

contribution to the frictional work [118]. The parameter ὡ  (in J mol-1) is 

calculated according to the expression [118]: 

ὡ ρȢσρρπ‪
Ⱦ
Ȣ (5.10) 

The parameter values for implementing Equation (5.7) are summarised 

in Table 5.2. Equation (5.7) has four fixed parameters (‎, ”, Ὢ, and Ὁ ) and 

six free parameters ( , ‌ , ὔ , ὠ , ɝὋ , and ὡ ). 
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Table 5.2 Model parameters for implementation of Equation (5.7). Steel designations 
are included next to the values of ɝὋ  and ὡ .  

Parameter Parameter values in Equation (5.7) 

⸗╖

⸗

╖╗

, in J mol-1 MPa-1 -0.822 

♪╖╗ 0.866 

♬▼, in J m-2 0.15 

ⱬ, in mol m-2 3 × 10-5 

█ 0.01 

╝○
╖╗, in m-3 2 × 1017 

╥▬
╖╗, in m3 5.55 × 10-19 

╔╢◄►, in J mol-1 500 

  

╖╒▐▄□
╖╗ , in J mol-1 

-2465 (8620) 

-2444 (4320) 

-2929 (3310) 

-2905 (A485-M1) 

-2931 (52100-QT) 

  

╦╕
╖╗, in J mol-1 

1636 (8620) 

1645 (4320) 

1429 (3310) 

1441 (A485-M1) 

1429 (52100-QT) 
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5.3.3 Modified critical stress model 

The modifications made to adapt Equation (5.7) for calculating the „ of high-

carbon quench-and-tempered steels are presented in this section.  

In the earlier works of Haidemenopoulos et al. [93], [94], the value for 

ὔ  was estimated to be 2 × 1017 m-3. This value is derived from the work of 

Cohen et al. [125], [126], which is based on fitting Equations (5.2) and (5.5) to 

the experimental data from Cech and Turnbullôs small particle experiments 

using an Fe-30Ni wt-% steel [127]. However, ὔ  is found to be in the order of 

1.5ï4 × 1017 m-3 when fitted to experimental data from TRIP steels [121]. 

Similarly, the austenite particle volume, ὠ, is not a constant value 

since it could be influenced by the type of steel and heat treatment employed. 

For instance, ὠ has been reported to be 5.55 × 10-19 m3 for a 4340 steel [118] 

and 4.18 × 10-18 m3 for a TRIP steel [121]. The latter is based on TEM 

measurements of austenite particles with a mean radius of R = 1 µm [128], in 

which a spherical volume has been assumed for simplicity. In another work 

[129], ὠ is found to be in the order of 10-20 m3 based on an undeformed 

austenite particle diameter of 0.35 µm. 

These reports show that the determination of ὠ depends on the 

measured austenite particle size. While the dispersed austenite particles in the 

works of Haidemenopoulos et al. [118], [121] are assumed to be spherical, this 

assumption cannot be applied to steels in the current work because the 

morphology of retained austenite was reported to appear complex, 

heterogeneous, and interconnected in a tempered microstructure [1]. The size of 

retained austenite grains in tempered microstructures is rarely reported, so any 

assumptions based on steels of other microstructures would lead to inaccurate 

predictions of „.  

Retained austenite is known to have blocky or acicular (film-like) 

morphologies, hence the probability of martensite transformation could vary 

with morphology and their respective stabilities; the mechanical stability of 

film-like austenite is typically higher than blocky austenite. However, it is 

challenging to measure the volume of austenite grains with varying 

morphologies because it requires high-resolution imaging techniques (e.g., 
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transmission electron microscopy) to resolve fine features such as film-like 

austenite that are commonly found in between martensite plates.  

The determination of ὔ  and ὠ is challenging given that they are 

material-dependent and require experimental measurements that are difficult to 

implement. An easier approach is to consider the product of these parameters 

ὔ Ͻὠ  as equivalent to the initial retained austenite volume fraction before 

mechanical loading, ὠ . By multiplying ὔ  (approximately in the order of 1017 

m-3) with ὠ  (approximately in the order of 10-18 m3), the product is a 

dimensionless quantity (approximately in the order of 10-1) with a magnitude 

that is within the order of typical retained austenite volume fractions.  

A similar approach was previously taken by Haidemenopoulos et al. in 

which the size effect of austenite particles is expressed as a scaled radius 

ὔ Ͻὠ Ⱦ [93]. While the effects of ὔ  and ὠ are not explicitly considered 

in the modified equation, the advantage of condensing these effects into the ὠ  

term is that ὠ  can be easily measured with conventional experimental methods 

such as XRD. 

The calculation of ɝὋ  for the quench-and-tempered steels using 

Equation (5.8) leads to an inaccurate prediction of „. This is because Equation 

(5.8) is not valid for the composition range of the high-carbon steels investigated. 

The absence of concentration terms that account for other elements that can 

affect the driving force (e.g., nickel, manganese) is another limiting aspect for 

the application of Equation (5.8) in the present work.   

Nowadays, it is convenient to calculate the Gibbs free energy with 

thermodynamic software. ɝὋ  is calculated using Thermo-Calc software 

with the TCFE 8.1 database [48] in this study. For the present calculations, the 

chemical composition of retained austenite follows the composition of the 

respective steels in Table 5.1, where ὅ ὼ after the evaluation of ὼ from 

Equation (5.1). While it is acknowledged that ὅ can vary locally with different 

retained austenite grains, especially in carburised specimens, to simplify the 

calculations the current work assumes that ὅ  is uniform across the 

microstructure. Since the quench-and-tempered steels were tested at room 

temperature, a temperature of 20°C was used in the thermodynamic calculations.  
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In initial calculations of „ for the quench-and-tempered high-carbon 

steels, the „ values calculated with Equation (5.7) were significantly higher 

than the experimental values (see Table 5.4). Since ɝὋ  and ὡ  in Equation 

(5.7) are the terms that directly vary with chemical composition, the 

overestimation of „ is likely caused by inaccurate values of ɝὋ  and ὡ .  

Because martensite transformation occurs via the movement of a 

glissile interface, the transformation can be suppressed by microstructural 

features that obstruct the mobility of the interfacial dislocations. The 

composition dependence of ὡ  arises from the fact that the resistance to 

dislocation motion was found to vary with solute concentration [43].  

The limitations of a composition-based expression for ὡ  (i.e., 

Equation (5.10)) are similar to those described for ɝὋ  earlier. 

Haidemenopoulos et al. previously expressed ὡ  as a function of carbon and 

manganese in [94], and nickel in [93]. While these linear expressions might be 

valid for low-carbon steels or those with simple alloying systems, they are not 

directly applicable to the present steels. This is because the validity of the ὡ  

expressions developed in [93], [94] and [118] does not cover the composition 

of multicomponent high-carbon steels such as those in the present investigation. 

Attempts have been made to apply the ὡ  expression developed by Ghosh and 

Olson [43] (which considers multicomponent steel systems) in Equation (7) to 

calculate „. However, the differences between the calculated and experimental 

„  values were significant, possibly due to errors that arise from limiting 

assumptions in the ὡ  expression developed by Ghosh and Olson [43]. 

In subsequent calculations using the modified critical stress model, 

where ὔ Ͻὠ is replaced with ὠ , it was found that reasonable values of „ can 

be obtained without including ὡ  in the calculations (see Table 5.4). It is likely 

that the contribution of ὡ  to the energy balance was incorporated in the 

ϽȾ

 

 term, such that the net difference between ɝὋ  with 
ϽȾ

 
Ͻ

 

and Ὁ  results in „ calculations that are close to experimental values. 

It is acknowledged that the exclusion of ὡ  from the modified model 

removes the effect of solute concentration on impeding the mobility of the 

martensitic interface. However, the application of a ὡ  expression that is not 
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valid for high-carbon, quench-and-tempered steels results in incorrect 

calculations of „. To the best of the authorôs knowledge, there is currently no 

ὡ  expression that is suitable for high-carbon steels with quench and tempered 

microstructure. The development of such a ὡ  expression is a task for future 

work. 

The values for the terms ‎, ”, Ὢ, and Ὁ  in the modified model are 

0.15 J m-2, 3 × 10-5 mol m-2, 0.01, and 500 J mol-1, respectively [94], [124]. The 

constant ‌ is obtained by fitting the measured „ values of the quench-and-

tempered steels [1], [5], [102] with other terms in the model, using the curve-

fitting toolbox in MATLAB. This yields a value of 0.79 (± 0.02). 

If martensite transformation is assumed to initiate on the most 

favourably oriented nuclei, the value of 
Ў

 is - 0.86 J mol-1 MPa-1  when the 

stress state is in uniaxial tension [100]. This applies to all the steels in the present 

work since they were subjected to uniaxial tensile tests.  

Therefore, the modified critical stress model is expressed as: 

„
ρ

‬ЎὋ
‬„

Ͻ
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ứ
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Ử
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Ử
ử

Ȣ (5.11) 

The parameter values for implementing Equation (5.11) are 

summarised in Table 5.3. Equation (5.11) has four fixed parameters (‎, ”, Ὢ, 

and Ὁ ) and four free parameters ( , ‌ , ὠ , and ɝὋ ). Note that 

the number of free parameters in Equation (5.7) has been reduced from six to 

four in Equation (5.11) by replacing ὔ and ὠ  with ὠ  and removing 

ὡ . This shows that the modified model requires fewer free parameters to 

calculate the critical stress of martensite transformation in high-carbon quench-

and-tempered steels.  
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Table 5.3 Model parameters for implementation of Equation (5.11). 

Parameter Parameter values in Equation (5.11) 

⸗╖

⸗

═╦

, in J mol-1 MPa-1 -0.86 

♪═╦ 0.79 

♬▼, in J m-2 0.15 

ⱬ, in mol m-2 3 × 10-5 

█ 0.01 

╔╢◄►, in J mol-1 500 

  

╖╒▐▄□
═╦ , in J mol-1 

-2214 (8620) 

-2150 (4320) 

-2090 (3310) 

-2623 (A485-M1) 

-2772 (52100-QT) 

  

╥♬  

0.43 (8620) 

0.39 (4320) 

0.31 (3310) 

0.18 (A485-M1) 

0.13 (52100-QT) 
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5.4 Description of the austenite volume fraction model   

The derivation of a model that calculates the volume fraction of retained 

austenite, ὠ, as a function of applied true stress, „ is presented in this section. 

Martensite transformation occurs when ЎὋ ЎὋ
ᴼ

. If the steel is 

mechanically loaded at a constant temperature, ɝὋ  is assumed to remain 

constant. The martensitic transformation is solely driven by ɝὋ , which is a 

function of „. For the steels investigated in this work, ὠ was observed to 

decrease with „ when „ is greater than „ [1], [5], [102]. 

If the change in the martensite fraction Ὠὠ for a given increment of „ 

is proportional to ὠ, then: 

Ὠὠ

Ὠ„
ὑὠȟ (5.12) 

where ὑ is a constant.  

Since ὠ ὠ ὠ, integration of Equation (5.12) gives: 

ÌÎὠ ÌÎὠ ὑ„Ȣ (5.13) 

Equation (5.13) can be expressed as 

ὠ ὠ ϽὩὼὴὑϽ„ „ ȟ 

where  

ὠ ὠ ὭὪ „ „Ȣ 

(5.14) 

Since retained austenite starts transforming only when „ is greater than 

„, the ὠ when „ „ is set to be equal to ὠ . The term ὑ (MPa-1) represents 

the slope of the function, and is derived by plotting the experimental values of 

ÌÎὠ ÌÎὠ  versus „ „  for the linear, decreasing segment of the 

experimental transformation curves [1], [5], [102]. The values of ὑ derived for 

8620, 4320, 3310, A485-M1, and 52100-QT steels are -4.948 × 10-4, -5.108 × 

10-4, -5.389 × 10-4, -7.307 × 10-4, and -6.09 × 10-4 MPa-1, respectively. A value 

of ὑ = -5.768 × 10-4 is obtained from the average of the ὑ values of these steels, 

and this value is applied in subsequent calculations using Equation (5.14).  
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5.5 Determination of experimental data 

The experimental values of „  and ὠ  are determined from the retained 

austenite volume fraction and true stress measured during the uniaxial tensile 

tests of the steels. These tests were performed using neutron diffraction (for 

8620, 4320, 3310, and A485-M1 steels) and synchrotron XRD (for 52100-QT 

steel). The models were validated with measured „ and ὠ from experimental 

datasets provided by the respective authors [1], [5] for the first group of steels, 

while the experimental „ and ὠ values for 52100-QT steel were obtained by 

digitising the results reported in [102].  

The authors in [1], [5], [102] did not define a procedure for 

determining „ from the transformation curves. Therefore, the selection of „ 

was arbitrary and most likely corresponds to the highest value of ὠ before an 

apparent decrease in ὠ was observed. The same approach was adopted to 

determine „ from the experimental datasets of the steels in the present study. 

5.6 Results 

5.6.1 Calculated critical stress for steels with quench-and-tempered 

microstructures 

The calculations of „ are performed according to the original and modified 

critical stress models. Values of the model parameters are described in Tables 

5.2 and 5.3.  

Table 5.4 shows the experimentally measured and calculated „ for the 

quench-and-tempered steels as mentioned in Table 5.1. The „  values 

calculated using Equation (5.7) are higher than the measured values for the 

respective steels, whereas the calculated values from Equation (5.11) are closer 

to the measured values. The difference between measured and calculated „ 

values for the 8620, 4320, and 3310 steels are within ± 45 MPa, whereas those 

for the A485-M1 and 52100-QT steels are within ± 345 MPa. Despite the 

differences, Equation (5.11) performs better than Equation (5.7) in calculating 

„ for quench-and-tempered high-carbon steels. 
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Table 5.4 The measured and calculated „ for the quench-and-tempered steels. 

Steel 
Measured „ 

MPa 

Calculated „ / MPa 

Equation (5.7), 

original model 

Equation (5.11), 

modified model 

8620 441 3987 453 

4320 592 4023 592 

3310 785 3170 830 

A485-M1 1058 3214 715 

52100-QT 1140 3168 946 

5.6.2 Calculated critical stress for steels with alternative microstructures 

The application of Equation (5.11) in steels with other microstructures is 

assessed by calculating the critical stresses for martensite transformation in 

bainitic and quench-and-partitioning (QP) steels. According to Table 5.5, the 

steels are labelled according to their respective designations in [119] (for A485 

steel) and [102] (for 52100 steel). The heat treatments of these steels are 

described in [102], [119]. The „ is calculated with Equation (5.11) according 

to the procedure in Section 5.3.3. The ὅ  for the steels is calculated with 

Equation (5.1). The concentrations of the other alloying elements are assumed 

to follow the respective compositions of the A485-M1 and 52100-QT steels in 

Table 5.1. 

Table 5.5 shows the measured and calculated „ values for bainitic and 

QP steels. When comparing the steels subjected to the same type of heat 

treatment (i.e., A485-B1/B2; 52100-B220/240/260; 52100-QP220/240), the 

measured and calculated „ values increase when the magnitude of ɝὋ  is 

smaller and when ὠ  decreases. Despite the ability of the model to correctly 

predict the variation of „ with ὠ  and ɝὋ , the differences between the 

measured and calculated „ values are large ð on the order of ±135ï800 MPa. 

Possible reasons are discussed in Section 5.7.1.   
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Table 5.5 Material parameters, measured and calculated „ for other steels. 

Steel ὠ  ὅ ɝὋ  Measured „ 
Calculated „, 

Equation (5.11) 

  wt-% J mol-1 MPa MPa 

A485-B1 0.177 0.93 -2345 722 1057 

A485-B2 0.091 1.016 -2145 1436 2257 

52100-B220 0.16 0.651 -3130 700 261 

52100-B240 0.136 0.757 -2874 901 765 

52100-B260 0.085 0.852 -2650 1070 1802 

52100-QP220 0.196 0.727 -2946 731 248 

52100-QP240 0.127 0.808 -2753 830 1001 

5.6.3 Calculated retained austenite volume fractions for steels with quench-

and-tempered microstructures 

Fig. 5.1 shows the variation of ὠ with the measured true stress of the quench-

and-tempered steels [1], [5], [102], where ὠ is calculated with Equation (5.14). 

The region of mechanical stability is indicated by the portion of the curve where 

ὠ remains constant. The transition point on the curve represents the onset of 

martensite transformation when „ „. A comparison of the curves shows that 

the transformation initiates at later stages as „ becomes higher. Based on Fig. 

5.1, 52100-QT has the highest „ and, therefore, the most mechanically stable 

retained austenite among the quench-and-tempered steels. The curves predicted 

by Equation (5.14) agree well with the experimental data. 
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5.6.4 Calculated retained austenite volume fractions for steels with alternative 

microstructures 

The utility of Equation (5.14) is assessed by calculating the ὠ for the bainitic 

and QP steels described in Section 5.6.2. The calculation is performed by setting 

„ according to the measured „ values of the respective steels in Table 5.5. 

The model is also applied to predict the transformation curve for a TRIP steel 

that was tensile-tested at 293 K [4]. Since the TRIP steel showed immediate 

retained austenite transformation upon loading, ὠ is calculated by setting „ as 

0 in Equation (5.14). According to Fig. 5.2, the transformation curves calculated 

with Equation (5.14) show good agreement with the experimental data.   

Figure 5.1 Measured and calculated retained austenite volume fraction of steels 
with quench-and-tempered microstructure. 
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5.7 Discussion 

5.7.1 Critical stress of retained austenite transformation 

Referring to Table 5.5, steels subjected to the same type of heat treatment (i.e., 

A485-B1/B2, 52100-B220/240/260, and 52100-QP220/240) exhibit higher „ 

values when the magnitude of ɝὋ  is smaller. The physical meaning of a 

smaller magnitude of ɝὋ , i.e., lower chemical driving force, is that the 

retained austenite is more resistant towards martensite transformation, which is 

Figure 5.2 Measured and calculated retained austenite volume fractions of bainitic, 
QP and TRIP steels. The transformation curves are shown in separate plots for 
clarity.  
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caused by a higher ὅ. This indicates a higher retained austenite stability which 

means that the martensite transformation initiates at a higher „.   

The „ is also observed to increase with a lower ὠ . However, it is 

challenging to analyse the effect of ὠ  on the calculation of „ separately from 

chemical composition effects. The A485-M1 and 52100-QT steels are 

considered as an example. Although both steels have very similar ὅ (Table 5.1), 

the magnitude of the ɝὋ  for 52100-QT is 149 J mol-1 higher than that of 

A485-M1 steel, presumably due to the effect of other alloying elements on the 

chemical driving force. If the critical stress is considered only on the basis of 

chemical composition via the chemical driving force, then the „ of 52100-QT 

steel is expected to be lower than that of A485-M1 steel because of lower 

retained austenite stability.  

However, the measured „ of 52100-QT (1140 MPa) is higher than 

that of A485-M1 (1058 MPa). This is most likely because the 52100-QT steel 

has a lower ὠ  than the A485-M1 steel, which corresponds to a higher amount 

of martensite in the microstructure before the steel was mechanically loaded. 

According to Xiong et al. [54], the martensite plates, which have a 

higher yield stress than austenite, could obstruct the retained austenite grains 

from transforming into martensite. This occurs because the martensite matrix 

surrounding the grains must deform to contain the volume expansion caused by 

martensitic transformation [54]. They also proposed that the hydrostatic 

pressure induced by the residual stress generated in the microstructure could 

hinder martensite transformation, which is accompanied by volume expansion. 

Since ὠ  replaces the product ὔ Ͻὠ  in the critical stress 

model, the term ὠ  collectively represents the number density of martensitic 

nucleation sites and austenite particle volume. The physical meaning of this 

representation is that a lower ὠ  indicates fewer martensitic nucleation sites so 

that the martensite transformation is triggered and detected at a higher „.      

These reasons could explain why 52100-QT has a higher „  than 

A485-M1 because of a lower ὠ , an effect that is reflected by the modified 

critical stress model. 
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In Table 5.5, major differences are observed between the measured and 

calculated „ values for bainitic and QP steels. Bainite is reported to dominate 

the bainitic and QP microstructures of the corresponding A485 [119] and 52100 

[102] steels. Therefore, the large differences in „ are most likely a result of the 

influence of bainite on the load partitioning behaviour; thus, its subsequent 

effect on austenite stability is not considered in the modified critical model. 

When a composite microstructure containing phases of variable 

properties is stressed, the soft phase that is more ductile is the first to deform 

plastically. The deformation is followed by work hardening. The load will be 

eventually transferred to the harder phase [130]. Therefore, in a microstructure 

containing phases of varying strengths, the critical transformation stress of 

retained austenite depends on the mechanical response of the surrounding 

phases when deformation is applied.  

Referring to a study on austenite stability and strain evolution in TRIP-

assisted steels as an example [131], the matrix composed of ferrite and bainitic 

ferrite was found to have the lowest load-bearing capacity, followed by 

austenite and martensite. The authors also reported that the transformation of 

austenite into martensite in the steel with more bainitic ferrite occurred at later 

stages of the deformation due to delayed work-hardening of the matrix 

microstructure [131]. These observations can be related to the relative strengths 

of the phases present in the microstructure [132]. 

According to the work of Foster et al. [102], the „ increases with ὅ 

and the amount of bainitic ferrite in the steels with bainitic (i.e., 52100-B) and 

QP (i.e., 52100-QP) microstructures. However, these steels have a lower „ 

than the 52100-QT steel, which has a tempered martensite microstructure. The 

varying austenite stabilising effects conferred by these different matrices were 

attributed to the presence of nano-carbides and local straining of the bainitic 

ferrite surrounding the austenite grains [102]. These observations point to the 

major effect of the surrounding matrix on austenite stability.  

Currently, the modified critical stress model does not explicitly 

consider the austenite stabilising effect of the surrounding matrix microstructure. 

Since the model parameters are fitted based on the composition and 
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microstructure of tempered martensitic steels, the „  calculated with the 

modified model is expected to differ significantly from the measured „ of 

steels with other microstructures. The incorporation of the austenite stabilising 

effects by the surrounding matrix in relation to some of the aforementioned 

factors is considered for future work on the critical stress model. 

5.7.2 Kinetics of deformation-induced martensite transformation 

Based on the measured and predicted ὠ as shown in Figs. 5.1 and 5.2, the 

application of Equation (5.14) appears to work for all steel microstructures in 

the current investigation. However, the model may underestimate (e.g., for 

A485-B1 steel in Fig. 5.2) or overestimate (e.g., for 52100-QP220 steel in Fig. 

5.2) ὠ during retained austenite transformation. This is because the average ὑ 

value as mentioned in Section 5.4, i.e., ὑ = -5.768 × 10-4, is applied in all 

calculations, which may be slightly different from the ὑ value obtained from 

each dataset.  

Nonetheless, the model predictions are in good agreement with 

measured values, demonstrating that the model can predict the retained 

austenite fraction for stress-induced martensite transformations in the 

investigated steels regardless of whether the steel exhibits a delayed 

transformation of retained austenite.  

5.8 Parametric analysis of the critical stress model 

To determine the constraints of the critical stress model, the influences of 

ɝὋ  and ὠ  on „ are examined. A parametric analysis of Equation (5.11) 

is conducted by calculating the „ of 8620 steel (see Table 1) across a range of 

ɝὋ  and ὠ  values while keeping the other parameters constant.  

Since ɝὋ  changes with chemical composition, the effect of 

chemical composition is assessed by calculating „  across a range of 

concentrations for the austenite stabilisers (carbon, manganese, nickel) at a 

constant temperature of 20°C and ὠ  of 0.43. Based on Fig. 5.3a, the „ 

increases with higher concentrations of carbon, manganese, and nickel. The 

austenite stabilising effect of these elements raises the free energy required to 
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initiate martensite transformation. Since ЎὋ ЎὋ
ᴼ

 to initiate 

martensite transformation, a higher ɝὋ  is needed, which is indicated by a 

higher „. Furthermore, the rate of increase in „ per wt-% alloying element is 

highest for carbon, followed by manganese and then nickel. This observation 

agrees with the reported austenite stabilising potencies of these elements [133], 

where carbon is known to be the strongest austenite stabiliser, followed by 

manganese and nickel.  

The effect of temperature on „ is studied by calculating „ at -60°C 

to 160°C, according to the chemical composition of 8620 steel and a ὠ  of 0.43. 

The selected temperature range is based on standard service temperatures for 

bearings [34]. The martensite transformation is less likely to occur at elevated 

temperatures because there is less undercooling available to provide the 

required thermodynamic driving force through ɝὋ . Thus, „  increases 

with temperature (as shown in Fig. 5.3b) because a higher ɝὋ  is needed to 

supplement the driving force for martensite transformation.  

This observation agrees with the experimental findings of Neu and 

Sehitoglu [15]. By performing uniaxial tensile tests on carburised 4320 steel 

across a temperature range of -60°C to 50°C, the authors reported decreasing 

transformation amounts with higher testing temperatures and speculated that 

little stress-induced retained austenite transformation occurs above 60°C [15]. 

The experimental findings of Kulin et al. [134] also demonstrated that 

stress-induced transformation decreases as the testing temperature increases 

progressively above the ὓ  temperature of a 0.5C-20Ni (wt-%) steel (assumed 

to be -37°C). They reported that martensite transformation was barely observed 

at 0°C and non-existent at 20°C, showing that stress-induced transformation 

occurred within a narrow range between the ὓ  temperature and approximately 

40°C above the ὓ . Based on the ὓ  equation developed by Bohemen [67], the 

ὓ  temperature of the 8620 steel is approximately 136°C. Thus, it could be 

implied that minimal or no stress-induced transformation would occur in 8620 

steel at testing temperatures higher than 136°C. 

The variation of „ with ὠ  is evaluated by calculating the „ of 8620 

steel at a temperature of 20°C and setting ὅ  to 0.8, 0.9, and 1 wt-%C, 

respectively. The concentrations of other alloying elements follow that of 8620 
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steel in Table 5.1. According to Fig. 5.3c, the „ increases with ὅ at a constant 

ὠ . When ὅ is constant, the „ decreases with increasing ὠ . This trend is 

consistent with the measured „ of the quench-and-tempered steels (Table 5.4) 

with respect to their ὠ  (Table 5.3), where 8620 steel has the lowest measured 

„ of 441 MPa but the highest ὠ  of 0.43. In Table 5.5, steels subjected to the 

same type of heat treatment also showed higher „  with lower ὠ . The 

observation that a higher retained austenite fraction leads to lower critical stress 

for martensite transformation agrees with the findings of Alley and Neu [120]; 

the authors described the variation of „ with ὠ  through an empirical equation.  

Strictly speaking, the relationship between „ and ὠ  is linked to the 

chemical composition and heat treatment of the steel. Considering the 52100 

bainitic steels in Table 5.1 (B220/240/260) as an example, the increasing 

bainitic treatment temperatures result in higher amounts of austenite 

decomposing into bainite [102], as the remaining austenite becomes enriched 

with carbon due to carbon partitioning [130]. This leads to a lower ὠ  and 

higher ὅ, thus increasing the stability of the austenite as indicated by a higher 

„. Zhou et al. [135] reported high retained austenite mechanical stability during 

tensile testing of a medium-manganese steel with low ὠ  that contained a high 

solute concentration and small grain size, which is a consequence of heat 

treatment. 

Despite the good agreement between experimental trends and „ 

values predicted by Equation (5.11), the model has its limitations. The main 

constraint of the model is the range of chemical composition and ὠ  values that 

were used to develop the model parameters. Consequently, the model predicts 

negative „  values in certain conditions: below 0.8 wt-%C (Fig. 5.3a); at 

temperatures below -60°C (Fig. 5.3b); above ὠ πȢσυ when ὅ πȢψ wt-%C; 

and above ὠ πȢφ when ὅ πȢω wt-%C (Fig. 5.3c). 

Equation (5.11) predicts a negative „ value when ɝὋ  is greater 

in magnitude than the energy barrier to martensite transformation, which is 

defined in the terms 
ϽȾ

 

 and Ὁ . This could imply that the delayed 

deformation-induced transformation of retained austenite into martensite does 
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not occur or occurs shortly after mechanical loading. The latter scenario applies 

to low-carbon TRIP steels [4], [59]; in this case, the critical stress model of 

Haidemenopoulos et al. [94] might provide better predictions of „.   

Another reason for the prediction of a negative „ is because the same 

value of ‌ (0.79) is applied in all calculations. The value of ‌ was previously 

reported to be 0.866 by Haidemenopoulos et al. [92], [94], [118], [136]. 

However, Olson et al. [126] reported a value of ‌ πȢψτ, which they obtained 

by best-fitting Equations (5.2) and (5.5). In the process of fitting ‌ for the 

quench-and-tempered steels, it was found that ‌ is sensitive to carbon content. 

A lower ‌ value results in reasonable predictions of „ when ὅ is lower than 

the current threshold of 0.8 wt-%C (see Fig. 5.3a). 

This observation agrees with recent work by Haidemenopoulos et al. 

[121] and Polatidis et al. [129] on low-carbon TRIP steels, where a value of 0.1 

was used for the shape factor ɻ. Haidemenopoulos et al. [121] reported that the 

value of ‌ should be lower for steels with retained austenite that is less stable. 

Referring to Equation (5.5), a low value of ‌ results in high ὔ , which implies 

a higher density of potent martensitic nucleation sites. ὔ  is dependent on the 

potency of martensitic nucleation site ὲ, which explains why it is appropriate to 

use a low ‌ value to predict „ for retained austenite grains with low stability, 

such as those with low carbon content. Inversely, the value of ‌ is expected to 

be higher when predicting „ for retained austenite grains with higher stability, 

as is the case with the high-carbon steels in the present investigation. 

The utility of Equation (5.11) can be extended by assessing the 

mechanical stability of the retained austenite in high-carbon steels in other stress 

states. For example, retained austenite in a case-carburised steel has been 

reported to transform into martensite under rolling contact fatigue (RCF) 

conditions [2]. The  parameter in Equation (5.11) should be modified 

accordingly when the stress state is different. 

The parametric analysis of Equation (5.11) showed that „ increases 

with higher austenite stabiliser (carbon, manganese, nickel) concentrations, 

higher temperatures, and lower ὠ . While the effects of these parameters on „ 

have been assessed separately, they are interrelated in practice and should be 

considered collectively when the model is implemented. The analysis also 
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identified ‌ as a limiting factor for the application of this model, as it is 

expected to change with other steel compositions and ὠ . Despite the model 

constraints as imposed by the composition and experimental conditions of the 

quench-and-tempered steels, this model can be extended to other steels by 

deriving the relevant material parameters following the procedures outlined in 

Section 5.3.  

 

5.9 Model applications 

Potential applications for the critical stress and austenite volume fraction 

models are explored in this section. Previous research has indicated that higher 

amounts of retained austenite increase the RCF life of bearings [137]ï[144]. On 

the contrary, Morris and Sadeghi [2] have reported that higher amounts of 

retained austenite do not automatically improve the RCF life of bearings; the 

underlying reason is that the high stability of retained austenite restricts its 

transformation into martensite when subjected to RCF stresses. They found that 

the benefits of retained austenite to the improvement of RCF life, regardless of 

its amount, are realised only when its stability is below a threshold that allows 

martensite transformation during deformation.  

(a)

(b)

(c)

Figure 5.3 The change in critical stress „ as a function of (a) solute concentration; 
(b) temperature; (c) ὠ . 
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Since „ can be used as an indicator of retained austenite mechanical 

stability, the following examples highlight the implementation of Equations 

(5.11) and (5.14) in selecting chemical compositions and processing parameters 

for alloy design. 

The first example explores different alloy compositions for defined 

ranges of „. By setting a temperature of 20°C and ὠ  of 0.43, „ is calculated 

within a composition range of 0ï3 wt-%Mn and 0ï3 wt-%Ni, in steps of 0.1 

wt-% Mn/Ni. The concentrations of carbon and other alloying elements follow 

that of 8620 steel (see Table 5.1). Fig. 5.4a shows the required manganese-

nickel combinations in austenite as „ is varied, in which higher concentrations 

of manganese and nickel increase „. 

The „  values calculated in Fig. 5.4a assumed that the manganese 

concentration in austenite is identical to the bulk concentration. In practice, the 

effective concentration of manganese in austenite could be lower because some 

manganese is lost through the formation of MnS inclusions in steels.    

In bearing applications, the chemical composition should be selected 

so that retained austenite remains stable at the applied loads during service. Fig. 

5.4a can be used as a guide to select suitable alloy compositions for a defined 

range of „. Since the price of manganese is lower than nickel [145], using a 

high manganese-low nickel combination may make it possible to manufacture 

bearings at significantly lower prices than those alloys in current use. 

Fig. 5.4b shows the stress-induced transformation progress of retained 

austenite for various manganese concentrations when the deformation 

temperature and nickel concentration are fixed at 20°C and 0.1 wt-%, 

respectively. As the manganese concentration increases, martensite 

transformation initiates at higher „ values and a higher amount of retained 

austenite is left when the stress is removed. Fig. 5.4b can be used to inform the 

selection of manganese-nickel combinations that optimise martensite 

transformation (i.e., the ñTRIP effectò) and to control the amount of retained 

austenite; this is useful in metal forming operations. 
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The second example explores different alloy compositions for a 

defined range of „ at various deformation temperatures. Setting ὠ  as 0.43 and 

following the composition of 8620 steel, the calculation is performed within a 

temperature range of -50°C to 80°C in steps of 10°C and 0.05 wt-% Mn/Ni. The 

calculation is also constrained to compositions that result in „ between 400 and 

500 MPa (noting that the measured „ of 8620 steel is 441 MPa). According to 

Fig. 5.5a, the concentrations of manganese and nickel required to achieve „ 

within the target range increase with lower deformation temperatures. Since 

retained austenite transforms more easily into martensite at low temperatures 

due to greater undercooling, a higher concentration of austenite stabilisers is 

needed to maintain austenite stability. 

Figure 5.4 (a) Required Mn and Ni concentrations for a range of critical stresses at 

a deformation temperature of 20°C and ὠ  of 0.43; (b) change in retained austenite 

volume fraction ὠ  with applied stress for selected compositions. 
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It was also found that „  exceeds 500 MPa when the deformation 

temperature is above 80°C. Fig. 5.5b shows the changes in ὠ with „ at different 

temperatures. The composition is set as 0.3Mn-1.4Ni (wt-%) because this 

combination is closest to that of 8620 steel (see Table 5.1). As temperature 

increases, martensite transformation occurs at higher critical stresses with lesser 

retained austenite remaining after the stress is removed; no transformation 

occurs at 120°C. Considering the service temperature range for most rolling-

element bearings (i.e., ranging from -50°C up to the order of 120 to 150°C) [34], 

the dimensional stability of bearings are critical as fluctuations in service 

temperature can induced retained austenite decomposition. Therefore, the 

information from the calculations shown in Fig. 5.5 can aid the design of bearing 

compositions that optimise retained austenite stability against the 

transformation induced by temperature fluctuations, which is crucial for 

bearings operating in extreme environments. 
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The examples have shown the utility of the models in predicting the 

parameters for optimal austenite stability in bearing applications once a target 

stress and/or strain are defined. However, the influence of heat treatments and 

manufacturing processes should also be considered, as the models do not 

explicitly account for these factors. For instance, while it is known that 

manganese can promote austenite stability as well as nickel but with higher cost-

effectiveness, excessive amounts of manganese can cause surface and internal 

oxidation in carburised steels [146]. Therefore, these models should be 

implemented together with other manufacturing considerations to inform the 

design process of new bearings. 

Figure 5.5 (a) Required Mn and Ni concentrations for deformation temperatures 

between -50°C and 80°C with „ values within a range of 400 to 500 MPa; (b) 

change in retained austenite volume fraction ὠ  with applied stress for a 

composition of 1.4Mn-0.3Ni (wt-%) within a temperature range of -40°C to 120°C. 
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5.10 Conclusions 

In this chapter, models for predicting the critical stress and progress of 

deformation-induced martensite transformation in high-carbon steels have been 

developed. The critical stress model (Equation (5.11)) was developed to 

overcome the limitations of existing models when predicting „ in high-carbon 

quench and tempered steels, which exhibit delayed retained austenite 

transformation under applied stress. Compared to Equation (5.7), i.e., the model 

of Haidemenopoulos et al. [118], Equation (5.11) requires fewer free parameters 

(i.e., reduced from six to four). Calculations of „ with Equation (5.11) are in 

good agreement with measured values from the investigated steels.  

Equation (5.11) considers the influence of chemical composition, 

deformation temperature, and initial retained austenite fraction on „. Higher 

austenite stabiliser concentrations in the composition or higher deformation 

temperatures result in austenite that is more stable against transformation; these 

effects are represented by a smaller magnitude of ɝὋ . A lower ὠ  indicates 

fewer martensitic nucleation sites, which means that the martensite 

transformation under applied stress occurs at a higher „.  

Since the critical stress model was developed based on steels with 

microstructures that consist primarily of tempered martensite and retained 

austenite, the accuracy of the model predictions diminishes when applied to 

steels with other microstructures. In contrast, the model for calculating the 

transformed amounts of retained austenite under applied stress (Equation (5.14)) 

was found to perform well when applied to steels that exhibit (i.e., high-carbon 

steels) or do not exhibit (i.e., low-carbon steels) the delayed retained austenite 

transformation phenomenon.  

A parametric analysis of Equation (5.11) showed that „  increases 

with higher austenite stabiliser concentrations, higher deformation temperatures, 

and lower ὠ . Besides identifying the limiting conditions of the model, the 

analysis highlighted the sensitivity of the shape factor ‌ to material parameters, 

notably ὅ. Potential model applications have been explored. It is anticipated 

that these models can be used to aid the design of new alloy compositions for 

bearings with optimal retained austenite stability and cost-effectiveness. 
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Chapter 6: Design of a high-manganese carburised 

steel 

The aim of the work in this chapter was to describe the design process of a new 

high-manganese carburised steel. The criteria and approach for designing the 

new steel were defined based on previous research and industry standards. 

Thermodynamic calculations were performed to select the chemical 

composition of the new steel. The carburisation process and difficulties 

encountered during carburisation are described at the end of this chapter. 

6.1 Introduction  

AISI 3310 is a carburising-grade steel that is commonly used in bearings for 

wind turbines. Its high nickel content enhances hardenability by ensuring 

austenite remains stable in heat treatment and facilitating martensite 

transformation in practical cooling conditions [7]. However, nickel is expensive, 

hence its high concentration in the alloy (up to 3.5 wt-% [34]) makes it an 

expensive steel grade for bearing applications. Although carbon is cheaper and 

has a prominent influence on hardenability, it cannot be added in higher 

amounts because it will lead to manufacturing difficulties, reduction in steel 

toughness, and increasing the likelihood of distortion and cracking during heat 

treatment and welding [7]. 

An economical alternative to ensure adequate hardenability is to 

increase the manganese content [7]. Fig. 6.1 shows the alloying surcharge of 

nickel and manganese for hot-rolled steel bars manufactured by Ovako AB from 

September 2021 until August 2022 [147]. The surcharge of manganese is 

markedly lower than nickel, and its value has remained relatively constant 

throughout this time-period, implying that its market price is more stable than 

nickel.  

The parametric analysis in Section 5.8 has also shown that the rate of 

increase in „ per wt-% alloying element for manganese is higher than nickel, 

and the difference in „  at a given wt-% Mn/Ni becomes smaller as the 
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concentration of the respective solutes increases. Taking „ as an indicator of 

retained austenite mechanical stability, the analysis showed that manganese has 

a greater austenite stabilising effect than nickel, and appropriate concentrations 

of manganese can be added to reach levels of „  similar to that of nickel. 

Therefore, these observations motivate the design of a high-manganese 

carburised steel with austenite stability comparable to the high-nickel AISI 3310 

steel, yet with potential lower material costs. 

 

6.2 Alloy design criteria 

The primary design criteria of the new steel are sufficient hardenability and high 

hardness for bearing applications. Since the objective of designing a new steel 

is to compare the relative effects of manganese and nickel on retained austenite 

mechanical stability, the high-nickel AISI 3310 carburised steel (denoted as 

ñreference steelò hereafter) reported in the work of Bedekar et al. is used as a 

benchmark [1]. The martensite percentage and case hardness of the reference 

steel are 69.5% and 58.22 HRC, respectively [1]. The martensite percentage is 

deduced from the reported retained austenite percentage (30.5%). Although 

carbides were present in the microstructure, XRD data provided by Bedekar et 

al. confirmed that the reference steel consists mainly of tempered martensite and 

retained austenite, and the amount of carbides was not reported [1]. 

Figure 6.1 Ovako AB alloying surcharges for Ni and Mn in hot-rolled steel bars 
from September 2021 to August 2022 [147]. 
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According to the results in Chapter 4, a higher amount of cementite 

dissolved during austenitisation results in more carbon dissolved in austenite, 

leading to a lower ὓ  temperature. While the presence of cementite can 

influence the amounts of austenite and martensite after quenching, the 

austenitisation step during heat treatment can be tailored to minimise the 

detrimental effects of cementite on austenite stability. Therefore, any effects 

related to cementite are not considered in the design of the new steelôs chemical 

composition.       

The design criteria of the new steel are defined as follows: 

¶ Using martensite percentage as an indicator of hardenability, the new 

steel is targeted to have a martensite percentage of 70% or above.  

¶ Case hardness within the range of 58 to 64 HRC [34]. 

¶ The mechanical stability of the retained austenite should be as stable as 

that in the reference steel. 

6.3 Alloy design approach 

Based on Bhadeshiaôs procedure for the efficient design of novel steels [7], Fig. 

6.2 illustrates the process flow to determine a chemical composition that meets 

the design objectives and the experiments that are conducted to validate the 

properties of the new steel. Paths a, b and c are return points in case the ideas 

created at the initial stages do not work.  

The development costs increase as the process is scaled to component-

level testing. The failure costs also increase in the order of the return paths a < 

b < c [7]. Due to budget and time constraints in the current work, the design 

process of the new steel was only implemented until step (6). The rest of this 

chapter discusses the calculations and experiments that were performed in steps 

(1)ï(6). 
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6.4 Study of thermodynamics and alloy hardenability 

Thermodynamic calculations were performed to select a chemical composition 

that ensures the new steel has sufficient hardenability. The hardenability of steel 

refers to the extent to which the steel is hardened; that is, by forming martensite 

at depth upon quenching from the austenitisation temperature. Inadequate 

hardenability can lead to ineffective tempering, which affects the homogeneity 

of mechanical properties throughout the steel component ð for example, by 

forming undesired phases such as bainite and pearlite [148].  

The calculations presented here are modelled after an example 

published by Thermo-Calc, óHardenability Design of Steelô [148]. The software 

used in the following calculations was Thermo-Calc version 2022a, along with 

the TCFE11 and MOBFE6 databases for steels/Fe alloys [48]. Since the new 

steel was designed based on the reference steel [1], the austenite chemical 

composition for the calculations was set as Fe-0.799C-0.45Mn-0.26Si-1.51Cr-

3.39Ni-0.06Mo (in wt-%). The ὅ  of 0.799 wt-%C was calculated using 

Equation 5.1, hence it differs from the ὅ (0.92 wt-%C) of the 3310 steel as 

reported in [1].  

Figure 6.2 Schematic of the design process. Adapted from [7]. 
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Based on Thermo-Calcôs Steel Model Library, calculations were 

performed using the following property models: Time Temperature 

Transformation (TTT) Diagram, Martensite Fractions, Pearlite, Bainite, and 

Continuous Cooling Transformation (CCT) Diagram. The softwareôs default 

grain size of 100 µm was applied in all calculations because the grain size of 

the reference steel was not reported in [1]. The values of input parameters used 

in the calculations are shown in Table 6.1. Further details on the technical 

definition of these parameters can be found in [149]. 
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Table 6.1 Input parameters for hardenability design calculations. 

Parameters 
Property Models 

TTT Diagram Martensite Fractions Pearlite Bainite CCT Diagram  

Condition Definitions      

Temperature (K) 

 

1000 293 890 690 1000 

Configuration      

Calculation setting Accurate    Accurate 

Startïend temperature (K)     1000ï100 

Parent phase Gibbs energy addition (J/mol)  0    

Pearlite criterion   Maximise growth   

Pearlite mode   Optimal pearlite    

Log10 [cooling rate (K/s)] 

 

    0 

Calculation Type 

 

One axis Grid Grid Grid One axis 

Grid Definitions      

Minïmax temperature (K), no. of steps 100ï1000, 100      

Minïmax mass percent Mn/Ni, no. of steps  0ï4, 20 0ï4, 20  0ï4, 20   

Minïmax log 10 [cooling rate (K/s)], no. of steps     -3.0ï2.0, 20  
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6.4.1 TTT diagram 

The TTT diagram is used as a starting point for examining steel hardenability. 

This approach is simplified because the transformation kinetics vary under 

practical, continuous cooling conditions. Steels with high hardenability are 

expected to have a high martensite percentage at room temperature and long 

start times for the formation of non-martensitic transformation products (e.g., 

bainite, pearlite) as austenite transforms during cooling. Fig. 6.3 shows the 

calculated TTT diagram of the reference steel. The arrows indicate regions of 

high hardenability, which are defined as follows: 

¶ High ὓ  temperatures to ensure high martensite percentage at room 

temperature (blue arrow). 

¶ Long start times for the formation of non-martensitic transformation 

products such as pearlite and bainite (orange arrows). 

 

Figure 6.3 Calculated TTT diagram of the reference steel. 
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6.4.2 Pearlite formation 

The ónoseô of the pearlite curve in Fig. 6.3 (i.e., the earliest start time  

corresponding to 2% of pearlite formed) appears at approximately 890 K. The 

pearlite property model in Thermo-Calc [148] is used to assess the influence of 

alloying elements on pearlite formation from austenite. According to [149], this 

model describes the thermodynamics and kinetics of the pearlite transformation. 

Pearlite start times were calculated as a function of manganese and 

nickel concentrations at 890 K. The concentration of carbon and other elements 

were kept constant; this condition applies to other calculations presented in this 

section. Mehl [150] reported that alloying elements such as manganese and 

nickel reduce pearlite nucleation and growth rates, displacing the formation 

curves to longer times. Fig. 6.4 presents contour curves corresponding to 

pearlite start times of 50 s, 100 s, 200 s and 300 s. The results show that the 

increasing manganese and nickel concentrations delay pearlite formation. 

 

Figure 6.4 Start times for pearlite (2%) formation as a function of manganese and 
nickel concentrations for the reference steel at 890 K. 
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6.4.3 Bainite formation 

The ónoseô of the bainite curve in Fig. 6.3 (i.e., the earliest start time 

corresponding to 2% of bainite formed) appears at approximately 690 K. The 

bainite property model in Thermo-Calc [148] is used to assess the influence of 

alloying elements on bainite formation from austenite. According to [149], this 

model describes the thermodynamics and kinetics of the bainite transformation. 

Bainite start times were calculated as a function of manganese and 

nickel concentrations at a temperature of 690 K. The concentration of carbon 

and other alloying elements were kept constant. The addition of austenite 

stabilisers such as manganese and nickel depress the bainite-start temperature, 

although carbon is known to have the greatest influence on this temperature [7]. 

Fig. 6.5 shows the contour curves corresponding to bainite start times of 50 s, 

100 s, 200 s, and 300 s. The results show that the increasing manganese and 

nickel concentrations delay bainite formation. 

 

Figure 6.5 Start times for bainite (2%) formation as a function of manganese and 
nickel concentrations for the reference steel at 690 K. 
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6.4.4 Martensite percentage 

The martensite fractions property model in Thermo-Calc [148] was employed 

to estimate the amount of martensite formed at an ambient temperature of 293 

K (~20°C). According to [149], this model calculates the athermal martensite 

percentage based on the available driving force. Fig 6.6 shows the predicted 

martensite percentage as a function of manganese and nickel concentrations. 

The contour curves represent the formation of 70%, 80%, 90%, and 95% 

martensite.  

The results show that increasing manganese and nickel concentrations 

leads to lower martensite percentages. The minimum martensite percentage 

targeted to form in the new steel is set as 70%, which is the martensite 

percentage of the reference steel. Therefore, the region of interest in Fig. 6.6 

(highlighted in yellow) is where the total martensite percentage is higher than 

70% and has a manganese concentration of just under 3.6 wt-%.  

 

Figure 6.6 Martensite percentage of the reference steel as a function of manganese 
and nickel concentrations at 293 K. 
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6.4.5 Selection of alloy chemical composition 

The composition of the new steel is determined based on the plots of pearlite 

formation, bainite formation, and martensite percentage at room temperature. 

By superimposing Figs. 6.4ï6.6, Fig. 6.7 shows the region of allowable 

chemical composition (highlighted in orange) to achieve high hardenability.  

Within the composition range, the martensite percentage at room 

temperature is higher than 70%. The pearlite and bainite start times at 890 K 

and 690 K, respectively, are longer than 300 s; the latter is empirically chosen 

to indicate slow formation times for pearlite and bainite under practical cooling 

conditions. The maximum Ni concentration is limited to 3 wt-%, lower than the 

3.39 wt-% Ni of the reference steel [1], because the goal is to design a new steel 

with lower Ni concentration so that its material cost is lower in terms of alloying 

additions. Therefore, the allowable manganese and nickel concentrations of the 

new steel are restricted to 1.1ï3.5 wt-% Mn and 0ï3 wt-% Ni, respectively.  

 

Figure 6.7 Composition range of the new steel based on superimposition of the 
pearlite formation, bainite formation and martensite percentage plots. 
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Based on the defined chemical composition range, the selected 

manganese and nickel concentrations are 3 wt-% and 0 wt-%, respectively. 

Although nickel is normally added to carburising steels to increase toughness, 

it also increases the amount and stability of retained austenite [151]. Therefore, 

nickel is not included in the new steel so that the effect of manganese on 

austenite stability can be studied without any influence from nickel.  

The manganese concentration of the new steel is selected as 3 wt-% 

with respect to the nickel concentration of the reference steel (~3wt-%) in order 

to facilitate a one-to-one comparison of the effects of manganese and nickel on 

austenite stability. It is acknowledged that the effective manganese 

concentration in austenite could be lower (~2.6wt-%Mn) due to the formation 

of MnS inclusions in the steel. While this implies that a one-to-one comparison 

might not be full y achieved, the manganese concentration is selected as such 

because any higher manganese concentrations could cause processing issues 

[148].   

By maintaining the concentrations of other alloying elements identical 

to those in the reference steel [1], the chemical composition of the new steel 

before carburisation is defined as Fe-0.1C-3Mn-0.26Si-1.51Cr-0.06Mo (in 

wt-%). 

6.4.6 CCT diagram 

The calculated CCT diagrams of the reference and new steels are shown in Figs. 

6.8 and 6.9, respectively. According to these figures, the new steel is expected 

to have a hardenability similar to the reference steel and thus a similar 

martensite percentage at room temperature. This is deduced by comparing the 

ómartensite startô plots within the figures, where the transformation begins 

around 400 K for both steels. Further, the formation of non-martensitic 

transformation products in the new steel occurs at later start times and lower 

temperatures compared to the reference steel. For example, the new steel allows 

a slower cooling rate to be achieved before pearlite starts forming.  
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Figure 6.8 CCT diagram of the reference (3310) steel. The dotted curves represent 
various cooling rates. 

Figure 6.9 CCT diagram of the new steel. The dotted curves represent various 
cooling rates. Note the difference in length of the time-axis and extra cooling curve 
as compared to Fig. 6.8. 
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6.5 Critical stress and retained austenite volume fraction of the designed 

composition 

In order to predict the mechanical stability of retained austenite in the new steel 

based on the designed composition, the critical stress („) and retained austenite 

volume fraction (ὠ) are calculated according to Equations (5.11) and (5.14) 

from Sections 5.3.3 and 5.4, respectively. In order to perform a one-to-one 

comparison of the relative effects of manganese and nickel on austenite stability, 

the calculated values of „ and ὠ of the new steel are compared against those 

of a steel with 3 wt-% nickel and without manganese; this steel is known as 3Ni 

steel hereafter. The weight percentage of nickel in the 3Ni steel is identical to 

the weight percentage of manganese in the new steel (3 wt-%Mn), while the 

concentrations of other alloying elements in both steels are identical.  

The austenite compositions for the new steel and 3Ni steel are set as 

Fe-0.799C-3Mn-0.26Si-1.51Cr-0.06Mo and Fe-0.799C-3Ni-0.26Si-1.51Cr-

0.06Mo (in wt-%), respectively. The carbon concentrations follow the carbon 

concentration in retained austenite (ὅ) of the reference (3310) steel as shown 

in Table 5.1 (Section 5.2). The initial retained austenite volume fraction before 

mechanical loading (ὠ ) is set to a value of 0.31; this follows the ὠ  of the 3310 

steel as shown in Table 5.3 (Section 5.3.3). It is assumed that ὠ  is controlled 

by heat treatments that can be tailored to achieve similar values.   

The calculated values of ɝὋ , „ and ὠ are shown in Table 6.2. 

The values of other parameters to calculate „ according to Equation (5.11) 

( , ‌ , ‎, ”, Ὢ, and Ὁ ) are identical to those shown in Table 5.3 

(Section 5.3.3). In order to calculate ὠ according to Equation (5.14), the value 

of the applied true stress („) is taken as the experimentally measured fracture 

stress of the 3310 steel, i.e., 1966 MPa [1]. Thus, the calculated ὠ corresponds 

to the amount of untransformed austenite in the sample after it has fractured. 

Referring to Table 6.2, the predicted „ of the new steel is slightly 

lower than that of the 3Ni steel, while the predicted ὠ (after rounding to two 

decimal places) of these steels are identical. The relatively small difference in 

„ values of these steels (by 38 MPa) shows that the mechanical stability of 

retained austenite in the new steel is similar to that of the 3Ni steel.  
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Since it was not financially feasible to manufacture the 3Ni steel in 

addition to the high-manganese new steel, the austenite stability and mechanical 

properties (presented in Chapter 7) of the new steel are compared against those 

of the reference (3310) steel. This is because the reference steel was available 

at The Timken Company and could be made into samples for further analysis. 

Assuming identical ὠ  and solute concentrations other than those of nickel and 

manganese, the mechanical stability of retained austenite in the new steel is 

predicted to be lower than that of the reference steel because the latter contains 

both manganese and nickel. For the „ calculation of the reference steel shown 

in Table 6.2, the austenite composition follows that of the 3310 steel in Table 

5.1 (Section 5.2).   

Based on Table 6.2, this is evidenced by a difference of 222 MPa in 

the calculated „ values of the new and reference steels. The difference in ὠ 

between the new and reference steels is considered to be small. 

Table 6.2 Calculated „ and ὠ values of the new steel in comparison with those of the 

3Ni and reference steels. The ὠ  of these steels are set as 0.31 in the calculations. 

Steel ɝὋ  „ ὠ 

 J mol-1 MPa  

New steel 

(Fe-0.799C-3Mn-0.26Si-1.51Cr-0.06Mo wt-%) 

 

-2281 608 0.14 

3Ni steel 

(Fe-0.799C-3Ni-0.26Si-1.51Cr-0.06Mo wt-%) 

 

-2248 646 0.14 

Reference steel 

(Fe-0.799C-3.39Ni-0.45Mn-0.26Si-1.51Cr-0.06Mo 

wt-%) 

-2090 830 0.16 

6.6 Carburisation of the new steel and its challenges 

The new steel was produced in the form of a forged ingot by TimkenSteel. The 

nominal composition of the forged ingot reported by TimkenSteel is Fe-0.14C-

3.06Mn-0.2Si-1.46Cr-0.01Mo-0.24Cu-0.021Al (in wt-%). The concentration of 
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manganese was measured using the X-ray fluorescence technique and the 

concentrations of the other alloying elements were measured using spark atomic 

emission spectrometry. The samples for the dilatometry (hollow-type) and 

tensile tests were machined from the ingot according to their respective 

dimensions, as mentioned in Chapter 3. 

Gas carburisation is the standard carburisation process employed by 

The Timken Company to produce the steel samples for study in the present 

research. The procedure of a typical gas carburisation process is described as 

follows. According to [152], parts to be carburised are placed in baskets (or 

charging equipment) and loaded into a furnace that is typically heated to a 

temperature between 900°C and 950°C. The pressure and temperature of the 

furnace is controlled to allow carbon transfer from the atmosphere to the steel 

surface.  

The carbon transfer initiates when the part reaches the carburising 

temperature, and the carburisation step proceeds until the desired carbon 

penetration depth in the part is achieved. Subsequently, the part is quenched by 

moving it to a cooling chamber that is attached to the furnace or to a separate 

receptacle such as an oil bath. The part is normally washed and tempered after 

the cooling step [152]. 

An initial trial to establish carburisation parameters for the new steel 

was conducted by the prototype department at The Timken Company, where a 

tensile sample was subjected to gas carburisation. The new steel was initially 

assumed to have the same carburising response as the reference steel because of 

its similarity in chemical composition, with the major differences being the 

manganese and nickel concentrations. However, the adsorption of carbon in the 

case layer of the sample was reported to be low and almost negligible. The case 

hardness of the sample was approximately 44 HRC, significantly lower than the 

targeted hardness of 58ï64 HRC. These results showed that gas carburisation 

was not viable for carburising the new steel. 

A likely reason for the inhibition of carburisation is the formation of 

an oxide layer at the metal surface that blocks or decelerates carbon transfer, 

which is a phenomenon known as ósurface passivationô [152]. When the 
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workpiece is heated, oxygen from the carburising atmosphere reacts with the 

metal surface. The rate of reaction becomes higher with increasing temperatures. 

Alloying elements such as silicon and chromium are known to form passive 

oxide layer at the steel surface which prevents carbon diffusion during 

carburisation [153]. Although the silicon and chromium concentrations in the 

new steel are relatively low compared to the higher concentrations that have 

been reported to induce passivation in a carburising steel [153], the high 

manganese concentration (3 wt-%) could be the contributing factor to the 

formation of a manganese oxide layer on the sample surface.  

The passive oxide layer is also known as a ósoft skinô, which can be 

removed only by mechanical means [154]. When certain regions of the 

workpiece are not carburised due to localised passivation, these regions are 

known as ósoft spotsô. Residues from cutting oils or washing detergents from 

previous operations prior to carburisation can form ósoft spotsô on the workpiece 

surface. These surface contaminants act as a local barrier that inhibits carbon 

transfer during carburisation [154].   

There are several ways to remove or prevent the formation of the 

passive oxide layer (or soft spots) on the metal surface. The workpiece can be 

hand-washed and pre-heated at temperatures around 450°C before carburisation 

to evaporate (or óburn offô) the surface contaminants [154].  

It is also common to introduce a pre-oxidation step before 

carburisation by exposing the workpiece to a highly oxidising atmosphere. This 

forms iron oxides that are more porous than the other oxide layers formed by 

the reaction of oxygen with alloying elements [153]. Pre-oxidation can be 

conducted with normal air, and the temperature range is steel-dependent (e.g., 

the recommended pre-oxidation temperature range for Uddeholm Orvar 

Superior H13 steel is between 600°C and 850°C [153]). Another method is to 

carburise the workpiece with the low-pressure carburisation process, which was 

employed to resolve the present issue.  

Low-pressure carburisation, also known as vacuum carburisation, is a 

technique of introducing carbon into the steel surface in an oxygen-free 

environment [155]. In this process, a vacuum pump is used to create a very low-
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pressure atmosphere. Carburisation takes place by breaking the vacuum at pre-

set times during the cycle with a partial pressure of hydrocarbon gas (e.g., 

acetylene). Carrier gases such as nitrogen are used to dilute hydrocarbon levels 

and maintain a neutral partial pressure in the chamber. Since the surface of the 

workpiece has to be oxide-free for carburisation to occur, it is imperative that a 

vacuum condition is created in the chamber before the temperature is 

sufficiently high to form oxides (~550°C) [156].  

In contrast to gas carburisation which relies on the regulation of carbon 

potential to obtain a defined case depth, the low-pressure carburisation process 

is recipe-controlled. This means that the carburising temperature, time, pressure, 

and gas flow rate are defined in the recipe and monitored throughout the process 

to produce the required carbon profile [157].  

Besides the elimination of intergranular oxidation (which is 

unavoidable in gas-carburised components), another advantage of low-pressure 

carburisation is that higher carburisation temperatures can be employed, i.e., the 

carburising temperature is higher than that of conventional gas carburisation by 

up to 150°C. The high temperature and low pressure (oxygen-free) conditions 

facilitate faster diffusive transportation of excess carbon into the workpiece 

surface, which results in shorter carburisation times [155].   

Low-pressure carburisation of tensile and dilatometry samples was 

performed by Specialty Steels Treating. Table 6.3 shows the parameters and 

associated costs for the first and second carburisation experiments.  

Table 6.3 Carburisation parameters of the new steel. 

Parameter First experiment Second experiment 

Carburisation temperature, °C 898 (both types) 982 (both types) 

Cycle time, hours 126 (both types) 45 (tensile) 

15 (dilatometry) 

Project cost, US$ 18,406 9,750 
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Referring to Table 6.3, the dilatometer and tensile samples were 

carburised at 898°C for 126 hours in the first experiment. This cycle 

temperature and time were selected because the samples were carburised 

together with an existing batch by Specialty Steels Treating. After the 

carburisation step was completed, the samples were furnace cooled to 538°C 

(1000°F), quenched in nitrogen gas under a pressure of 0.2 MPa (2 Bar) to 

below 66°C (150°F), and followed by an annealing treatment at 600°C (1112°F) 

for 3 hours. Subsequently, the samples were placed in a furnace for 

austenitisation (or hardening) and tempering treatment.  

The samples were austenitised at 830°C (1525°F) for 1 hour, quenched 

in oil at a temperature of approximately 49°C (120°F), and tempered at 182°C 

(360°F) for 1.3 hours. The austenitisation and tempering parameters were 

selected based on those of the reference steel as reported in [1]. 

Vickers microhardness tests were conducted by Specialty Steels 

Treating to measure the hardness of the dilatometer and tensile samples. The 

measurements were converted into Rockwell Hardness C values according to 

Equation A1.1 in the ASTM E140-12B(2019)e1 standard [158].  

Fig. 6.10 shows the hardness profiles of the dilatometer and tensile 

samples. The dilatometer sample has hardness values that are approximately 60 

HRC and consistent throughout the profile. Given the sample wall thickness of 

1 mm (based on the total and bore diameters of 4 mm and 2 mm, respectively), 

the dilatometer sample is assumed to be through-carburised because the 

hardness value is consistent throughout the sample.  

Further, hardness tests were conducted at three sections of the tensile 

sample according to the schematic shown in Fig. 6.11a. By measuring the 

hardness to a distance of approximately 2.5 mm from the surface, the hardness 

values at sections A and B of the tensile sample are between 58 and 60 HRC, 

whereas the hardness values of section C are between 43 and 46 HRC. Section 

C has lower hardness than sections A and B because it was masked (i.e., covered 

in paint) to prevent the exposure of the grip section to carbon diffusion during 

carburisation. The grip sections were masked so that they were soft enough to 

be threaded.  
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The measured hardness values at Sections A and B indicate that the 

case layer of the tensile sample is through-carburised since hardness is 

consistent in this region.  

The hardness results showed that the low-pressure carburisation 

technique is capable of diffusing carbon into the steel surface and producing a 

case region that meets the design criteria of the new steel, namely a case 

hardness between 58 and 64 HRC. 

 

Fig. 6.11b shows the microstructure near the surface of section B of 

the tensile sample. The microstructure consists of tempered martensite (dark 

areas) and retained austenite. Although carbides are expected to be present 

because the steel was austenitised below the ὃ  temperature, they are too fine 

to be resolved at the present magnification in a light microscope. The 

microstructure of section A was reported to be identical to that of section B. 

Figure 6.10 Hardness of dilatometer and tensile samples. Hardness tests were 
conducted by Specialty Steels Treating. 
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Fig. 6.12 shows the microstructure of the dilatometry sample. The 

microstructure consists of a tempered martensite-retained austenite matrix and 

large carbides that were observed throughout the cross-section of the sample. 

The carbides have a mix of blocky and elongated morphologies, and they 

appeared to grow at the boundaries of the parent austenite grains. Large carbides 

can form when the surface carbon content is too high [159], which is most likely 

caused by the long carburisation time (126 hours) of the sample. While carbides 

are reported to provide abrasive wear resistance in case-hardened steels [160], 

uncontrolled amounts can lead to detrimental effects such as the initiation of 

fatigue cracks in carbides at the grain boundaries [18]. 

 

The first experiment proved that the new steel can be carburised under 

low-pressure (oxygen-free) conditions. However, the long carburisation time 

Figure 6.11 (a) Schematic showing sections of the tensile sample that were cut for 
analysis. (b) Light micrograph of section B at 500× magnification provided by 
Specialty Steels Treating. The samples were etched in 5% nital. The scale bar was 
not reported. 

Figure 6.12 Light micrographs of the dilatometry sample at 500× magnification 
provided by Specialty Steels Treating. The red arrows indicate the presence of large 
carbides. The microstructures were revealed by etching the sample with (a) Marbleôs 
reagent; and (b) nital etch. The scale bars were not reported. 
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resulted in the undesired formation of large carbides in the microstructure. If the 

same carburisation recipe had been implemented for the remaining dilatometer 

and tensile samples, it would have resulted in a financially infeasible project 

cost. 

A suggested solution to increase carbide dissolution and reduce the 

project cost was to increase the carburisation temperature. The temperature 

range for low-pressure carburisation is reported to be between 870°C and 

1050°C, although the process is normally performed at temperatures between 

920°C and 980°C [157]. Further, the carburisation time for the dilatometry 

samples was conceived to be shorter than the tensile samples in order to prevent 

large carbides from forming as a result of carbon over-saturation at the sample 

surface. Based on these considerations, the low-pressure carburisation of the 

remaining samples was conducted at 982°C for durations of 45 hours and 15 

hours for the tensile and dilatometry samples, respectively. 

The chemical composition and ὓ  temperatures measured from the 

dilatometry experiments on the new steel are provided in Appendix A.  

6.7 Conclusions 

In this chapter, the design process of a new high-manganese carburising steel 

was described. The motivation for the design of the new steel was to assess the 

relative effect of manganese on austenite stability compared to that of nickel. 

The design criteria of the new steel include sufficient hardenability (a martensite 

percentage is 70% or higher), adequate case hardness (between 58 and 64 HRC), 

and retained austenite mechanical stability that is as stable as that of the 

reference steel.  

Thermodynamic calculations using property models in Thermo-Calcôs 

Steel Model Library were employed as part of the design process. The chemical 

composition was selected so that the manganese concentration is close to the 

nickel concentration of the reference steel, so that a direct comparison of the 

relative effects of manganese and nickel on austenite stability can be made. 

The „  (Equation (5.11), Section 5.3.3) and ὠ (Equation (5.14), 

Section 5.4) were calculated based on the designed austenite composition of the 
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new steel (containing 3 wt-%Mn and no Ni). The calculated „ and ὠ values 

were compared against those of the 3Ni steel (containing 3 wt-%Ni and no Mn) 

and reference steel (3310 steel in Table 5.1, Section 5.2). The retained austenite 

mechanical stability (based on „) and ὠ of the new steel was similar to those 

of the 3Ni steel. However, the calculated „ of the new steel was 222 MPa lower 

than that of the reference steel. Therefore, the new steel is predicted to have a 

lower retained austenite mechanical stability than the reference steel because 

the latter contains both nickel and manganese.  

A forged ingot of the new steel was produced, where the measured 

nominal composition before carburisation was Fe-0.14C-3.06Mn-0.2Si-1.46Cr-

0.01Mo-0.24Cu-0.021Al (in wt-%). It was found that the conventional gas 

carburisation process employed for the reference steel was not capable of 

carburising the new steel. The low carbon adsorption at the steel surface was 

likely caused by the presence of a passive oxide layer that blocked carbon 

transfer from the furnace atmosphere to the steel surface.  

This issue was resolved by employing low-pressure carburisation on 

the new steel samples. While the first carburisation experiment succeeded in 

allowing carbon diffusion into the steel surface, the long carburisation time 

resulted in the unwanted formation of large carbides in the microstructure. 

Subsequently, the samples were carburised at higher temperatures and shorter 

times in order to increase carbide dissolution and to ensure that the processing 

costs were financially feasible.  

The tensile test samples that were carburised according to the final 

recipe (at 982°C for 45 hours) were subjected to further hardening and 

tempering treatments that are described in the next chapter. The mechanical 

stability of the retained austenite in samples of the new and reference steels was 

assessed by performing tensile tests and XRD measurements; the results from 

the mechanical and microstructural characterisation of these steels are also 

described in the next chapter. 
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Chapter 7: Microstructure, mechanical properties 

and austenite stability of carburised steels 

The aim of the work discussed in this chapter was to investigate the 

microstructure, mechanical properties and retained austenite mechanical 

stability of the reference and new steels. The microstructures of the steels were 

characterised with SEM and EDS. Hardness and uniaxial tensile tests were 

performed at room temperature to investigate the mechanical properties of the 

steels. XRD was performed to measure the amounts of retained austenite after 

the heat treatments and mechanical tests were completed. The results are 

analysed in the following discussion to assess the mechanical stability of 

retained austenite in the respective steels. 

7.1 Material information  

Fig. 7.1 shows the heat treatments for tensile samples of the reference and new 

steels. Samples from the reference steel (AISI 3310) and new steel are labelled 

as RS and NS, respectively. The samples are categorised into five groups and 

designated according to the type of heat treatment employed. For example, a 

reference steel sample that was heat treated according to process A is designated 

as óRSA1ô, where the digit represents the sample number. Heat treatments for 

the new steel from the post-carburisation step onwards were carried out under 

vacuum condition.  
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The chemical compositions of both steels were analysed after heat 

treatments were performed. Samples for chemical analysis were cut from the 

gauge length section of the RSA7 and NSX13 tensile samples, which represent 

the reference and new steels, respectively. While the chemical compositions of 

these steels have been highlighted in Section 3.1, they are shown in Table 7.1 

for clarity. 

Table 7.1 Chemical composition of representative samples for the reference and new 
steels following the carburisation process and heat treatments (in wt-%). 

Sample C Mn Ni Cr Si Mo Cu Al  S P 

RSA7 0.85 0.44 3.43 1.47 0.28 0.10 0.18 0.04 0.011 0.009 

NSX13 0.62 2.91 - 1.41 0.19 0.01 0.24 0.02 0.003 0.003 

7.2 Characterisation of steels after heat treatment 

7.2.1 X-ray diffraction 

XRD was performed to measure the volume fraction and lattice parameter of 

the retained austenite in the steels after heat treatments. XRD samples with a 

thickness of 2.2 mm were cut from the gauge length section of the tensile 

Figure 7.1 Heat treatment of reference and new steels. Samples are labelled 
according to their type (RS or NS), heat treatment routes (A, B, C, X or Y), and 
their sample number. The sample numbers are not in a particular order because the 
figure shows only samples that have been tested and analysed in this chapter.     
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samples. The sample preparation and XRD measurements were performed 

according to the procedures outlined in Section 3.3.4. 

The XRD analysis included both the austenite and martensite phases. 

While carbides are expected in the microstructure because austenitisation is 

conducted within the vicinity of the Acm temperature where austenite and 

cementite co-exist, the XRD scans showed that carbide peaks cannot be detected 

in the 2— range that was employed. As an example, Fig. 7.2 shows the XRD 

pattern and difference plot of sample RSA7. Carbides can be analysed using a 

range of 25° to 70° because they were reported to show stronger peaks at lower 

angles [161]. This analysis was not conducted and is a task for future work.  

The error related to the calculation of austenite fractions in steels using 

Rietveld refinement is in the order of ± 0.01, as reported in previous works [161], 

[162]. By comparing the Rietveld fit against the raw data, the error is verified 

by varying the fitted pattern until it no longer shows any significant changes in 

fit quality. This corresponds to a difference in phase fraction of approximately 

0.01 [161].     

Table 7.2 shows the quantitative results of the XRD analysis. Cooling 

the samples to sub-zero temperatures before tempering reduces the volume 

fraction of retained austenite, as shown by the austenite fractions of samples 

RSA7, RSB6 and RSC4. This is because the sub-zero cooling treatment induces 

additional martensite transformation. The same observation can be made for 

samples NSX13 and NSY8. The concentration of carbon dissolved in austenite 

is calculated in relation to the austenite lattice parameter using Equation (5.1) 

as stated in Section 5.2.   

By comparing samples from the same type of steel (i.e., between RSA7, 

RSB6, and RSC4 and between NSX13 and NSY8), the austenite carbon content 

is observed to be higher with lower austenite fractions. While additional 

martensite transformation takes place during sub-zero cooling, complete 

transformation of all retained austenite grains is unlikely to occur in most 

engineering steels. Therefore, it is speculated that the retained austenite grains 

that remain untransformed after sub-zero cooling are the ones that are most 

stable due to a higher carbon content. 
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Table 7.2 The retained austenite initial volume fraction ὠ , lattice parameter ὥ , 

and carbon content in austenite ὅ  in selected samples after heat treatments. The 

error of all austenite volume fractions is in the order of ± 0.01. 

Sample ὠ  ‌ / Å ὅ / wt-% 

RSA7 0.149 3.5967 ± 0.0004 0.83 

RSB6 0.086 3.5979 ± 0.0005 0.86 

RSC4 0.049 3.5997 ± 0.0010 0.89 

NSX13 0.1 3.5953 ± 0.0003 0.75 

NSY8 0.053 3.5995± 0.0007 0.85 

Figure 7.2 (a) XRD pattern of samples RSA7. Raw data is represented by red 
points; the Rietveld fit is represented by a solid line. (b) Difference plot used to 
visually assess the quality of the XRD pattern fit. 
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7.2.2 Scanning electron microscopy 

The microstructure of the reference steel was analysed at fixed depths below the 

sample surface. Fig. 7.3c shows the case microstructure of sample RSA7, which 

consists of tempered martensite, retained austenite and carbides. Martensite 

plates are found between the retained austenite blocks embedded in the matrix 

of the microstructure. The globular features that appear to protrude from the 

matrix are thought to be carbides. The identity of the dark spherical particles in 

Figs. 7.3c and f are unknown, hence their compositions are determined by EDS 

and analysed in the next section. The microstructure of sample RSA7 appears 

similar to those of the carburised steels reported by Bedekar et al. [1]. 

A visual comparison of the case (Fig. 7.3b) and core (Fig. 7.3h)  

microstructures shows a higher amount retained austenite in the case than the 

core, whereas the latter consists mainly of martensite. This is because the higher 

carbon content in the case region makes retained austenite grains more resistant 

to martensite transformation. The blocky features in Fig. 7.3i are also more 

likely to be martensite than retained austenite grains. Some parts of the core 

microstructure can be resolved as martensite, while others cannot because the 

varying orientations of the martensite crystals lead to preferential etching.  

While the martensite crystals at the case (Fig. 7.3c) can be 

distinguished as plate martensite, both lath and plate martensite are expected to 

form because the carbon content of the new steel is in between 0.6 and 1 wt-%C. 

Lath martensite dominates a martensitic microstructure until about 0.6 wt-%C. 

The proportion of plate martensite increases with increasing carbon content 

above 0.6 wt-% until approximately 1 wt-%C, when plate martensite becomes 

dominant in the microstructure as lath martensite disappears [156]. 
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Figure 7.3 Microstructure of sample RSA7 after heat treatment. Retained austenite, martensite and carbides are denoted by the symbols ‎, ‌ , and MC, 
respectively. The measured distance in Figs. 7.3 (a), (d), and (g) represent the areas investigated at fixed depths below the sample surface. The red boxes 
indicate areas that are enlarged in the subsequent micrograph (e.g., (b) is the region indicated by the red box in (a)).  



119 

 

Figs. 7.4a and 7.4b show the case microstructures of samples RSB6 

and RSC4, respectively. These microstructures were analysed at a depth of 170 

µm below the sample surface, hence they are comparable to the microstructure 

of RSA7 as shown in Fig. 7.3c. Like RSA7, samples RSB6 and RSC4 have a 

microstructure that contains retained austenite, martensite, and carbides.     

A visual comparison of the case microstructures of the reference steel 

samples shows that RSA7 (Fig. 7.3c) has the highest amount of retained 

austenite, followed by RSB6 (Fig. 7.4a) and RSC4 (Fig. 7.4b). This is because 

the sub-zero cooling before tempering transforms more retained austenite into 

martensite. This observation supports the austenite fraction measurements 

reported in Table 7.2.  

Fig. 7.4c highlights the occurrence of internal oxidation, also known 

as intergranular oxidation or grain boundary oxidation, in sample RSB6. The 

microstructure with internal oxidation appears similar to those reported by Song 

et al. [163] and Rowan et al. [151]. The oxides form at the sample surface and 

extends to a depth of approximately 15 µm. Referring to Fig. 7.4d, the oxides 

appear as continuous dark voids in the microstructure and are one of two types 

of oxide morphologies reported by Parrish [18]. This type of oxide resides 

primarily at the parent austenite grain boundaries and exhibits an oxidation 

depth of 5 to 25 µm below the sample surface.  

The second type of oxide can be found as globular particles that are 

approximately 0.5 µm in diameter and extend to a lower depth (~8 µm). This 

oxide is typically found at grain and sub-grain boundaries, and sometimes 

within grains [18]. Globular oxides are reported to form in conditions where the 

carburisation temperature and carbon potential are low, whereas elongated grain 

boundary oxides dominate at higher carburising temperatures and carbon 

potentials [151]. 

Internal oxidation occurs when oxygen released by water vapour and 

carbon dioxide in the atmosphere reacts with alloying elements in the steel. In 

typical gas carburisation conditions, the partial pressure of oxygen is usually 

high enough to oxidise alloying elements with greater affinity for oxygen than 

iron, including chromium, manganese, and silicon [151]. The minimum silicon 
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concentration needed to induce internal oxidation (~0.05%) is below the typical 

0.2ï0.3 wt-%Si concentrations in case-hardening steels. This implies that 

internal oxidation is impossible to prevent during conventional gas 

carburisation. However, it has been suggested that by limiting the 

concentrations of manganese and chromium to less than 1% in total, the 

thickness of the oxidised layer will be effectively determined by the silicon 

concentration [18].  

Depending on the product specifications, carburised parts with an 

internal oxidation depth in the range of 10 to 20 µm are typically acceptable, 

while depths greater than 30 µm are considered excessive [151]. While it is not 

obvious whether internal oxidation on its own is detrimental to the carburised 

part, the non-martensitic transformation products (e.g., ferrite, bainite, pearlite) 

associated with internal oxidation can have a detrimental effect on strength 

properties [18]. For example, the non-martensitic products might form a soft 

layer in the narrow region adjacent to the oxides. However, the detection of this 

soft layer depends on the method employed; the Rockwell hardness test may 

not indicate anything besides acceptable hardness levels, whereas a file 

hardness test would detect the presence of the soft layer [18].   

According to Rowan and Keil [151], the internal oxidation depth can 

be minimised by using carrier gases with lower carbon monoxide content, 

higher carburising temperatures, and the highest possible boost-diffuse time 

ratio (provided the carbon potential does not exceed the carbon saturation limit 

in austenite). Alternatively, internal oxidation can be avoided using the low-

pressure carburisation process [18]. 
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The microstructure of the new steel was also analysed at fixed depths 

below the sample surface. Fig. 7.5 shows the microstructure of sample NSX13, 

which consists of tempered martensite, retained austenite, and carbides like the 

reference steel. The microstructure of sample NSY8 after heat treatment (not 

shown) appears similar to NSX13, but has less retained austenite because some 

of the retained austenite transformed into martensite during the sub-zero cooling 

step. A major difference between the reference and new steels is that the latter 

contains massive carbides in the case region, as highlighted in Fig. 7.5b. The 

massive carbides are observed as far as 0.3 mm below the surface. 

According to [164], the isothermal formation of massive carbides takes 

place at the junctions of carbon-supersaturated austenite grains. Since the 

growth of massive carbides requires significant diffusion, their formation occurs 

during the high-temperature stages of carburising or when the workpiece is 

cooled to roughly 845°C before quenching. These carbides can form in three 

directions and have a blocky morphology [164]. 

Figure 7.4 Microstructures of  (a) RSB6 and (b) RSC4. (c) Internal oxidation with a 
depth of 15 µm observed in sample RSB6. (d) Internal oxide observed as dark, 
elongated voids in sample RSA7. 
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Figure 7.5 Microstructure of sample NSX13 after heat treatment. Retained austenite, martensite and carbides are denoted by the symbols ‎, ‌ , and MC, 
respectively. The measured distance in Figs. 7.5 (a) and (d) represent the areas investigated at fixed depths below the sample surface. Figs. 7.5 (g) and (h) 
correspond to a depth of 3mm below surface. The red boxes indicate areas that are enlarged in the following micrograph (e.g., (b) is the region indicated 
by the red box in (a)). 
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7.2.3 Energy dispersive spectroscopy (EDS) 

SEM-EDS scans were conducted on samples RSA7 and NSX13 in order to 

analyse the chemical composition of local features, especially carbides found in 

both steels. Point measurements were made at depths of 170 µm and 0.5 mm 

below the sample surface. The scan areas of sample RSA7 are shown in Figs. 

7.6a and 7.6b, whereas those of sample NSX13 are shown in Figs. 7.6c and 7.6d. 

The compositions measured for samples RSA7 and NSX13 are shown in Tables 

7.3 and 7.4, respectively. Carbon is not included because the EDS technique is 

not reliable for measuring carbon concentration. This is because carbon is likely 

to be present in contaminants on the sample or microscope chamber, which 

would lead to inaccurate carbon measurements of the sample itself [165]. Iron 

is detected and forms the balance of the concentrations of alloying elements 

reported in Tables 7.3 and 7.4. 

Referring to the dataset for sample RSA7 (i.e., Table 7.3, Figs. 7.6a 

and 7.6b), points 1, 9, and 13 correspond to retained austenite blocks, while 

points 3, 5, 10 and 14 correspond to martensite plates. The concentrations of 

alloying elements at these points are reasonably close to bulk values. The 

differences in composition of these features analysed at depths of 170 µm (Fig. 

7.6a) and 0.5 mm (Fig. 7.6b) are also negligible.  

In sample RSA7, points 2, 4, 6, 8, 11 and 15 are identified as carbides 

based on the composition measured by EDS. Although the carbide structure is 

not analysed in the present work, the carbides formed in standard composition 

ranges of carburising steels are expected to have the cementite (Fe3C) structure 

[18]. In a study by Pereverzev and Kolmykov [166], cementite was reported to 

be the only carbide phase in carburising steels containing 1.1 and 3.1 wt-%Cr. 

The same study also reported that complex alloy carbides (i.e., [Cr, Fe]7C3) were 

only found at alloying concentrations of 4.8 and 7.7 wt-%C [166], which are 

higher than those in the reference and new steels. 

A trend is observed in the carbides where the nickel concentrations are 

lower than the bulk value, whereas the chromium concentrations are higher than 

the bulk value. Referring to points 4 and 8 as an example, the nickel 
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concentrations are at least 1.4 wt-% lower than the bulk value, whereas the 

chromium concentrations are significantly higher than the bulk value. This is 

because nickel does not normally form carbides in steel, whereas chromium is 

a strong carbide-forming element [7]. The concentrations of molybdenum in 

carbides are also slightly higher than the bulk value because molybdenum is a 

carbide-forming element. Molybdenum is reported to help mitigate alloy 

depletion (e.g., of chromium) due to carbide formation and maintain some 

measure of hardenability in the matrix microstructure, by partitioning between 

the carbides and the matrix [18].  

If carbon is considered in the EDS analysis, the carbon concentrations 

at the carbide points are approximately 10 wt-%C, higher than those 

corresponding to retained austenite and martensite (i.e., ~5 wt-%C). While these 

values are unreasonably high, they qualitatively confirm that points 2, 4, 6, 8, 

11 and 15 are carbides in the microstructure. 

Further, the dark spherical particles in the RSA7 microstructure (i.e., 

points 7 and 12 in Figs. 7.6a and 7.6b, respectively) have very high manganese 

and molybdenum concentrations. Although the chromium concentrations are 

similar to the bulk value, the nickel and silicon concentrations are lower than 

the bulk value. While the EDS analysis cannot confirm the exact identity of 

these particles, it is likely that these particles are MnS inclusions, which could 

explain the unusually high molybdenum concentration at points 7 and 12 

(corresponding to an X-ray energy of ~2.3 keV). This is because the 

molybdenum peak (LŬ-line) overlaps with the sulphur peak (KŬ-line) due to the 

poor resolution of EDS detectors. It was challenging to differentiate the 

molybdenum and sulphur peaks because it required deconvolution of the 

overlapping peaks, which was not performed in the present analysis.   

Referring to the dataset for sample NSX13 (i.e., Table 7.4, Figs. 7.6c 

and 7.6d), points 1, 6, 8 and 11 correspond to retained austenite blocks, while 

points 2, 5, 9 and 12 correspond to martensite plates. The silicon and 

molybdenum concentrations at these points are close to the respective bulk 

values. However, the chromium concentrations at these points are lower than 

the bulk composition. In contrast, the points corresponding to carbides (i.e., 
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points 3, 4, 7, 10, 13 and 14) have chromium concentrations that are higher than 

the bulk value. In the case of the massive carbide (i.e., point 3), the chromium 

concentration is three times the bulk value. These observations imply that the 

matrix microstructure is depleted of chromium due to carbide formation, hence 

some loss of hardenability is to be expected. 

The concentration of manganese at the retained austenite and 

martensite phases tends to be slightly higher (e.g., points 6, 8, 9, 11, 12) or lower 

(e.g., points 1, 2, 5) than the bulk value, though the differences are not large (± 

0.4 wt-%Mn). The reason for these fluctuations could be due to the local 

enrichment or depletion of manganese. The manganese concentration in 

carbides is generally higher than the bulk value, with a difference of 2 wt-% in 

the case of the massive carbide (point 3). 

Assuming that the massive carbide has a cementite structure, a 

plausible explanation for the high manganese and chromium concentrations in 

the massive carbide is because these elements enter readily into solid solution 

with cementite and stabilise it, although it has been said that chromium has a 

greater cementite stabilising effect than manganese [166]. Given the higher bulk 

concentrations of manganese compared to chromium, it is unclear whether 

manganese significantly contributes to the formation of massive carbides in the 

new steel. The formation and coarsening of carbides could be related to the 

carbon content exceeding the ὃ  value at the carburising temperature, which 

is the case for a chromium steel containing ~1 wt-%Cr [18]. Further discussions 

on the formation of massive carbides and their relation to carburising parameters 

are presented in Section 7.5.   
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Figure 7.6 Micrographs showing points where EDS spectra were collected at defined depths below the sample surface of the steels: (a) at 170 µm in 
RSA7; (b) at 0.5 mm in RSA7; (c) at 170 µm in NSX13; (d) at 0.5 mm in NSX13. 
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Table 7.3 EDS spectra showing the chemical composition (in wt-%) of the 
microstructural features in the case region of sample RSA7. The statistical error that 
represents the confidence figure for the analysis is shown next to the measured value. 
The locations of points 1 to 8 are shown in Fig. 7.6a; those for points 9 to 15 are shown 
in Fig. 7.6b. Spectrum points highlighted in bold are identified as carbides and those in 
italics correspond to the dark spherical particles. The bulk composition of sample 
RSA7 is shown for comparison. 

Point Mn Ni Cr Si Mo 

Bulk 0.44 3.43 1.47 0.28 0.10 

1 0.45 ± 0.03 3.28 ± 0.06 1.22 ± 0.03 0.31 ± 0.02 0.18 ± 0.05 

2 0.44 ± 0.03 2.86 ± 0.05 1.79 ± 0.03 0.28 ± 0.02 0.24 ± 0.05 

3 0.46 ± 0.03 3.21 ± 0.06 1.49 ± 0.03 0.30 ± 0.02 0.06 ± 0.05 

4 0.6 ± 0.04 1.99 ± 0.05 4.11 ± 0.04 0.14 ± 0.02 0.21 ± 0.05 

5 0.47 ± 0.03 3.27 ± 0.06 1.33 ± 0.03 0.30 ± 0.02 0.06 ± 0.05 

6 0.46 ± 0.03 3.00 ± 0.06 1.95 ± 0.03 0.28 ± 0.02 0.16 ± 0.05 

7 21.59 ± 0.08 1.26 ± 0.04 1.55 ± 0.03 0.08 ± 0.02 24.48 ± 0.05 

8 0.61 ± 0.04 1.83 ± 0.05 5.12 ± 0.04 0.16 ± 0.02 0.26 ± 0.05  

9 0.46 ± 0.03 3.5 ± 0.06  1.31 ± 0.03 0.32 ± 0.02 0.12 ± 0.05 

10 0.46 ± 0.03 3.29 ± 0.06 1.64 ± 0.03 0.28 ± 0.02 0.1 ± 0.05 

11 0.52 ± 0.03 2.94 ± 0.06 2.08 ± 0.03 0.27 ± 0.02 0.16 ± 0.05 

12 19.23 ± 0.08 1.43 ± 0.04 1.49 ± 0.03 0.12 ± 0.01 23.7 ± 0.1 

13 0.47 ± 0.03 3.35 ± 0.06 1.63 ± 0.03 0.31 ± 0.02 0.16 ± 0.05 

14 0.45 ± 0.03 3.61 ± 0.06 1.43 ± 0.03 0.31 ± 0.02 0.13 ± 0.05 

15 0.61 ± 0.04 2.31 ± 0.05 4.20 ± 0.04 0.21 ± 0.02 0.21 ± 0.05 
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Table 7.4 EDS spectra showing the chemical composition (in wt-%) of the 
microstructural features in the case region of sample NSX13. The statistical error that 
represents the confidence figure for the analysis is shown next to the measured value. 
The locations of points 1 to 7 are shown in Fig. 7.6c; those for points 8 to 14 are shown 
in Fig. 7.6d. Spectrum points highlighted in bold are identified as the carbides. Point 3 
corresponds to the massive carbide in Fig. 7.6c. The bulk composition of sample 
NSX13 is shown for comparison. 

Point Mn Cr Si Mo 

Bulk 2.91 1.41 0.19 0.01 

1 2.85 ± 0.04 0.94 ± 0.02 0.23 ± 0.02 0.00 ± 0.05 

2 2.82 ± 0.04 0.94 ± 0.02 0.24 ± 0.02 0.00 ± 0.05 

3 4.90 ± 0.05 4.32 ± 0.04 0.03 ± 0.02 0.02 ± 0.05 

4 3.29 ± 0.04 1.85 ± 0.03 0.20 ± 0.02 0.02 ± 0.05 

5 2.57 ± 0.04 0.89 ± 0.02 0.23 ± 0.02 0.01 ± 0.05 

6 3.00 ± 0.04 1.22 ± 0.03 0.24 ± 0.02 0.00 ± 0.05 

7 3.36 ± 0.04 1.78 ± 0.03 0.19 ± 0.02 0.00 ± 0.05 

8 3.20 ± 0.04 1.13 ± 0.03 0.23 ± 0.02 0.03 ± 0.05 

9 3.26 ± 0.04 1.13 ± 0.03 0.22 ± 0.02 0.00 ± 0.05 

10 3.67 ± 0.05 2.25 ± 0.03 0.19 ± 0.02 0.09 ± 0.05 

11 3.34 ± 0.04 1.42 ± 0.03 0.25 ± 0.02 0.01 ± 0.05 

12 3.16 ± 0.04 1.27 ± 0.03 0.24 ± 0.02 0.04 ± 0.05 

13 3.57 ± 0.05 2.04 ± 0.03 0.17 ± 0.02 0.00 ± 0.05 

14 4.49 ± 0.05 2.22 ± 0.03 0.10 ± 0.02 0.00 ± 0.05 
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7.2.4 Hardness of heat-treated samples 

Hardness tests were conducted to assess the effectiveness of the carburisation 

process and to measure the case depth of the carburised steels. The case depth 

is important because it indicates whether the depth of the carburised case is 

sufficient to provide the load-bearing capacity and mechanical properties 

required by the component. The most widely used method to determine case 

depth is by measuring the effective case depth, which is defined as the 

perpendicular distance from the surface of a carburised case to a depth with a 

specified hardness level. A hardness criterion of 50 HRC is the typical industry 

standard for determining effective case depth [156]. 

The hardness tests were performed according to the procedure in 

Section 3.5.1. Twenty-five measurements were obtained from sample RSC4 and 

29 measurements were obtained from the other samples. The latter yielded more 

measurements because the diameters of these samples (~7.6 mm) were larger 

due to their extra stock material (i.e., these samples had not been machined into 

their final diameter when their hardness was measured). In contrast, the 

hardness test for RSC4 was conducted on a sample with a gauge length of 6.35 

mm in diameter (see Fig. 3.2 in Section 3.5.2), resulting in fewer measurements. 

The Vickers hardness measurements were converted into Rockwell Hardness C 

values according to Equation A1.1 in the ASTM E140-12B(2019)e1 standard 

[158]. 

According to Fig. 7.7, the hardness at all points in the reference steel 

samples is above 58 HRC. The hardness gradient from the case to the core 

region of these samples is typical of carburised steels because hardness is a 

function of carbon content, which is highest at the sample surface. Comparing 

the hardness profiles of the reference steels, sample RSC4 has the highest 

hardness values, followed by RSB6 and RSA4. This is because higher amounts 

of martensite are transformed with lower sub-zero cooling temperatures. 

Referring to Table 7.5, the variation in hardness levels for the reference 

steel samples is rather small (± 3 HRC). These observations show that the gas 

carburisation process employed for the reference steels is capable of producing 

samples with case hardnesses within the typical 58 to 64 HRC range for 
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carburised components and a hardness level that is reasonably consistent 

throughout the entire sample.  

According to hardness results for the new steel in Fig. 7.8 and Table 

7.5, the maximum hardness is found at the point closest to the surface (at 0.15 

mm) for samples NSX13 and NSY8, which were measured at 62.4 HRC and 

65.4 HRC, respectively. The hardness in both samples drops below 58 HRC at 

the points between 3 mm and 5 mm, although their minimum hardness is still 

higher than the 50 HRC industry standard for determining effective case depth.   

If the carburised case is defined as the region between points 0 and 3 

mm, this shows that the hardness design criterion stated in Section 6.2 is met, 

because the case hardness for both NSX13 and NSY8 steels falls within the 

accepted range. The hardness of NSY8 is also higher than NSX13 overall 

because the sub-zero cooling treatment transformed a greater amount of retained 

austenite into martensite. 

Comparing the hardness ranges for the reference and new steel samples 

subjected to similar heat treatments (cf. RSA7 and NSX13, RSB6 and NSY8) 

as shown in Table 7.5 reveals that the new steel samples have a greater variation 

in hardness (± 10 HRC) than those of the reference steel (± 3 HRC). While the 

exact reasons are unclear, microstructural heterogeneities in the new steel, such 

as massive carbides with hardness that is different from the matrix 

microstructure, are speculated to be a contributing factor to the variation. 

Another potential reason is that the low-pressure carburisation process was not 

optimised because the parameters were established based on a single 

carburisation trial. In contrast, the gas carburisation process employed for the 

reference steel is based on parameters and equipment that have been optimised 

for carburised bearing applications. 
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Table 7.5 Minimum and maximum Rockwell C Hardness from Row 1 measurements. 

Hardness (HRC) RSA7 RSB6 RSC4 NSX13 NSY8 

Minimum 59.6 61.9 62.7 53.8 55.7 

Maximum 61.8 64.6 65.7 62.4 65.4 

 

Figure 7.7 Hardness profiles of samples RSA7, RSB6, and RSC4. 

Figure 7.8 Hardness profiles of samples NSX13 and NSY8. 
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7.3 Mechanical properties 

7.3.1 Tensile properties 

Tensile tests were conducted on selected samples from the reference and new 

steels according to the procedure outlined in Section 3.5.2. The samples were 

loaded until fracture, and two tests were conducted for each sample group. Fig. 

7.9 shows the engineering stress-strain curves of the samples that were obtained 

from the load and elongation data. Table 7.6 shows important mechanical 

properties that were derived from the tensile curves. 

Based on Fig. 7.9, the tensile curve for sample RSA1 displayed some 

ónoiseô after yielding, a phenomenon known as strain-control yield loops. Since 

sample RSA1 was tested in strain-control mode, the loops are an artefact caused 

by the inability of the machine to maintain the same control mode once the 

sample starts yielding. This is because substantial variations in the test system 

can generate post-yield loops even if the sample is not discontinuous [167]. 

Therefore, the other samples were tested in displacement-control mode to avoid 

this issue. 

Referring to Fig. 7.9, all the reference steels exhibit a linear elastic 

region and a plastic region after yielding. Comparing the properties of the 

reference steels in Table 7.6, RSC1/C2 has the highest strength, followed by 

RSB1/B2 and RSA1/A2. Samples subjected to sub-zero cooling treatments are 

stronger because they contain a greater amount of martensite, as a result of 

further retained austenite transformation after quenching. Naturally, an opposite 

trend is observed in the ductility as indicated by the total elongation. Here, 

RSA1/A2 has the highest total elongation, followed by RSB1/B2 and RSC1/C2. 

The Youngôs modulus of all samples is typical of the value expected for steels 

at room temperature (~200 GPa).  

In contrast, the samples from the new steel have lower strength and 

total elongation compared to the reference steel samples that were subjected to 

similar heat treatments. For instance, the ultimate tensile strength and total 

elongation of NSX4 are lower than those of RSA2 by 996 MPa and 2.3%, 

respectively. While the tensile curves of NSX3 and NSX4 exhibit a linear 



133 

 

elastic-plastic region, samples NSY1 and NSY2 show no clear signs of yielding. 

Thus, the proof strength for these samples cannot be identified as the curves are 

linear until fracture. The differences in the tensile properties of the new and 

reference steels could be due to the variations in chemical composition, phase 

fractions, and retained austenite stability. These reasons will be explored in later 

sections. 

 

Table 7.6 Young's modulus (Ὁ), 0.2% proof strength („Ȣ), ultimate tensile strength 
(„ ), and total elongation (Ὡ) for the reference steel and new steel samples tested at 
room temperature. 

Sample Ὁ „Ȣ „  Ὡ 

 GPa MPa MPa % 

RSA1 197 1123 2433 4.5 

RSA2 193 1119 2310 3.8 

RSB1 204 1816 2472 3.5 

RSB2 195 1835 2490 3.5 

RSC1 207 2177 2651 2.9 

RSC2 192 2207 2647 2.9 

NSX3 216 687 1289 1.5 

NSX4 206 719 1314 1.5 

NSY1 217 - 1334 0.7 

NSY2 236 - 760 0.3 
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Figure 7.9 Stress-strain curves of reference steel and new steel samples tested until failure. 
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7.3.2 Fractography 

All samples listed in Table 7.6 failed in a brittle manner and fractured in the 

gauge length region. Referring to Fig. 7.9, this is marked by the absence of 

necking and failure that occurs shortly after the samples were loaded to their 

ultimate tensile strengths. The fracture surfaces of samples A1 and X3 are 

analysed using optical microscopy (Figs 7.10a and 7.11a), and SEM with 

secondary electron (Figs 7.10b, 7.10c, 7.10d, 7.11b, 7.11c) and backscattered 

electron (Fig. 7.11d) imaging. 

Based on Figs. 7.10a and 7.11a, the characteristics of a brittle fracture 

can be identified in both RSA1 and NSX3 samples. For instance, the red arrows 

indicate the possible crack origin from which fracture lines and ridges spread 

radially throughout the surface. The fracture surfaces also appear flat and 

perpendicular to the tensile loading axis.  

An interesting feature is the transition in appearance of the fracture 

surface, which is divided into three zones as shown in Fig. 7.10a. Zone 1 

contains the crack initiation site that is close to the sample surface (see Fig. 

7.10b). The spherical particles in Fig. 7.10c could be carbides or MnS inclusions 

in the microstructure. Based on Figs. 7.10a and 7.10d, zone 2 appears rougher 

with visible protrusions from the fracture surface, while the river lines and 

faceted surface in zone 3 indicates the direction in which a rapid final fracture 

occurs.   

It is speculated that the difference in appearance could be due to the 

varying levels of toughness in the case and core regions of the carburised 

samples. The fracture surface at the case region (zones 1 and 3) appears 

smoother because the higher carbon content could cause these areas to be more 

brittle, hence the cracks propagate faster through these areas. In contrast, the 

core (zone 2) has higher toughness due to lower carbon content, leading to more 

decohesion occurring in the material before the sample broke apart. 
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Figure 7.10 Fractographs of sample RSA1. (a) Top view of the fracture surface. (b) Crack initiation site indicated by the red arrow. (c) Higher magnification 
image of area highlighted by red box in (b). (d) Higher magnification image of area highlighted by white box in (a).  
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While a similar transition in fracture surface appearance is observed in 

sample NSX3 (Fig. 7.11a), the transition is less obvious and the core region 

(zone 2) appears to be smoother than that of sample RSA1. This indicates that 

sample NSX3 is more brittle than sample RSA1, which is evident in its lower 

total elongation (as shown in Table 7.6).  

The fracture surface of sample NSX3 is shown in Fig. 7.11. Fig. 7.11b 

shows large cracks that are visible on the fracture surface. A closer examination 

of the crack origin in Fig. 7.11c reveals a protruding feature, which was initially 

thought to be a large inclusion that caused sample NSX3 to fail at a low strain. 

In order to resolve the issue of sample charging (shown by the bright spots in 

Fig. 7.11c), backscattered electron imaging was used instead of secondary 

electrons. This revealed areas with different contrasts on the protruding feature, 

as shown in Fig. 7.11d. It is known that areas that appear brighter when 

bombarded with backscattered electrons correspond to elements with a higher 

atomic number. This is because heavier elements scatter electrons more strongly 

than lighter elements, thus producing a stronger signal. EDS was conducted in 

order to determine the chemical composition of the protruding feature. Carbon 

is not included in the analysis because the measurements are likely to be affected 

by carbon contamination in the microscope chamber.    

 Table 7.7 shows the chemical compositions of the points where EDS 

spectra were measured. Points 1, 5, and 6 have chemical compositions that are 

close to the bulk composition, indicating that the regions corresponding to these 

points are part of the microstructure. This is further confirmed by their similar 

compositions to the matrix microstructure as denoted by points 11 and 12.  

In contrast, the chemical compositions of points 2, 3, 4, 7, 8, 9, and 10 

are different from the bulk composition. Points 2 and 9 have high aluminium 

and oxygen concentrations, while points 3, 4, 7, 8, and 10 have high aluminium, 

oxygen, and manganese concentrations. The high aluminium and oxygen 

concentrations at points 2 and 9 could be the reason these areas appear dark on 

the feature, since there is not much electron scattering by light elements. Points 

3, 4, 7, 8, and 10 appear slightly brighter than points 2 and 9, probably because 

of the higher manganese concentration. 
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The high concentrations of aluminium, oxygen, and manganese 

indicate the presence of inclusions. The most common inclusions in steels have 

been categorised into five groups according to their deformation behaviour, 

which can vary with temperature [7]. The first group consists of Al2O3 and 

calcium aluminates that form during the deoxidation of molten steels. These 

inclusions are known to be brittle and undeformable at any temperature [7]. It 

is speculated that the regions corresponding to points 2 and 9 are Al2O3 

inclusions, given that the manganese concentration is lower than the bulk 

composition. The second group of inclusions are those of FeO, MnO, and 

(FeMn)O. These inclusions are reported to be plastic at ambient temperature, 

but become less plastic at temperatures above 400°C [7]. The inclusions at 

regions corresponding to points 3, 4, 7, 8, and 10 could belong either to the first 

or second group. The latter is indicated because the manganese concentrations 

at these points are significantly higher than the bulk composition. 

Therefore, the lower strength of sample NSX3 compared to sample 

RSA1 can be attributed to several factors. First, the presence of inclusions in 

sample NSX3 could contribute towards its brittle behaviour. It is acknowledged 

that an EDS analysis was not performed on the fracture surface of sample RSA1, 

hence the presence of inclusions cannot be ruled out. Second, sample NSX3 has 

poorer tensile properties, possibly because its carbon and nickel concentrations 

are lower than those of sample RSA1. Referring to Table 7.1, the bulk carbon 

concentration of the new steel is 0.23 wt-% lower than that of the reference steel. 

The variation in carbon contents in these steels could be a consequence of the 

different carburisation methods employed (i.e., the new steel was carburised 

using the low-pressure carburisation process while the reference steel was gas-

carburised), although the exact reasons are not known.  

Nickel is reported to enhance the strength and total elongation of steels 

[168], and improves toughness in commercial case-hardened steels such as the 

reference steel [1]. The absence of nickel and the lower carbon concentration in 

the new steel could have resulted in a smaller solid solution strengthening effect 

conferred by these elements, causing the new steel to have lower strength than 

the reference steel. 
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Figure 7.11 Fractographs of sample NSX3. (a) Top view of the fracture surface. (b) Large cracks traversing across the surface. (c) Crack initiation site. 
(d) Higher magnification image of (c) showing points where EDS spectra were collected. 
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Table 7.7 EDS spectra showing the chemical composition (in wt-%) of the fracture surface of sample NSX3. Iron is also detected and forms the balance of the 
compositions. Points 1 to 10 relate to the protruding feature shown in Fig. 7.11d and points 11 and 12 relate to the matrix microstructure shown in Fig. 7.11c. 

Point O Al  Mn Cr Si Mo 

Bulk - 0.02 2.91 1.41 0.19 0.01 

1 1.7 ± 0.1 0.9 ± 0.0 3.2 ± 0.0 1.5 ± 0.0 0.3 ± 0.0 0.1 ± 0.1 

2 36.2 ± 0.2 59.2 ± 0.3 0.2 ± 0.0 0.7 ± 0.0 0.0 ± 0.0 0.0 ± 0.1 

3 31.7 ± 0.1 27.0 ± 0.1 25.8 ± 0.1 1.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.1 

4 39.6 ± 0.1 29.0 ± 0.1 23.8 ± 0.1 0.9 ± 0.0 0.1 ± 0.0  0.0 ± 0.0 

5 0.4 ± 0.1 0.1 ± 0.0 3.2 ± 0.0 1.6 ± 0.0 0.2 ± 0.0 0.0 ± 0.1 

6 0.4 ± 0.1 0.6 ± 0.0 3.2 ± 0.1 1.4 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

7 39.2 ± 0.1 29.0 ± 0.1 25.8 ± 0.1 1.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

8 43.3 ± 0.1 28.0 ± 0.1 22.3 ± 0.1 0.9 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

9 43.7 ± 0.2 51.0 ± 0.2 1.0 ± 0.1 0.6 ± 0.0 0.0 ± 0.0 0.0 ± 0.1 

10 41.3 ± 0.2 29.0 ± 0.1  20.8 ± 0.1 0.8 ± 0.0 0.2 ± 0.0 0.1 ± 0.1 

11 0.8 ± 0.1 0.3 ± 0.1 3.4 ± 0.0 1.5 ± 0.0  0.2 ± 0.0  0.0 ± 0.0 

12 0.4 ± 0.1 0.1 ± 0.1 3.4 ± 0.0 1.5 ± 0.0 0.3 ± 0.0 0.0 ± 0.1 
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7.3.3 Strain hardening behaviour 

The presence of retained austenite has been reported to enhance strain hardening 

in steels [169]ï[172]. The strain hardening behaviour is of interest as it may aid 

in understanding the microstructural mechanisms that operate during 

deformation and inform the design of heat treatments that can influence the flow 

properties of steel, particularly the possible transformation-induced plasticity 

effect [169]. The strain hardening capacity of a material can be represented as a 

ratio of the ultimate tensile strength („ ) to the yield strength („) [171]. Afrin 

et al. [173] defines the hardening capacity, Ὄ , as a normalised parameter 

according to: 

Ὄ
„ „

„

„

„
ρȢ (7.1) 

Fig. 7.12 shows the Ὄ  values of samples RSA2, RSB1, RSC1, and 

NSX4. The implementation of Equation (7.1) is based on „  and „Ȣ values 

from Table 7.6, where the latter represents the yield strength. The Ὄ  values for 

NSY1 and NSY2 samples were not calculated because strain hardening was not 

observed in these samples before fracture. Referring to the ὠ  values of the 

respective samples in Table 7.2, it is evident that the presence of retained 

austenite increases strain hardening, as indicated by the higher Ὄ  values. 

 

Figure 7.12 Hardening capacity and strain hardening exponents for samples 
RSA2, RSB1, RSC1, and NSX4. 



142 

 

The strain hardening behaviour of samples RSA2, RSB1, RSC1, and 

NSX4 is also characterised by calculating the strain hardening exponent, ὲ. A 

higher ὲ value represents greater strain hardening for an applied plastic strain 

[174]. The exponent ὲ is calculated by fitting the tensile data in the region of 

uniform plastic deformation (i.e., between „Ȣ  and „ ) to Hollomonôs 

equation [175], 

„ ὑ‐ȟ (7.2) 

where „, ὑ, and ‐ represent the true stress, strength coefficient and true strain, 

respectively. It should be noted that the ‐ for calculations with Equation (7.2) 

refers to the plastic strain, ‐. 

Fig. 7.13 shows the logarithmic plots of „ versus ‐ for the selected 

samples. The gradient of the plots represents the exponent ὲ. Since the variation 

of ÌÎ„ with ÌÎ‐ for all samples is non-linear, the linear logarithmic  form of 

Equation (7.2) cannot accurately describe the whole strain hardening range. 

Therefore, the value of ὲ is approximated at the linear portions of the curves 

corresponding to low strain (i.e., between ‐ of  1.7 × 10-5 to 4.5 × 10-5) and 

high strain (i.e., between ‐ of 2.5 × 10-3 and 6.8 × 10-3) regions. The ὲ values 

are denoted as ὲ and ὲ, respectively. The ὲ and ὲ values for the samples 

are shown in Fig. 7.12.   

Further, the strain hardening rates of the selected samples are 

calculated by differentiating a ninth-order polynomial fit of the uniform plastic 

deformation region of the true stress-strain curves. Fig. 7.14 shows plots of 

strain hardening rate as a function of plastic strain for the samples.  

Several observations on the strain hardening exponents and rates of the 

samples can be made. According to Fig. 7.12, the higher values of ὲ compared 

to ὲ  show that strain hardening is greater at higher plastic strains. The 

difference in magnitude between ὲ  and ὲ  is highest in sample NSX4, 

followed by RSA2, RSB1, and RSC1. The latter can be related to the respective 

strain hardening rates shown in Fig. 7.14.  

While the strain hardening rates in all samples decrease with increasing 

plastic strain, sample NSX4 shows the most rapid decrease in strain hardening 
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rate. The change in strain hardening rate slows gradually in samples RSA1, 

RSB1, and RSC1. 

The significant effect on the plastic properties of small amounts of 

retained austenite is attributed to the transformation of austenite to martensite 

under strain (the TRIP effect). The extent of the transformation within a given 

amount of strain can be influenced by the carbon content and morphology of 

retained austenite [54]. While the differences in ὅ among the reference and 

new steel samples in Table 7.2 are not large, the rapid drop in the strain 

hardening rate of NSX4 could be due to its lower ὅ (0.75 wt-%C), which 

resulted in low austenite stability. This is in contrast with sample RSC4, which 

has the highest ὅ (0.89 wt-%C) among the samples investigated. However, 

stronger steels are also known to have higher strain hardening rates because they 

have a larger number density of obstacles to dislocation movement [17].  

According to Jacques et al., the effect of martensite transformation on 

strain hardening can be explained as being caused by the dislocation 

strengthening of the matrix due to deformation-induced martensitic 

transformation [170]. The authors have shown through transmission electron 

micrographs the presence of such dislocations in the matrix surrounding 

martensite grains formed by the transformation of retained austenite in a TRIP-

assisted steel [170]. Liu et al. reported the emission of dislocations from the 

moving martensite-austenite interface during the stress-induced martensite 

transformation of a stainless steel, which led to an increase in dislocation density 

and hardening of the matrix phase [176]. 
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Figure 7.13 Logarithmic plots of true stress versus true plastic strain for samples 

RSA2, RSB1, RSC1, and NSX4. Low-strain (between ÌÎ‐ of -11 and -10) and 

high-strain (between ÌÎ‐ of -6 and -5) regions are marked to obtain the data 

needed to calculate the strain hardening exponents ὲ and ὲ, respectively.  

Figure 7.14 Strain hardening rate as a function of plastic strain for samples RSA2, 
RSB1, RSC1, and NSX4. The inset shows the differences in decreasing strain 
hardening rate among the samples. 




























































































