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Abstract

Understanding the Stabilty of Retained Ausenite in High-Carbon Steels:
Modelling and Alloy Design

Adriel Wong Tze Chuen

In high-carbon steelghe austeniteto-martensite transformatiaomder applied
stress initiates aa critical value, contrg to low-carbon steels where the
transformation occurs at the early stages of deformation. Bnerfewmodels
that account for thedelayed transformatigrbecauseprevious modelswere
mostlydeveloped from lowcarbon steels that exhibtartensitérangormation
behavioutthat is different from higltarbon steelAlso, few studies have been
done on methods of tailorinthemicalcomposition and processing design
steelsthat possessptimal austenitestability, but do not require too many
expensiveaugenite stabiking elementsuch as nickel.

This research aims to develop equatidois modelling the critical
stress and progress of deformatinduced martensite transformation in high
carbon steelsAnotheraim is to design a new higimanganeseateelthat is
comparable to the highickel AISI 3310 carburising steel in terms of austenite
stabilityand mechanical properties

The researchinvestigated carburisingrade steelsused in bearing
applicationsVarious thermomechanical tests were conducteu/estigate the
influence of chemical composition and microstructureretained austenite
stability. Dilatometryexperiments showed that the martensttat temperature
decreased with increasing grain size when the steels were austenitised below the
0 temperature, but increased with grain size abinesd temperature
These observations were linked to the amount of callssolvedn austenite.

Analytical models that describe the critical stress g@ndgress of
martensitetransformationin high-carbon steels were developékhe critical

stress model is a function of chemical composition, deformation temperature



and initialretainedaustenite fractin. Higher austenite stabiliser concentrations

or deformation temperatures result in seralinagnituds of the chemical
driving force,leading to a higher critical stress predicted and represent higher
austenite stabilityA lower initial austenite fraction represefésvermartensitic
nucleation sitesresulting indeformationinduced martensitéransformation

that occurs ata higher critical stress. The transf@dhamounts of austenite
under applied streskepends on the critical stress for martensite transformation.
The pedicted results were in good agreement with experimental data.

Model apgications 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 oféke models as tools for alloy design.

A new highmanganesecarburised steel was developed based on
thermodynamic modelling and literatdrdormed design criteria. Samples of
the new steel and AISI 3310 steel were carburised and subjectedtengic
guenchandtemper heat treatment§he mechanical propertiesnd aistenite
mechanical stability of the new steel wésand to benot on par with the 3310
steel. The reasons includa lower bulk carbon contenand the presencef
massive carbides arakide inclusions irthe new steelPractical solutions to
improve thelow-pressurecarburisation process of the new steel are suggested
in Section /5.2

The possibility of designing new carburising steels with lower costs by
tailoring composition and pressing 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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Chapter 1introduction

Retained austenite can be found in masartensitic steels because its
transformation into product phases rarely reaches completion at ambient
temperatureHowever, itspresence in the microstructure has imgicnsfor

steel properties. This research aims to understand the stability of retained
austenite in higitarbon carburised steels. This chapter provides an
introduction and background toethesearch topic, highlights the research aims
and objectives, ahpresents the scope and significance of this research.

The steels investigated in the present workhégl-carboncarburised
steels used in bearing applicatiombe microstructure of a carburised steel can
be categorised into the case (near surfacd) @me microstructures. If the
carburised steel is subjected ton@artensitic quench and tempered heat
treatment, the case microstructure will contain tempered martensite, retained
austenite and carbides. The percentage of retained austenitethe
microdructurecan be as much as 30% to 4{Pk

In a recent investigatiorf ¢he influence of retained austenite stability
on therolling contact fatigug RCFH performance of a casmarburised 8620
bearingsteel, Morris and Sadegf®] reported that higher reteed 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 simulatioat showed the
improvement in RCF performance irrespective of retainesteaite fraction,
provided that the austenite stability was below a-da#ned free energy
threshold for inducing martensite transforma{@h 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 improwgdif the



stability oftheretained austenite allows it to undergo martensite transformation
which strengthens the microstructyi?é.

Further, theprogress ofstressinduced martengt transformation is
known tovary with steel composition. In lowearbon steels, retained austenite
is reported to transform at the early stages of deformi8ipf4]. However,n
high-carbon steelsthe transformation of retained austenite into martensit
occurs after the applied stress exceeds a critical YaJugs]. According to an
investigation on retained austenite mechanical stability in carburised bearing
steels with varying nickel concentrations, Bedekar et[}gl.reported that
retained austeta 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 concentrat@nsteel with the highest
nickel concentratiomn combindion with fine austenite grain sizehowed the
highest yield strength and austenite stabdityong the steels investigated

They also performed crystal plasticity simulations of the sis&sm
response and austenite transformation behaviour, whiclee@gmwith
experimental results. Theiesearcthighlights 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 ingzdtons of Bedekar et al.
[1] and Morris and Sadeghi2]. These studies demonstrated how
micromechanical models can be applied meodel the stability and
transformation progress of retained austenite in-bagbon carburised steels.
The simulation resultsan be used to inform targeted experiments for designing
steels with optimal austenite stability. While micromechanical modais
simulak the material response in detail, their implementation is complex and
sometimes requisgnput parameters that aréfatult to obtain by experimental
means, thus resulting in the use of fitting parameters that lack physical meaning.
Analytical models are easier to implemeathough these models normally
have some degree of empiricism and are limited by material piegsuch as

composition range



While there areanalytical modelsin literature that describe the
austeniteto-martensite transformatigrogres$6], most of these models do not
account for the delayed transformation behaviour as observed htdrigbn
steels. This is because these models were developed based on data from low
carbon steels. Therefore, developaggationghat are not numerically complex
can be usefuhstools formodellingthe stability and transformation progress of
retained austenit@ high-carbon steels.

Further, hese studiebighlight 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 ausstmiiésing
potency but is cheaper in prig§. Manganese is also a castective option for
increasing el hardenability7], [8]. Although theconceptof replacing nickel
with manganese as an austenite stabiliser has been explored previously, these
investigationsvere mostly based on austengieels[9]i [12]. At the time this
research was conductead,t he best of t hethewasioor 6s
much reported work otthe exploration of this concepor carburied steel
applications. Therefore, this gap in research motivates the design of a new high
manganesecarburised steel that has austenite ibtabcomparable to
commercial carburised steels with higitkel concentrations.

There is a lack of physidsasedequationghat carbeimplemented to
model the mechanical stability of retained austenite in fugtbons steels
without resorting to naromechanical models that are numerically complex and
require significant computational resources. Therefore, this research aims to
developequationsthat canmodel the austenite stability antransformation
behaviour of retained austenite in higgrbon #eels,usinginput parameters
that are easily accessible. Given the similar auststatgilising potencies of
manganese and nickehis research also aims to design a new carburised high
manganessteel that can be compared to a commercial-higkel carburised
steel in order to investigate the relative effectshele elementsn austenite

stability.

k now



The research objectives are outlined as follows:

1. To develop analyticabquationsthat canmodel the critical
stressand progress @usteniteto-martensie transformation in
high-carbon steels.

2. To design and test a new higlanganesearburised steel with
austenite stability and mechanical properiesilar tothe AlSI
3310 carburised steel. The latter is commercially available and
commonly used in beagnapplications.

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 austete in high-carbon steels?

2. What are the design criteria and approach that will be used to
develop the new higimanganesecarburised steelwith
austenite stabilitpndmechanical propertieomparabléo the
AISI 3310 carburised steel?

3. What arethe processig requirements (e.g., carburisation
method heat treatmentsfor the new highmanganese
carburised steel?

This research will contribute to existing modelling approaches for
austenite stability in higlearbon steels by developing material medéht are
based ordata with physical meaning and easily accesslible envisioned that
thesemodek can contributeto the improvanent of constitutive relations in
crystal plasticity formulatios

Further, this research wilhvestigatethe mechanical propertieand
mechanical stability of retained austeniteainew highmanganesearburised
steel. This opens up the possibility of replacing existing carburised steels for
bearing applications with a cheaper alternative.

While retained austenite can also be medwly induced to
transform into bainitg13], this research is limited to the transformation of

austenite to martensite. Practically, this metfwag the heat treatments of the

7



studiedsteelsaretailored to produce tempered martensitic microstrustina
also contairretained austenite arsnall amounts otarbides. Microstructural
characterisation procedures (e.g-ray diffraction) will bedefined according
to thesemicrostructures.

Consequently, the new model foalculatingthe critical stress for
martensite transformation in higlarbon steelss limited to microstructural
systems thatconsist primarily of martensite and retained austenitehe
experimental data used to develop these models are based on synchrotron or
neutrondiffraction studies ofaustenite stability and transformation progress
under applied deformation. Since these experimental techniquebéevae
widely used for such studiesly in recent decades, it is acknowledged that the
limited amount of experimental data available Isntt he new model 6s sc
application.

Further, the mechanical tests conducted in the present research are
limited to tensile and hardness tests only. Patel and CldH4¢meported that
tensile loading conditions favour retained austenite transformatider stress,
whereas the transformation is less favourable under compressioayobe
suppressed under hydrostatic pressure. These observations have been verified
through irhouse experiments conducted by the project sponsor. Therefore,
tensile tests ag means to assess austenite stabAligye conducted to induce
austenite transformatiom the easiest way possible, whichight not fully
representherolling contact loadingonditions in bearing Nonetheless, certain
slip planes may still experiencensile stresses in contact loading conditions,
which can facilitate martensite transformatjas].

Given the project constraints, the design of the new steel was also
limited to one selected composition. Ideally, several alloying compositions
would be crated and tested to select the composititrattgives the best
austenite stability and mechanical properties.

The outline of tis thesis is as follows

1 In Chapter 1, the context of the researslpresented. The

research aims, objectivesd questionarehighlighted and the



significance of such research argued. The scope and limitations
of the researchrealso explained.

In Chapter 2, the existing literatusereviewed to highlight the
main factors that influence austenite stability and to identify
important considerationgor the development of the new
models.

In Chapter 3, the procedures of the experimental techniques
undertaken to characterise and analyse the steel saarples
described.

In Chapter 4, the effect of chemical composition and austenit
grain size on the transformation of austenite to martensite
induced by cooling is studied by performing dilatometry
experiments.

In Chapter 5, the development méw modeldor the critical
stress and progress of deformatinduced martensite
transfornation are presented; thenodel limitations are then
highlighted in a parametric analysis and their implementation
as tools for alloy desigareassessed.

In Chapter 6the thermodynamic modelling approach used to
design the composition of the new stegrissented, along with

a description othe initial carburisation difficultieghat were
revealedand themitigation solution

In Chapter 7, the characterisation and analysis of the
microstructure, mechanical properties and austenite stability of
the newand reference carburised steels are presented.

In Chapter 8, the general conclusions to this research are

presented, along with recommendations for future work.



Chapter 21 iterature review

2.1Introduction

Retained austenite transforms into martensite when it ied@dla rate that is
fastenoughto 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.
Conseqgently, the thermal and mechanical stability of retained austenite
characterises its resistance moartensite transformation by thermal and
mechanical influences, respectively.

The presence of retained austenite can be beneficial or detrimental to
steel prperties. The stresaduced transformation of retained austenite to
martensite increases the strength of the compdféjhtand retained austenite
has been reported to enhance the Ri€lBf bearingd17]. However, excessive
amounts of retained austenitan lead to demental effects such as lower
hardness[18], which reduces the wear resistance of bearift@]. The
transformation of retained austenitan causedimensionalinstability in
bearings[20]. Fluctuations in servicéemperatures or loadsan trigger the
transformation ohustenitanto martensite leading to size changes that affect
the internal clearance diebearing and in turn modify the state of strgs§.

The expansion accompanying the transformation of austenite into martensite
wasreported to be in the order of¥n per 100 mnj21].

Studies on the factors influencing austenite stability and
transformation kinetics during thermabr deformatioAnduced martensite
transformations are widely reported in literaty22]i[27]. Howeve, most
modelsdescribeaustenite stability and kinetics under therrf28]i [30] and
mechanical condition§31], [32] separately. In thermomechanical processes
such as the hard turning or cutting of steels, mdtialsncorporate thermal and
mechanical décts can provide a more accurate estimation of phase contents
and transformation temperatures. Zhang €88l.conducted one such study to

model the stress distributiam workpieces underhardcutting processes.
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Therefore, thaim of the work in thisltaptemwasto present a literature
review thataddresssthe 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
austertie transformation in a unified model?

This chapter begins with a briekescriptionon the development of
bearing steelsThe main factors that influence retained austenite stalitesy
reviewed followed by a brief tbcussionon thethermodynamics of maehsite
transformation.Models thatdescribe the martensistart temperature and
kinetics of athermal martensite transformation drgecussed Models that
describehe deformatiorinduced martensite transformation are also reviewed.

Themain findings of tle review are summarised at the end of the chapter.

2.2 Development of bearing steels

The manufacture of bearings conventionally involves the use ofdaidion (1
wt-%C) and low-carbon (0.2 wt%C) steelsAn important diference in
processing is thatigh-carbo steels are subjected to throdwrdening or
surfaceinduction hardening treatments, whereas -tasbon steels are
carburised to achieve sufficient surface hardness while maintaining toughness
at the cord34]. Historically, Europearbearingproducerdavouredthe use of
high-carbon steelthat werebased on chromiustype tool steelso manufacture
bearingg34]. Examples of throughardened steels include the AISI30 steel
for high-temperature bearing applications abov®°Cl and the AISI 52100
steelfor bearings operating below 149°tg latter isreportedto be the most
widely used bearing stegtade[35].

In contrast, bearing manufacturd in North America were
predominantly based dhe carburisation dbw-carbon steel® produce @ase
with sufficient hardnesghat meés thehigh loadbearing capacity required of
rolling-element bearing$34]. Popular carburisingrade steels for bearings
operating belowl49°C include the AISI 8620 and AISI 9310 steels, whereas
the M5QGNIL steel is preferreddr bearings operatg above 149°(35].
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Fracture toughness & importanfpropertyfor bearingghat ensurs
their ability to withstand significant damage progression without catastrophic
failure beforethey are repairef36]. Throughhardened steels at@mown to
have limited fracture toughnessthe 0 value is normally lower than 24
MPainY?, which varieswith heat treatmer85]. Such low fracture toughness
is notdesirable if rapid fracture is teeavoided Thus, carburisingyrade steels
are moe suitable fobearingapplications that require high toughng3s].

Since fracture toughness is inversely related to hardmesbardness
depends on carbon contenickel is added to carburising steddscauseit
allows the fracture toughness to be amted withoutffectinghardnes$35].
Based on this conce@ambergerdevelopedhe carburisinggrade M56NIL
steel from the AISI M50 steelby reducing the carbon concentration and
increasing the nickel concentrati¢d7]. Compared to thehroughhardemd
AISI M-50 steel § of 29 MPan*?), the carburised M50IiL steelhas a core
with higher fracture toughnessh) over 60 MP#&n'?) [35]. Further, he
compressive residual stressgeneratedduring carburisationn combination
with aneven dspersion offine carbides in the M5QIIL steelgives it a longer
RCEF lifethanthethroughhardenedhISI M-50 stee[38].

While nickel enhances the toughne$sarburising steels, its addition
also promotes the retention of austenite in the microstractdrhe
transformation of retained austeniteto martensiteis known to cause
dimensional changes thedandisrupt the inteference fit of the bearing to a shaft
[17]. This is whytheretained austenifgercentages normally limited to 2 to 5%
for critical applicationssuch as those for aerospace engif3&g. For non
critical applications, a higher percentage can be tolerateghd case
microstructures typically contain 15 to 40% retained austg3die The factors

that influence retained austenstiability arediscussedn 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 partitidgheng,

strengthof the phases surrounding austenite grains, stress state, and austenite
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grain orientatior{39]. These factors have been reviewed in detail by previous
authorg[39], [40]. Therefore, this section highlights the key aspects that relate

the influence of thesfactors to austenite stability.

2.3.1Chemical 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 trese that extend theustenite
phase field and promote its formation over higher compositional limjts
These elements are knownaasstenitestabilisers and include elements such as
carbon, manganesand nickel. The second group are those that aonthe
austenite phase field and promote the formation of ferrite over higher
compositional limits[7]. These elements are known fasrite stabilisers and
include elements such as silicon, aluminium, and phosphorus. Géshigieg
elements such as vanach, 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 dbghg 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 austetotéerrite transformatiorj7].

The relative potencies of these alloying elementsfeasgte or austenite
stabilisers ee shown in Fig. 2.1For example, elements such as silippomote
ferrite formation, while manganeaadnickel promote the retention of austeni

[7]. Carbon is observed to hathe greatest austenite stabilising effect in steel.
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Figure 2.1 Relative potency of alloying elements as: (a) ferrite stabiliser:
austenite stabilisersy( is the heat of solution of the elementinstenite less that
ferrite. Schematic redrawn frofw].

Austenite transforms into martensite when it is cooled to the
martensitestart 0 temperature. The temperature is commonly expressed
in empirical equations as a function of the chemical composition of the steel.
For instance, th& (in °C) equation by Steven and Hayn@d] can be

expressed as,

O vVoepTX® OO PR PR (O 8 (2.1)

Equation (2.1) is valid within the following composition range (iRt 0.1/
0.55 wt%C, 0.2 1.7 wt%Mn, ' 5 wt-%Ni, 0i 3.5 wt%Cr, O 1 wt-%Mo [42].
The development af equations is discussed Section 25.
The empirical expression of tide temperature in Equation (2.1) does
not show any dependence on time. This observation points towards a critical

value of the free energy differencettyeen martensite and austen#®)’

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 austenj#2].

The transfamation of martensite occuvga the movement of a glissile
interface. Therefore, any obstacles that hinder dislocation mal8olower the
0 temperature. The austenite is strengthened by the addition of alloying

elements, and it has been reporteal the tendency of austenite to transform
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into martensite is influenced by its ability to resist deformation. According to
Ghosh and Olso3], the resistance to dislocation motion varies with the

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

calculatingsf‘oO (in J mot?) as follows:

30" PTMPMI MTMW O  pYoewy 8

pwYm PTPW poeuwd P YPYXW3

PTXW popl Gy xXxULUQ 8

PXG® Xpw ~ ocuvgh 2.2)
wherew is the solute concentration in+#.

Various thermodynamic models for evaluatiriee tcritical driving

force have been developed by previous autfg [47]. It is now common to
perform free energy calculations using thermodynamic software such as

ThermoeCalc[48].

2.3.2Austenite grain size
The thermal stability of austenite has been reubtd increase with smaller
grain size[22]i[24], which is indicated by lowed temperatures. Some
authors[22]i [24] reported that martensite transformation was suppressed in
grains with di ame alteough this valad alyvary inottean 20 & m,
steelg49]. The influence of grain size on the thermal stability of autsdas
been linked to several mechanismluding the density of martensite
nucleation site$50], single or multi-variant martensite transformation modes
[25], the stress field surroundintpe martensite plat¢s1], and the strength of
the austenite atrix [52]. A review of these mechanisms can be found®).

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 ssz¢ thesame loading conditions, Matsuoka e{2d4\]
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 sakhough the tendency to transform is

higher for the largest grains. Zhou et[&B] also reported the transformation of
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large retained austenite grains at low strains during tensile loaithgbserved
thatsmaller grains tend to transform at higher strains.

In both investigation$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 austenisability is linked to chemical composition, which can be

difficult to isolate in experiments.

2.3.3Austenite morphology

Fig. 2.2 shows the blogkand film-like morphologies of retained austenite
reported by previous authdi®4]i [56]. Retained austenite filmee known to

have higher resistance to martensite transformation under mechanical loading
compared to blocki6].

The morphological effects on mechanical stability are intrinsically
linked to other factors governing retained austenite stability, inducknbon
content, stress state and strength of matrix. Xiong €f54]. 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 stabily of thesefilms was due to the surrounding lath martensite,
whereas the blocks were surrounded by proeutectoid ferrite. The higher yield
strength of lath martensite artde hydrostatic pressure exerted on retained

austenite films makes it harder for thémrtransform into martensi{é4].
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Figure2.2 The variation in retained austenite morphology as the applied si
increased in a quendandpartition steel, where blag and fim-like retaine:
austenite are highlighted in the bright field (2.2a, 2.2b) and dark field (2.2c
images, respectively. The applied steatorresponding to each image are
follows: (2.2a, 2.2c) 0%; (2.2b, 2.2d) 12%. Reproduced fffhwith pemissior
of Elsevier.

2.3.4Stress state

Patel and Cohefi4] investigated the effect of stress state in austenite stability
by performing tension and compression tests@®@-Ni and FeNi steels. They
reported that thé temperature increased with uniaxial compression and even
with uniaxial tensionput it decreased under hydrostatic pressure. Based on
these results, they proposed that external loads provide a mechanical
contributionthat either increaseor decreass the free energy change driving

the martensite transformation. The promotion of martensite transformation by

applied stress has also been reported by3dhiand Maalekiar58].
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2.3.5Strength of neighbouring phases

Retained austenite stability is governedthg partitioning of stress or strain
betweertheretained austenite aid neighbouring phases when deformation is
applied. For example, athermal martensite was reported to increase the
hardening of the ferrite matrix in multiphase transformairaucedplasticity

(TRIP) steels, which reduces the rate of stress increase in retained austenite,
thus delaying its decomposition into martengsej.

Retained austenite stability is also determined by the capadie of
neighbouring phases to accommodate \thkime expansion resulting from
austeniteo-martensitdéransformation. Hidalgo et gR7] 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 specintie the highest
tempering temperature had the lowest hardness. Tempering decreases the
martensite strengths a result ofower dislocation density and carbon in solid
solution. Subsequently, the volume expansion from the martensitic
transformation cae accommodated more easily, leading to lower retained
austenite stability27].

2.3.6Austenite grain orientation

Deformationinduced martensitic transformation in austenite grains also
depends on the grain orientation with respect to the loading dir¢4tida6],

[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 stresh (s related to appliestress () by the Schmid factoq ,

accaoding to [61]:

T a, AiI_@T%JQh (2.3)
where_is the angle between the slip and loading directionSa@isdhe angle
between the slip plane normal and the loading direction. Graaauourable

orientationhave higher Schmid factors and resolved shear stresstheyare

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 bythe chemical driving forces"O | initiates atth& temperature,

where the free energy difference is equa}"mo

When 30O is reduced at temperatures higher than the
temperature, martensite transformation can still occur with thefain 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 tfiemartensite, thus producing a mechanical driving force,

3’0 , that can be expressed[&4]:
3’0 tr , -h (2.4)

wheret is the shear stress on the habit planes the transformation shear
strain,, is the stress normal to the habit plane, ant the transformation
strain normal to the habit plan®€O is negative when the applied stress
promotes transformation. Referring to Fig. 2.3, if the applied stress is below the
austenite yieldtsength, then the total driving force"O 30 equals

30°  atd 0 .

Martensite transformation occurs whei® 30 30"

This is illustrated by the arrows (parallel to threef energy axis) pointing
downwards if martensite transformation is favoured. At temperatures aiove
30 is the sole contributor to the driving force &© opposes the
transformatiorf42]. Beyond tha) temperature, the tak driving force is less
than3'0° . Stress continues to assist the transformation until it no longer
increases because of plasticity. A point is reached v&i€re 3’0°  at
atemperaturé , and martensite traftsmation ceases above that temperature
[42].

Martensite transformation is stregssisted in th& 0 range
because stress is expressed through a thermodynamic term as defined by
Equation (2.4)[42]. The transformation is driven predominanthy the
nucleation of martensite at the same @xesting sites as thosd transformation

induced by cooling but aided by the external stfé2%. Once the austenite
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yields before it transforms into martensite, the thermodynamic term remains,
but defectssuch as dislocations and shear bands introduced during plastic
straining provide additional nucleation si{€8]. The additional formation of
martensite due to plastic strain is known as a strmlnced transformation.
Within the 0 0 range, martensite transformation occurs due to the

combined effects of stress and strain.

Stress-assisted Stress & Strain induced
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Figure2.3 Variation in thedl temperature as a function of temperature and aj
stress. Schematic redrawn fr¢42].

For a further review fothe theory of deformatiemduced martensitic
transformations, the reader is directed to the work ofEsesdellanos et di64].
The authors also performed thermodynanrfiased calculations of the critical

temperatures for deformationduced martensitic and bainitic transformation

in an ausformed stefl3].

2.5Modelling martensite transformation induced by cooling
The 0 temperature is an indicator of the thermal stability of austenite.

Equations for th® temperature can be derived using linear regression. These

models have the form:
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0 0 n wh (2.5)
wheren is a constantw is solute concentration imwt-%, andr is the
corresponding coefficient. Empirical equations are widely reported in
literature[65]1 [69]. A collection ofd equations can be found [#0]. Tale 1
shows tha) equations developed by Andrejé$], which have a composition
range that is valid for many loalloy steels. The pseudmear equation

involves the product of solute concentrations to describe alloying interactions.

Table2.1 Models for thed temperature.

Author Model

Andrews[65] Linear

0 3 VOWT W O0B® P KW 8
PP XL

Nontlinear

0 3 VPCT LW P@W PO wBO 8
CP XPOO ¢ PpOw

Composition rangeuf in wt-%)

0.1710.58 C; 0.044.87 Mn; 0.111.89 Si; 05.04 Ni;

014.61 Cr; 05.4 Mo

C:

Capdevild71] 0 X o0& oT&HO O WHW p @w 8
8w 8w pBW pEPw 8
Ud ¢ x8w
Composition rangeuf in wt-%)
0.0071.62C; 03.76 Mn; 3.4 Si; G17.9 Cr; 027.2 Ni;
0i5.1 Mo; 04.55V;030Co0; 1.1 Al; G129 W,

0i 0.98 Cu; ©00.23 Nb; 00.01B; 0.00010.06 N

While regression models are popular due to their ease of use, the
functional dependence between thetemperature and alloying concentration

has to be defined explicitly before the analygR]. 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 temperaturd68], although the grain
size effect can be accountéat by adding a correction term as showrbin
models @veloped bylLee [69] and Arlazarov[73]. Ultimately, regression
models are restricted by the composition range of the steels.

0 models can be developed using neural netw{rk$ and other
datadriven approacheg5]i [77]. The advantage of neural network modsls
that the nodinear functions selected to describe variations in data are derived
rather than assum¢d2]. However, the application of these models can lead to
overfitting of data[72]. This problem can be overcome by using a Bayesian
neural network stth  as Ca p d 4§AL]i whearé the retadiveé 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 paramstand thus define the range of
applicability. Despite the increasing interest in employing-dateen models
for thed temperaturd75]i[77], EresCastellanos et a[78] suggested that
these powerful methods are unnecessary for modelling simplkeprse that can

be solved by linear regression.
The thermodynamics approach can be used to modeldthe

temperaturg79]i [82] based on the influence of alloying additions360°

as shown in Equation (2.)3]. The change in driving foe for transformation

due to binary and higherder alloying element interactions provides a physical
basis for thermodynamic models. However, this approach is essentially
empirical since calculation afo’ depends on the thermodynamilzgabase
used, and its accuracy is limited by that of the dataf@®eTo address this
limitation, Peet [83] suggested a hybrid approach that combines
thermodynamics and Bayesian neural network models, which was reported to

performbetter.

2.6 Kinetic models of athermal transformation
Martensite form®itherathermally (i.e.the fraction of austenite transformed is

solely temperaturdependent) or isothermally (i,ghe fraction of austenite
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transformed is temperatur@nd timedependent). Since the transfation
kinetics are athermal for most steels witlh atemperature above ambigag],
models that predict the fraction of athermal martensite are discussed in this
section.

One of the most weknown empirical modslfor predicting the)

temperature is the Koistinen and Marburger mdéd]:

©w p Agbmipp 4 h
U Y Ymh 26)
wherew represents the martensite volume fraction, @hdepresents the
lowest temperatur@n °C) reached during quenching.
Referring to Fig. 2.4, the transformation curveodquced by
implementingEquation (2.6) is compardd the experimental data of a-Be8
wt-%C steel [28]. Although there is reasonable agreement betwien
experimental angredictedcurves, the experimental data shows a more gradual
start and progressiasf martensite formation compared to {hredictedcurve.
This observation has been reported in the formation of athermal martensite in
steelg[85],[86], and i s kneswmras tpldd. Whislisnvo n
exact cause is unknowB8ourmail and Smanif87] suggested several reasons
t hat could Il-etwdr ttd pten ofinsel noown . These rea
variation in solute concentration in diffeteparts of the microstructuréhe
effect of austenite grain size, and temperature gradients in the sample (in the
case where the temperature is measured using dilatometry).
Another limitation of Equation (2.6) is the fid@ate parametethat
restricts its applicability to a narrow compositional range. Since the chemical
composition strongly affects the thermal stabilifyaustenite, it should also
influence the progress of austenite transformation. However, the influence of
alloying elements is not explicitly considered in Equation (8tbgr tharas it
pertains tathe0 temperature.
The limitations of the KoistienMarburger model were improved by

Bohemen and Sisma in their modgR9]:
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(2.7

where the solute concentratianis in wt-%. Bohemen and S&ha extended

the composition range of the Koistin®tarburger model and expissd 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 Simeh employeda theoretical
martensitestart temperaturé’yY  to account for the effect of austenite grain
size on the onset of martensite transformation, which was 5 to 20°C lower than
the experimentad temperaturg29]. In a subsequent wofB5], they reported
that the experimental temperatre approximatedY when grains are very
small. They attribute the lowering of the temperature by smaller grains to a
Hall-Petch strengthening mechanigs@l]. However, the detection of martensite
transformation can be associated with thesgmity of the measuring
instrument used. Acoustic emission instruments were reported to detect the
onset of martensite transformation at higher temperattivas electrical
resistivity and dilatometryvere able t¢88]. The latter require a larger amount
of martensite to form before it is detected, which naturally leads to a lbwer
temperature. It would be interesting to validate by measuring the
temperature using instruments of different sensitivities in conditions where the
austenite grain size has a negligible effect.

Huyan et al[89] proposed a thermodgmic model to calculatthe

athermal martensite volume fraction:

& P i
“ 30 30
p o O 0T
(2.8)
where 30 O O 30 and the unit of3'O is J mol.

Parameted (in mol J%) was found to be 0.05 from a least squares analysis.
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Huyan et al[89] fitted parameted as a function of thé temperatureThe
linear function of parametér is expressedas Tt nlp pd T,qvhere
the0d temperature is in °C. Parameter 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 transformatiois taken as the difference in free energy change
at temperaturesyandd .

Two sets of calculations were performed using Equation.(Zt&)
sigmoidal shape of tharedictedcurves is similar to the experimental dgd],
as shown in Fig. 2.4. Thigst set 6 ¢®o was calculated using the linear
function ford , which overestimates the martensite fraction. The lafck
accuracy is due to the large scatted ofvalues that the authors calculated for
steels withd temperaturesanging from 300 to 700 K, which affects the
overall accuracy of the linear function for [89]. The accuracy of the

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

1
08 r
g
506 | » Experiment
=
2 —Equation (2.6)
=
§ 0.4 —Equation (2.7)
= Equation (2.8), By = 2.9
02 r —Equation (2.8), By = 1.9
0
0 50 100 150 200 250

Temperature / °C

Figure 2.4 Comparison between the experimental and predicted mar
transformation curves for a f828C wt-% steel.
Based on the present analysis, ithetemperature, ratparameter, 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 kinethus effect can be
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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 thed temperature is used to indicate the thermal stability of austenite,
some authors have defined thhe temperature as a measure of mechanical
stability [90], [91].

Thed temperature was first reported to be a characteristic property
of metastable austenite by Richman and Bollifg®]. They performed
experimentghatinvolved measuring the yield stress from interrupted tensile
tests conducted at varying test temperatures. By plotting the yield stresses over
the range of test temperataye) corresponded to the temperature at which
the yield stress was maximum and where martensite transformation initiates
under applied stres®0]. Haidemenopoulos et g91] employed the same
procedure to measure the temperature in a teneped martensitic steel, and
later developed a model for predicting the temperaturg92], [93]. Their
model has been applied in designing TRHB3isted[94] and quencfand

partition[95] steels.

2.8 Kinetic models for deformation-induced transformation

2.8.1Strainrinduced martensite transformation models

Olson and Cohen proposed a theoretical model for predicting the kinetics of
strairinduced martensite nucleatidf6]. Their model assumes martensite
nucleation at the intersections of shear bands. Thesdésbcan appear in the
form of dense bundles of stang faults, mechanical twinsr - -martensitg96].

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

strain,- , based on the following expression:

® p AgB O3 h (2.9)

whergl  is a strainindependent 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 promotingistraced
martensitenucleation. Setting the increase in the number|ciEmartensite
embryos proportional to the increaseéhe number of sheaband intersections
ultimately leads to the following relatiship between martensite volume

fraction and plastic straif96]:

¢

w p AgE p A@GH O (2.10)

where the exponeidt ¢. The parametér is related to the probabilityf
martensite embryo formation on an irsetion, which in turn is temperature
dependent because it is a functiors® . While this model has physical
meaning, fitting the parameters with reliable values from experiments may be
challenging, anduch values couldary for different stels.

Matsumura et al31] proposed a model for strainduced martensite
transformation that can be expressed as

® o h (2.11)

wherew is the volume fraction of retained austenite,is the initial volume
fraction of austenitéQ is a constant related to retained austenite stabjlity,
is a strain exponent related to autocatalytic effect,-amglthe true strainThe
constant] is a fitting parameter that varies wiih according td31].

Sherif et al.[32] developed a model for strainduced martensite
transformation in TRIRssisted steels. The austenite fraction is calculated as a
function of tre plastic strain, chemical composition, deformation temperature

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

TH T ™Q»0 3h (2.12)
where 'Q is a constant determined to be 0.00446 bl The effects of
deformation temperature and chemical composition are includein

Therefore, higher temperatures or concentrations of austenite stabilisers are

expected to increase thestenite resistance to transformation by plastic strain.
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For a further review on strainduced martensite transformation

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

2.8.2Stressassisted martensite transformation models

Some authorsargued that the kinetics of deformatimduced martensite
transformation should be described in terms of stress instead of plastic strain
because the transformation is primarily stimulated by a shearing @Qi@&s

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

orientation of a martensite pldtet] as:

T m™, OKFAT @ (2.13

. ™, p Alcdh (2.14)

where, i s the absol udef ap atd ¢ sifi e rceosnsp r(eds si or
—is the angle between the loading axis and the habit plane namdgl,is the
angle between the transformation shear direction and the maxshear

direction on the habit plane. Equation (2.4) can be subsequently expanded as
3’0 ™, [ OKFATIO - p Alc¢e-8 (2.15)
Assuming that the martensite volume frantitransformed under

applied stress is proportional to the increase'@® , Tamura 98] proposed

a model to prediab , which can be expressed as:

. 0
o £ 2 ars
| 0 (2.16)
J ? r OFATIO - p AT 30 Q—¢
where'Q= 7.08 3°0 is the critical mechanical driving force for martensite

transformaion, andd andd are constants.

A simpler method to calcula®'O is to relate the mechanical

driving force to the applied stress according to
30.
L0

2.
— (2.17)

30 "
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where the parameter— is expressed as a function of stress state as follows

[100]: 10.58J mol! MPa? for uniaxial compressiori,0.86J moi* MPa? for

uniaxial tensionandi 1.42J mot* MPa? for a crack tip loading condition.

According to Das et al[97] and Chatterjee et a[101], the D
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'O and 30 (from Equation (2.17)), and
replacedd with 0 in Equation (2.6) to model streassisted martensite

transformation according to the expression:

w Agbmipp “Yh (2.18)

where”Yrepresents the lowest temperature at which martensite is formed.

Chemical

AGY~%

Driving force

M; 1764
Temperature

Figure2.5 Martensitestarts to transform vem the driving force reachesO0° .
Since te applied stress promotes martensite transformations higher tha
0 . Schematic redrawn aft¢d7].

2.8.3Comparison of kinetic models

There are differences in straimduced and stressssisted models for martensite
transformation. This section compares transformation progress predicted by
selected models against experimental data from -BER#sted[4] and

carburised1] steels
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The utility of Equations (2.11) and (2.12) is assessed based on
experimental data from a TRE&Ssisted stegll] that wastensiletested 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 ead wa
reported to correlate with the transformation of austenite grains with higher
carbon concentrations, whichuehigher mechanical stabilitj4]. Equations
(2.11) and (2.12) predict decreasing retained austenite with higher strains and
agree with the expenental trend. However, the large difference between the
experimental and predicted data during the course of transformation (i.e., the
disagreement of thpredicted plotswvith the experimental data points) shows
that the respective equations cannot fupresent the deformationduced

martensite transformation progress of TR3isted steel

0.1

0.09

= Experiment
(true strain)

0.08

4 Experiment
(plastic strain)

0.07 —Equation (2.11)
(true strain)

—Equation (2.12)
(plastic strain)

0.06

Volume fraction of retained austenite

0.05 : :
0 0.02 0.04 0.06 0.08

Strain

Figure 2.6 Comparison between the experimental and predicted retained au
volumefractions of a TRIRassisted steg#l]. The plastic strain is calculated fr
the true strain data in orderitaplementEquation (2.12).

The utility of Equations (2.11), (2.12) and (2.18) is further assessed
against experimental data from a carburised $ig@eilvhich exhibitsaustenite
transfomation behavioudifferent fromthat ofthe TRIRassisted ste@d]. The
retained austenite in the carburised steel starts transfoonigagt a critical

stress. This observation has also been reported in thiargened steels],
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[102]. Bedekar et al[1] reported that the critical stregs close tothe yield
strengthof the steel.

Based on Fig. 2.7, the transformation cun@dpicedby implementing
Equation (2.11) shows a gradual decrease in retained austenite fraction with
increasing strainlt matdes 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 kinesi in steels that exhibit low plasticity.

0.4
Q Experiment
8 (true strain)
% e Experiment
% (plastic strain)
3 %

Equation (2.11)
(true strain)

—ZEquation (2.12)
(plastic strain)

0.005 0.01 0.015 0.02
Strain

e
bo

Volume fraction of retained austenite

o

Figure 2.7 Comparison of transformation curves predicted by u&iggation
(2.11) and (2.12) with experimental data from a carburised[4feel
Fig. 2.8 compares the predicted (i.e., Equation (2.18)) and

experimental transformation curves of the carburised §i¢elThere a few
possible reasons for the disparity. First, Equation (2.18) assumes tiredeta
austenite transformation initiates upon the application of stress. The equation
could not account for the delayed retained austenite transfornmetadad to
load partitioning betweethe austenite and the harder martensite mdti]x
Second, the goonential term in Equation (2.18) produces a parabolic curve that
does not represent the linear reduction in retained austenite frictiontiated

when themartensite transformation commenced.
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Figure 2.8 Comparison betweethe transformationcurve predicted by usil
Equation (2.18) with experimental data from a caided stee]l].
The analysis demonstrated several aspects of deformatoned
martensite transformation that require consideration bef@application of
any model. First, the transformation is influenced by the interaction betthween
factors influencing austenite stability such as chemical compogld&j, grain
size [26], grain orientation[60], and load partitioning with neighbouring
phasef9]. However, the influence of these factors on austenite stabdity
vary with the type or microstructure of the steselthese differences should be
considered in @y model (i.e., the model should be adaptable). Although
empirical models for straimduced martensite transformation are capable of
predicting the decomposition of austenite with applied strain, they often neglect
the effect of mechanical stabilisatig®8], [104], which can cause the
transformation to cease when dislocation debris in the austenite impedes the
translation of the glissile austenitgartensite interface.
Further, several conditionsof the theory of strakinduced
transformationanust be presertiut are difficult to measure experimentally,

such as the dependence of defect density on plastic strain and the potency of
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defectg[96]. It is noteworthy that the experimental data used for fitting strain
induced models include the concomitant effects ofstamd straif42].

Although the theory of stressssisted transformation is well
established14], the accuracy of empirical streassisted models comesthé
cost of simplifying the assumptions made to approximaseO
Implementation of a mad that considerthe factorsthataffect3'O  , such
as grain orientation105], could provide a better representation of the
transformation behaviour. In this respect, the availability of synchrotroayX
and neutron diffraction facilities hasaate it easier for studie$ the orientation
dependent stability of austenite to be condugiéd4], [26], [102].

2.9 Summary

In this chaptera review has been conducted on the development of bearing
steels,the factorsthat affect austenite stability, anthodels that describe the
austeniteo-martensite transformation under thermal and mechanical
influences.

Oneof the main factors that influence austenite stability isTebal
composition. Alloying elements can generallpe classified as those that
promde ferrite formation or the retention of austenite to wider composition
limits. Austenitestabilising elements help to retain austenite in unfavourable
conditions by lowering the free energy of austenite relative to other phases in
equilibrium.

Smaller readined austenite grains and austenite with -fika
morphology are said to increase the stability of retained austenite. However, it
is challenging for these effects to be studied in isola@isexperimental studies
show that the most stable grains witiese 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 strengtheof
neighbouring phases. Retainedtauge that is surrounded by a harder phase,

such as martensite, have higher stability bec#useate of stress increase in
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the austenite is reduced and the volume expansion accompanying the
transformation is supprssd.

The transformation of austenite martensite is promoted if austenite
grains are subjected to loading conditions that contrikarie additional
mechanical energy to the total driving force for transformation. Retained
austenite grains that are orientadourablywith respect to the laing 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 mechhsiability of
austenite. The prospect of a unified model should consider the following aspects:

1. TheGibbs free energy changan be used as a common parameter to
describe changes in the thermal and mechanical stabilities of austenite.
For instance, th&ibbs free energy change is a function of temperature
and applied stress, which affects the thermodynamic driving force for
martensite transformation.

2. Chemical compositiois the primary factor affecting austenite stability.
Since tha) 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 stramust be evaluated since
currently there is no consensus the rok stress and straiplay in
contributing towards deformatienduced martensite transformation
[96], [98], [99], [101], [106] Further work is needed to elucidate the
influence of stress and strain on martensitesfi@amation[64].

4. Thetransformation rate parameten 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 Equati@n7().

Based on ta review conductedhe effects of chemical composition
and austenite grain sizen austenite stability were highlighted to be

interconnected. Thierelationshipin high-carbon steslwill be investigatedn
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Chapterd by performingdilatometry experiments with varying aestitisation
conditions. The delayed austenite-martensite transformation (Fig. 2.8)
observed in higitarbonsteelss studied through the development of models to
calculate the criticadtress and progress of martensiéasformationn Chapter

5. The insights gained from the literature review and model predictions helped
inform the design of a new highanganesearburised steel. The alloy design
process andhvestigationsconductedo assess the properties of the nésels

are discusseih Chapters 6 and 7, respectively
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Chapter 3Experimental methods

This chaptemprovides an overviewf the experimentaimethodsemployed in
the presenwork. Further detils for specific methodsare described in the

relevant chapters.

3.1 Materials
Carburised bearing steels supplied by The Timken Company were investigated
in the present work. These steels include the AISI 8620, AISI,48RDAISI
3310 steel grades that are commonly used in bearing and gear applications. The
AISI 3310 steel forme the basis for the development of a ilegh-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 inelyctioupled
plasma for all alloying elements, except for carbon and sulphur, which were
analysed by combustion. The analysis was perforimednspiratech 2000

Limited. The chemical compositions are shown in Table 3.1.

Table3.1 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 steehigi?rthanganes
carburised steel (nesteel), which are presented in Chapter 7. All steels contain minor
amounts of phosphorus (0.0@B011 wt%P) and sulphur (0.008.027 wt%S).

Chemical compositiohwt-%
Mn Si Cr Ni Mo Cu Al
AlSI 8620 1.16 081 025 052 041 0.20 0.16 0.03
AlSI 4320 1.14 054 020 048 174 0.20 0.12 0.03
AISI 3310 085 044 028 147 343 0.10 0.18 0.04
New steel 0.62 291 0.19 141 - 0.01 0.24 0.02

Steel
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3.2 Sample preparation

The first step in the sample preparation process was to cuart@esinto the
desired shape using an ATM Brillant 220 cutting machine. The subsequent steps
depeneéd on the type of analysis that were used farparticular sample.
Mounted samples were used for scanning electron microscopy, energy
dispersive spectroscgpand hardness teastynmounted samples were used for
X-ray diffraction and fractography.

Mounted samples were prepared by -hnmunting in conductive
Bakelite, followed by grinding with silicon carbide papers (40&de to 2500
grade). After coarse griting, the samples were polished with diamond paste (6
to 0.25um) using suitable polishing cloths and arlmled lubricant. Between
each grinding and polishing step, the surface quality of the samples was
examined under an optical microscope. The grigpidamd polishing ofthe
samples wre 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-Kay 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

3.3.10ptical 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 ust digital image enhancement (e.g., adding scale bar,

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

Scanning electron microscopy (SEM) was performed usingl&ZGemini

300 scanning electron microscope. The secondary ateiciraging mode was

used for surface characterisation and fracture analysis. The accelerating voltage
was varied between Hhd20 kV. The aperture size and working distance were
adjusted accordingly to obtain higésolution images. Energy dispersive
spectoscopy (EDS) was performed using the backscattered electron imaging
mode to analyse the chemical composition of local reiarotural features in

the samples.

3.3.3Carbon profiling

Carbon profiling was performed to determine the homogeneity of carbon

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

in half lengthwise using a 0.10 mithick blade to reduce material loss. The flat

side of the unmounted sampleasground and polished following the method

in Section 3.2, but withouetching. The samples were additionally polished to

a 0.05um 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 Manufacturi@goup,

University of Warwick. The samples were cleaned unidieaviolet radiation

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

JEOL 7800F scanning electron microscope fitted with a wavelength dispersive

spectroscopy detectorhe accelerating voltage used was 10 kV with a scanning

step size of 0.2 mm. Line scans of-pefined scan areas (12QL0O um) across

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

a more accurate representation of théearcconcentration because the accuracy

of point measurements can be affected by contaminants on the sample surface.
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10 mm (length)

4.5 mm (width)

Figure 3.1 Schematic of carbon profiling scan for dilatometry samples. A
electron beam scans across the sample, the average carbon concentrati
yellow box is measured.

3.3.4X-ray diffraction
X-ray diffraction (XRD) was performeasing a Bruker AXS D8 diffractometer
to measure the amount and lattice parameteth® phases present in the
microstructure ofthe 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 iw-ealge between 37°
and 103° with Cub radiation at a voltage and current of 40 kV and 40 mA,
respectively. A 0.012 m#thick nickel filter was used to absobb radiation. A
scanning step size of 0.04° and dwell time aebondswere used. Samples
were rotated at@rotations per minute to reduce preferred orientation effects.
The raw data fronthe XRD measurements were analysed using the
Rietveld refinement routine in HighScore Plus softwd@7]. The software
generates a fit of the XRD pattern and calculates X®@&Emeters such as the
amount and lattice parametergloé phases. The quality of the fit was assessed
using the weighted frofile (Y ) and goodnessf-fit parameters. The fit
guality 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 phabe
transformations in steels. The transformation of one phase to another results in

changes in the lattice parameter of iron, which causes a detectable volume
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change in the samplpl08]. This technique was used to measure (the
temperature athe 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: 1diameter:

4.5 mm) and hollow samples (lengthO mm outer diameter: 4mminner
diameter: 2mm)The hollow samplediffer from the solid samples in that they
contain a 2Znm bore at the sample core, which helps to improve heat transfer
and allows daster andnore uniform cooling rate throughout te@mple. Fine
silicon carbide paper was used to remove any surface oxide on the samples.

The samples were spatelded with 0.1 mm $ype thermocouples,
which enables the temperature to be recorded during heating under vacuum.
Dimensional changes in the sples were detected through changes in the
diameter and length dhe sample during heat treatment. During the heating
and cooling stages, charsgm length were measured bya linear variable
differential transducer connected to silica push r@tieingesin diameter \ere
measured by a laser with a precision of gni[109].

In order to determine thaustenite grain siz@yior to the dilatometry
experimentghe samples were subjected to thermal etching, which reveals the
austenite grain boundaridsshoud be noted that the austenite grain size refers
to the size othe parent austenitgrains not the size ofheindividual retained
austenite blocks or film§.hermal etching was performed by grinding one side
of the cylindrical sample lengthwise to atffurface that was approximately 2
mm wide. The width of the flat surface should be large enough to atiowgh
grains to be observed for grain size measurements. Helium gas was used for
cooling the thermally etched samples because it has a low contamilesel
that enables a good surface fin[289]. After the dilatometry experiment, the
flat surface was polished to guin finish and etched with 2% nital.

The austenite grain size is defined by the grain diameter measuire
based on the mean lineatercept method, as described in the ASTM E132

standard for determining the average grain Ei28].
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3.5Mechanical tests

3.5.1Hardness
Vickers microhardness tests were conducted on-theatied tensile samples
using a Qness Q3@+ hardness machine. Samples i@rdness tests were cut
from the crossection of the gauge length regiorthetensile 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 sampleeswith a
constant test force. Hardness measurements were made across the diameter of
each sample with two perpendicular rows of indegdgh row havin@t least
12 indens. This stepwas performedto ensurethat the measurements were
unaffected byany mcrostructural heterogeneity.

The diagonal lengths of a square indent were optically measured and

converted into Vickers hardness according to the forjdula):
00 VP o

where"Ois the test load in newton ai@2is the diagonal length measured in mm.
A distance of at leagi@®Qbetween successive indents was maintained to avoid

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

3.5.2Tensile test

Tensile tests were conducted on samples tivé#gkdimensions shown in Fig. 3.2.

The tests were performed at room temperature using an Instron 100 kN machine.
An extensometer was atthed to the gauge lengthezchsample to record the

load and displacement data. A straontrolled tensile test was conducted on
one sample with a constant strain rate af 10 s. Straircontrol yield loops
(explained inSection 73.1) were obserd on the loadlisplacement curve of

that sample, which was a testefatt. Subsequently, all tensile tests were
conducted in displacemenontrol mode with a constant crosshead speed of
0.00125 mm’s.
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R20.6 R1/4”
1/2” X 20 UNF UNIFIED THREAD STANDARD

Not according to scale

Figure 3.2 Schematic showing the dimensions of a tensile test sample. The g
threadedaccording to thepA¢ eea twunified thread standard (UNFZpAt -
denotes the radius of the grip section to be 0.25 inches (6.35 mm). R20.6
the fillet radius to be 20.6 mm. All other dimensions are in mm.

In order to determinethee t ai n e d traamsfosniateom pragress s
after the tensile tests, theamount ofretained austenite frorthe 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
intervalsaway from the fracture surfacehe sampls are denoted as FS, S1, S2
and S3. The sample FS contains the fracturéase,and S3 is the sample

farthest away fronthe fracture surface.

| |« fracture surfaci

sample FS

surface for

: <«— fracture surface
XRD analysis |

Figure 3.3 Schematic showing samples that were cut from the gauge

region of a fractured tensile sample for subsequent XRD analysis. The th
of each XRD sample was approximately 2 mm, and at leass@ifxgamples 4!
the intervalg=S, S1, S2 and S3) wetat from each fractured tensile sample
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Chapter 4Understanding the influenad chemical
composition and grain sizen@ustenite stabilitin
high-carbon steels

The aim of the work in this chaptesas to investigate the effects of chemical
composition and austenite grain size on dhetemperature of higlsarbon
carburised steels. Dilatometry experiments with varying austenitisation
conditions were performed on AISI 8620 and AISI 4320 steels. The phase
amounts othe steel samples were measured with XRD. The experimental
temperatures were compared against values estimated witheguation. The
latter was modified to include a correction factor that accounts for the effect

austenite grain size.

4.1 Introduction

A s t @éenlical somposition and austenite grain sieeknown to influence
the0d temperatureAs highlightedearlier, alloying elements such as carbon,
nickel, and manganeggromoteaustenitestabiity and suppress the martensite
transformation induced by coolingvhich leads to lowerd temperatees
Previous studiebave shown that the temperature decreabeavith smaller
austenite graisizeswhen austenitisation was carried out at lower temperatures
[52], [112] Since these studies were performetbm-carbon steelgith high
nickel conentrationsthe effectsof chemical composition and austenite grain

sizeon the thermal stability of austenite in higarbon steelareof interest.
4.2 Experimental information

4.2.1Dilatometry experiments

The steels investigated were AI8620 and AISI 4320 cadised steels
supplied by The Timken Companyhe chemical compositigrof these steels
(denotedas 8620 and 432Mereaftey are shownin Table 4.1 Dilatometry

experiments were conducted in a TA Instruments 806 dilatometer under
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the quenching mode ungj solid samples (length: 10 mmliameter: 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 vtithiricinity of the 0
temperature, which is the temperatunattseparates the fulbusteniic phase

from the austenite and cementite phase in an equilibriumceidron phase
diagram.The thermodynamic software Therr@@lc withthe TCFE8 database

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

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

The samples were held at 10, 30 and 60 minutes abeaténitisation
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 mmouter diameter: 4mmnner diameter: 2mm) were used
for the 10 and 30minute austenitisation treatments conducted at 1030°C.

The sample preparation antkasurement pcesgsto determine the

austenite grain siz@ere based othe procedures outlined Bection3.4.

Table4.1 Chemical composition of representative dilatometer samples for 8620 and
4320 steels following thearburisation process.

Chemical compositiohwt-%
Mn Si Cr Ni Mo Cu Al
8620 116 081 025 052 041 0.20 0.16 0.03
4320 114 054 020 048 174 0.20 0.12 0.03

Steel

4.2.20ffset method

Since the transformation of austenite to martensite is accomganéédolume
expansion, the start of martensite transformation can be detected when there is
a dimensional change in the sample. In dilatometers with-fmash the change

in thelengthof asample is recorded during the experiment. fheemperature

can be measured from the dilatometric curve using the offset method developed
by Yang and Bhadesh[a13]. 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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stressstrain curvesFig. 4.1 illustrates the application of the offset method to
determine th& temperatur®f a 4320 steel sample

Thed 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 typicalected as the
critical transformation strain that dictates the offset value. The offset stra)n (
for a specified volume fraction of martensite }, which is 0.01 in th@resent

study, can be expressed as:
p - » W O P W O . (4.1)

The hkttice parameteia the room temperatucd austenited (in nm)

and martensitey (in nm)are calculated as follosj113]:

O TWUYXoW®wo TEInmOL T8Iy 8

T8t o mtpny T@ TG N (4.2
and,
W TR Yo
[ T8I X W T T8 T e T 3
a (4.3)

TMto  T@IIe T@iiy Tgtolp 8
8T TV T8t 1T @ @)

wheren) represents the eight fraction of element’Qn austenite and
represents the moléraction of element(n martensite. Thed and® for the
8620 steel ar®.36129 nm and 0.29006 nm, respectivdlhe® andw for
the 4320 steel are 0.36117 nm and 0.29008 nm, respectively.

Referring to Fig. 4.1b,he offset strain line does not necessarily
intersectat the minimum point of the dilatometric curvéhe advantage dhe
offset method is that it is reproducible and allondependentalculationsof
the samalilatometricdatato achieve the sanmeasurment of0 temperature
[113]. This is the reasorfor using the offset methodo obtain the0

temperatures in the presembrk.
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Figure4.1 (a) Dilatometric curve of 4320 steel sample austenitised at 830
offset point corresponding to 1 vol.% of martensite formed.

4.2.3Carbon profiling

Since the dilatometry samples were throwghburised carbon profiling was
conducted to determine the homeogity of carbon distribution. Theample
preparation and profiling were conducted based on the proced@extion

3.3.3.

4.2.4X-ray diffraction
The phase amounts and lattice paramédtera the samples were measured by

using XRD, which was performed accardito the procedur@ Section 3.3.4.

4.3 Results

4.3.1Microstructure analysis

The microstructures dhesamples in the carburised condition are shown in Fig.
4.2.Based on Fig. 4.2bhé retained austenite grains have an irregular, blocky
morphology, whereas theartensite plates have a lenticular appearance. The
midrib of a martensite plate can be seen in42c.The darkcoloured particles
indicated by the arrows in Fig. 4.2duld becarbidesor manganese sulphide
(MnS) inclusions While thedark particleswere observed in both alloys, the
8620 steel samples appeared to have obteem compared tthe 4320 steel

samples. A possible reason is beca8620 steel has higher manganese

46



concentratiorthan 4320 steelvhich promotethe formation of carbides and
MnS inclusiong7].

Figure 4.2 Microstructure of 4320 steel:afa) the edge (b, c) the centre of th
sample after carburisation. (d) Microstructure of 8620 steel.

Referring to Fig4.3, theaustenite grain size was observed to increase
with higher austenitisation temperatures. The arrows in Fig.iddstate some
of the longesand most likely the first few martensite plates to form in dweng
austenite grain. These plates tend to grow acrossatleataustenite grain and
partition the austenite into smaller volunj@44]. 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 higbarbon steels, retained austenite can be found in
pockets of untransformed regions between the martensite plates.
Micrographs corresponding to different ausieation times at aigen
austenitisation temperature are not shplhowever,it was found fromvisual
comparison of thenicrostructures thancreasingthe austenitisation timeid

not significantly increase thaustenite grain size.
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Figure 4.3 Microstructuresof 4320 $eel samples austenitised for 1 hour (aj
830°C (b) 930°C (c) 1030°C. After austenitisation, the samples were quenc
30°C.

4.3.2Carbon profiles oflilatometer samples
Fig. 4.4 showshe carborprofiles (expressed in w%C) for the 8620 and 4320
steelsamplesrespectively. The outlying points are attributed to the presence of
artefacts as the beam scans through a particular region. The carbbuotibstri
also appears to decrease gradually along the sampleasitite scan progresses
farther away from the sample surfa@ Q0 mn). The gradual dropvas most
likely caused by an uneven sample surface created by the polishing process
which affected thearbon measurement

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 differema@s most likelydue to carbon
contaminatioras 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 $@anning electron microscopamp
and vacuum greases. It has been sstggethat plasma cleaning of the sample
prior to examination is effective in reducing surface contamingtd®].
Despite the differences in carbon concentration along the samples, the carbon

distributionis fairly uniform because these samples were thinezarburised.
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Figure 4.4 Carbon profiles along the width:ofa) 8620 (b) 4320 steel saples
Measurements show an average carbon concentration of-%Zvior all sample
Note that the measurements for the 8620 samples were made for only half tt
of each sample.

4.3.3Dilatometry experiments

Based on Fig. 4.59yhen theB620 and 4320 steel samples waustenitied at
930°C and 1030°Cthe 0 temperaturesof both steels at the respective
austenitisation temperatures weery similarregardless of thgeatment time
(indicated by overlapping data pointsjowever, the increase ireatment time
when sample$rom both steels were austasé#d at 830°C resulted in minor
differences in th® temperature

By comparing th& temperature across all treatment times (10, 30,
and 60 minute} as a function of austenitisation temperature, a distinctive
change i) temperature wasbservedThe0 temperatures acfamples from
both steels decreassnificantlyas the austenitisation temperature increased
from 830°C t0930°C, but thed temperatures increased slightly when
austenitisation was performed at 1030°C.

Relatingthis observation to the increase in austenite grain sizes with
austenitisation temperaturas shownin Fig. 4.3,it can be implied that #h
influence ofaustenite grain size on tibe temperatures significant when the
austenite grain size is bel@ancertain sizédowever, thenfluence of the carbon
dissolved in austenite cannot be ignored because the cementite prekent at
austenitisation temperature of 830dso0 affecs the 0 temperature.The
interplay between the effects of carlaiasdved in austenite and the austenite

grain sizeon thed temperaturavill be discussed in Section 4.4.
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Figure4.50 temperatures of(a) 8620 (b) 4320 steel samples.

4.3.4XRD measurements of phase amounts

Table 4.2 shows theercentage®f the retained austenite, martensiamd
cementite phases detected in theples aftethe dilatometry experiments were
completedCementitas presenbnly in sampleshat wereaustenitised at 830°C,

and the phase percentage of cementite decreased as the austenitisation time
became longer.

For samples from both steeldyet redined 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 thrent@e and 3@ninute
treatments.However, the retained austenite percentdipe the 60minute
treatments increased when the austenitisation temperature was raised from
930°C to 1030°C. These observations gpplsamples from both steels and
will be discussed iBection 4.4.1
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Table4.2 Phase percentages of dilatometer samples after heat treatments

Austenitisation Austenitisation Retained

Steel _ _ Martensite Cementite
temperature time austenite

°C minutes % % %

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 -
8620 30 27.3 72.7 -
60 25 75 -
1030 10 23.5 76.5 -
30 22 78 -
60 28.2 71.8 -
830 10 14 84 2
30 16.6 82.4 1

60 15.2 84.2 0.6
930 10 39.3 60.7 -
4320 30 44.2 55.8 -
60 29 71 -
1030 10 26.9 73.1 -
30 25.9 74.1 -
60 38.1 61.9 -

4.3.5Modelling of thed temperature
The influence of alloying elements on tihe temperaturdin °C) is modelled

with the followingempiricalequation67]:

51



~

06 vouvopw pd pm pP pe 8 (4.4)

onp A@bmo@ h
where the alloying concentration is in wt-%. Equation (4.4)s valid within a
composition range of Oi1.9 wt%C, O 3 wt-%Mn, O’ 2 wt-%Si, O 4 wt-%Cr,
0i 5 wt-%Ni, and @ 0.8 wt%Mo [67].

With the exeption 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 ofcarbon dissolved in austenite n®t identical to the total carbon
concentration of the bulk allpyo , since some of the carbon dissolves in
cementite. The concentratiasf carbon dissolvedn austenite§ , can be

expressed as
w 0 p w O0wh (4.5)

whered represents the carbon dissolved in cementite @nepresents the
equilibrium cementite volume fraction at the austenitisation temperature.

Based orthe 3:1 Fe:Gatomratio of cementited is set as 0.25.16].
The termw is dependent on e€mical composition and can be obtained from
thermodynamic software such as Ther@alc [48]. For an austenitisation
temperature of 830°@y values for the 8620 and 4320 alloys are 03042d
0.0398 respectively. At 930°C and 1030°G, is 0 since the microstructure is
fully austenitic.0 (in wt-%) can be calculated:as

b n& ® p Ttht (4.6)
Tp W

wherew for the 8620 and 4320 steefsllows the carbonconcentrations of
these steels in Table 4.1.

The effect of the austenite grain size on the temperature is
consideredFollowing the work of Arlazarov et a[73], the grain size effect is
defined as the difference between the experimentatemperatureand the
calculated valu&om Equation (4.4)By performing aegressioranalysisusing

themeasured temperatureand grain diameteifsom samples irthe present
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work, Equation (4.4) is modified to include a correction factor fafngsize
which is expressed as:
0 voeuvom pd pd p pe 8

onnp AP co@gn 8 h (4.1
whereO is the austenite graidiameterin um. Note thatthe values of @ in
Equations (4.4) and (4.7) aaken agqual tod calculatedrom Equation (4.6)
in subsequent calculations

The austenitegrain size is expressed through an exponemgiah
becausethe calculated 0 temperaturesshowed good agreement with
experimental valueshen usinghis relation The physical representation of the
exponential term is currently hd&nown andwould be exploredfurther in
studies orthe effect of austenite grain size on thetemperature.

The experimentald temperatures and those calculated using
Equations4.4) and (4.7) are shown in Fig. 4Both equations correctly predict
the decrease i) temperaturethat occurredwhen the austenitisation
temperatiresincreased from 830°C to 930°The austenite grain size term in
Equation (4.7) reduces tle temperaturecalculated with Equation4(4) by
approximately 30°C, which enables a closer prediction to experimental

values forthe samples wheaustenitised at 930°C and 1030°C.

(@) 150 (b) 150
160 160
o
140 140 =
& ¢ W Experiment Y ® Experiment
~ 120 - 120 o
b Equation (4.4) = ° Equation (4.4)
100 ® Equation (4.7) 100 ® Equation (4.7)
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Austenitisation temperatures / °C Austenitisation temperature / °C

Figure 4.6 Variation ofthe experimental and calculated temperatures for sal
held at austenitisation temperatures for 60 minutes: (a) 8620 steel; (lytd8R0
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4.4 Discussion

4.4.1Influence of austenitisation conditions on thetemperature

The effect of austenite grain size on ile temperature was studied by
performing dilatometry experiments with different austenitisationditions.
An increase iraustenitisation temperature allows grain growithich increases
the austenite grain size.

Referring toSection 4.3.3, luen samples from both steels were heated
at 830°C minor differences in th® temperature were obsew as the
austenitisation time was variedhe differences ind temperature were
negligible when sampleswere heated at930°C and 1030°Cior varying
austenitisation timeJ he increase in austenitisation time is expected to increase
the amount of céon dissolved in austenite, which would result in lower
temperaturewith longer austenitisation times.

However, this was not obsed/én thed temperatures of both steels
when theduration forsamples austenitised &0°Cwas increaseffom 10 to
60 minutesSince only one experiment was conducted for each austenitisation
condition,additionaltests at the same conditions are required to ascertam if th
experimentabbservatios wereanomalous

Further,thed temperaturef samplesrom both steels decreasad
the austenitisation temperature was increased from 830°C to 980¥Teas
thed temperature increaseslightly as the austenitisation temperature was
raised from930°C to 1030°C.

The most likely reason for this obseneatis because increasethe
austenitisation temperaturealdto a higher dissolution o€ementie. When the
samples werbeatedo 830°C,the austenitisation step of the heat treatmerst
performed aatemperaturevhere austenite and cementite arespent in the
equilibrium irorrcarbon phase diagrarn§8620 and 4320 steels. TherrGalc
calculations indicate that the volume percentages of cementite and austenite in
equilibrium at830°C for the 8620 steel are 4.2% and 95.8%, respectively. As
more cemetite dissolves at higher heating temperatumed longer treatment

times,the excess carbon partitions from cementite to austenite, which increases
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the stability of the austenite. This explains why dhetemperature decreases
when the austen#ation temperature was increased from 830°C to 930°C,
resulting in a higher retained austenite perceni@ter the samples were
guenched

In dilatometry experimentperformed by Cui et a[117] on 100Cr6
and 100CrMnSié! bearingsteelsthed temperatue was reported to decrease
with increasing austenitisation temperatures within a range of 800°C t0.900°C
Therefore, theexperimental results from the present work agree with those
reported by Cui et aJ117].

In contrast to higkcarbon steels, the relationship between thé
temperatureand austenite grain sizen low-carbon steelgconsidered here as
those with carbon contents lower than 0.784@) is not affected by cementite
dissolution Considering the iromarbon equilibrium phase diagramthe
austenitisationof a low-carbon steleat intercritical annealing temperatures
correspondgo heatingat theferrite oraustenite and ferrite phase fig[d]. At
these temperaturethe absence of cementite atiné low carbon solubility of
ferrite, i.e., with a maximunsolubiity of 0.02 wt%C at 727°Callow most of
the carbon to dissolve in austenitderefore, thenterplay between cementite
dissolution and austenite grain saetheld temperatur@pples onlyto high-
carbon steels above tkatectoid composition of 0.76 Wb (based on the iren
carbon equilibrium phase diagram)

When a steelwith 0.76 2.06 wt%C is heatedn the fully-austeniic
phaseaccording tdaheiron-caton equilibrium phasdiagram, heatingt higher
temperature increase the amount of carbon dissolved in austenite uatil
temperature of approximately 1147°@8is correspondto a maximum amount
of carbon dissolvedh austeniteof 2.06 wt%C. A higher anount of carbon
dissolved in austenite will increasaustenite stabilityReferring to Tabld.2,
this could explai the increase inretained austenite percentagéen the
austenitisation temperature was raised from 930°C to 10B0t@ 60minute
treatnment for both steelsThe decrease in retained austenite peaggntvithin
this temperature range for the-Hhd 30minute treatments could possilig

due tothedifference incooling ratethe cooling rate irsolid sampless slower
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thanin hollow sampls. Therefore, a direct comparisdar the 10 and 30
minute treatments cannot be made.

When austenitisation is performed at a temperatdrere cementite
particles ardully dissolved(e.g., 930°Cor 1030°C) it is suggested thdhe
influence of austenitegrain size on the) temperaturebecomes more
significantat this stageT hi s observation is explained
[88].

According to Coheff88], it is acknowledged that the temperature
determined upon quenchinipes not necessarilgdicate thenucleation of the
first martensite plate, butorresponds to the first experimentatigtectable
amount of martensitéransformed.This implies that the) temperature
depends orthe first martensite plate to nucleate as well as thaoseftnm
autocatalytically88].

By employing acoustic emission and electrical resistivity techniques to
determine the start of martensite transformation, Cohen reported contrasting
trends on the variation @f temperature with austenite grain sj88]. When
the acoustic emission techniqgue was employed, theemperature was
observed to decreasehen larger austenite graingere presentThe high
sersitivity of the acoustic emission equipment allowsdbtection of martensite
transformationha coincides with thefirst few martensite platefat nucleate
upon cooling Since larger austenite graihavea smaller graifboundary area
per unit specimen volume, the temperaturedecrease with increasing
austenite grain s&zbecause thdetetion of martensite transformation usitige
acoustic emissiomethodrelies on preexisting nucleation defecssich as grain
boundarie$88].

In contmast, the 0 temperaturedetected by electrical resistivity
increases with austenite grain sidédne dectrical resistivitymethodis less
sensitivethan the acoustic emissiamethod sothe presence of more martensite
is requiredin order for the transformation to be detect@uhce the initial
martensite nucleation evehas occurred, martensite forms @udtalytically

With larger austenite grains, a certain extent of autocatalytic nucleation
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transforns a larger amount o&ustenite intomartensite resulting in earlier
detectability[88].

Provided thereis no undissolved cementitgarticles in the
microdructure,thed temperature is expected to increase with larger austenite
grains when usindechniqueswith lower detectability limitsfor martensite
transformation,such asdilatometry This observation agrees wibrevious
work by Umemoto and Owgb1]. Thereforejt can be understood why tle
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.

4.4.2Comparison of experimentahdcalculatedd temperatures
Referring to Fig. 4.6as the austenitisation temperature is increate)
temperatures calculated with Equations (4.4) and (4.7) follow the same trends
shown by the experimental dataThere are differences bewen the
experimental and calculated temperaturegablyfor the treatment performed
at 830°C.

One possible reason is because empifaahulas for estimating the
0 temperature such as Equation (4.g9wanethatall alloying elements are in
solid solution [68]. The presence of undissolved cementite samples
austenitised at 830°C would havesulted ina lower amountof carbon
dissolved inthe retained austenite, leading to highler temperaturesThis
effect has a bigger influence on the temperature than that of the austenite
grain size, which explains why tlde temperature predicted by Equation (4.7)
is much lower than the experimental valb®wever,theincorporation of the
grain size term in Equation (4.7) improved temperature estimations the
case of sampleaustenitised at 930°@nd 1030°C at which all cementite
particlesare fully dissolved.

According to Boheme[67], theinfluenceof austenitising conditions
on thed temperaturas only slightly largerhan theuncertainties associated
with the measurement of the temperature.Yang and Bhadeshifl13]

reported that thetandard deviation af temperatures determined using the
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offset method is+ 12°C. The uncertainty is associated with noisemf
dilatometry experimen{d 13]. Considering that the temperatures calculated
with Equation (4.7)arereasonably close to thexperimental uncertaintyhis
equation careffectively be applied to estimate the temperatureof high

carbon stels.

4.5 Conclusions

In this chapterthe influence of chemical compositiamd austenite grain size
on thed temperature of higisarbon carburised steelsaginvestigated This
was achieved by conducting dilatometry experimentsinder various
austenisation conditions When the austenitisation of steel samples was
performed at temperaturavherecementiteparticles arenot fully dissolved
i.e., 830°C the O temperature decreabsewith a higher austenitisation
temperature because of the incregsamount of carbon dissolved in austenite,
which enhances its stabilitiAiowever, this effect will not occur in lowarbon
steels because cementite is abs@nthe equivalent intercritical annealing
temperature

When austenitisation was performed atnperatures whereall
cementiteparticles are fully dissolved,the 0 temperatures were fountd
increase with larger austenite grain size as a resthiediigher austenitisation
temperaturesThe reason iselated to thenethod employed to measure the
temperature.Methods such as dilatometry requiee grea¢r amount of
martensite to form beforthey can detedhe start of martensitbansformation
because of their lower sensitivitgince the austenite grain sidetermines the
volume per plate of martensite, a largastenite grain requiréswermartensie
plates to reach a detectallmount, leading to earlier detection at a higher
temperature.

The experimental temperatureswere compared against those
calculated with an empirical equation whichthe estimated values follow the
same trendas shown by the experimental datheestimated) temperatures
were claser to experimental valueghen the equatiowasmodified 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 ateetunderstanding of the thermal
stability of austenite in higharbon steels. Most notablthe present work
confirms thatthe effect of the austenite grain size on ithetemperatureor
high-carbon steelss significantonly when thereis no undissolved cementite
present during austenitisatiol.also demonstrates the dependence ofithe
temperature on heat treatment conditions

Lastly, it is confirmed thathe original andmodified0 temperature
equations in the present work can be appliezstonate th& temperature for

a givencompositionand austenite grasizewithin thevalidatedrange.
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Chapter 5Modelling deformatiorinduced
martensitégransformation in higitarbon steels

The aim of the work in this chapteras to develop equations that model the
critical stress and progress of deformatioduced martensite transformation in
high-carbon steels. The equation developed by Haidemenopeukis[118]

was adapted to calculate the critical stressrfartensitéransformation in high
carbon steels. The critical stresas employed in a new equation that predicts
the transformed amount of retained austenite with applied stress. Both egjuation
were validated with experimental data from bearing steels. A parametric
analysiswas conducted to study the limits of the critical stress equation,
followed by examples illustrating the application of both equations in alloy

design.

5.1Introduction

In a stuly on the mechanical stability of retained austenite in carburised bearing
steels, Bedekar et 4lL] reported the onset of retained austenite transformation
into martensite at a critical stress close to the yield point; retained austenite
remained stablen the elastic deformation regime. Similar observations were
reported in througiardened steelfs], [102], [119] In contrast, retained
austenite in transformatienduced plasticity (TRIP) steels transfarnmto
martensite almost immediately upon loagij8], [4].

The mechanical stability (or kinematic stability) and transformation
kinetics of retained austenite have been modelled in several investidafions
[119], [120] These studies employed crystal plasticity finite element models
informed by expemental measurements of the transformed amounts of
retained austenite. While micromechanical models can simulate the material
response in detail, their implementation is complex and regsigaificant
computational resources. Analytical models are semil implementalthough

their dependence on empirical data limits their range of applicability.
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Haidemenopoulos et a[118] developed an analytical model for
calcuating the critical stress requiretb transformretained austeniténto
martensite in adw-carbon steelthe modelconsiders the effect of austenite
chemical composition, size, and stress state. The critical stress is calculated to
determine tha@) temperature, which is an indicator of retained austenite
mechanical stability. T appication of this model has been demonstrated for
low-carbon TRIP[94], quenchandpartition (QP)[95], and FeNi-Co [93]
steels Therefore, it srves as a starting point in the present work

Models that describe the kinetics of deformatioduced martenss
transformationhave beendeveloped by previous authof96]i[98]. The
numerical coefficients in these models are often compositependent. Since
the models are fitted to experimental détat areprimarily from low-carbon
steels, their direct apphtion to highcarbon steels can lead to poor predictions
of the transformation progress. This is because the effect of increased carbon
concentration othefactors controlling austenite stability is not considered.

For example, the critical driving forcdo 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 maf{2¢], where the latter influences the

degree of stresstrain partitioning between austenite and martefisép

5.2 Material information

The equations were developed basetheexperimental datbor bearing steels
repated in[1], [5], [102] and[119]. The chemical compositions of the bearing
steels are shown in TalBel. The steelsra labelled according to their original
designationsandthe heat treatments for theseeels (known aBquenchand
temperedsteel® hereafter)are described in the respective waiks [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 carbidesare not considered the following calculations.
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The concentration ofcarbondissolved inaustenite 6 is shown
beside the nominal carbon content of the respective steels. normally
estimated from equations relating the lattice parameter of austénite the
chemical composition. Since tequationgor evaluatingd are different in the
respectivy notedworks,6 is derived based on the following expression

ensure consistency in calculatida®?2]:

W OoDULVETET WO TEITT ML T8I LW 8

. . . 51
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where & is the measured austenite lattice parameteA imnd @ is the
concentration of the alloying element in%t The value foi® is derivedfrom
® (i.e.,0 ) andtheconcentrations athe other elements followhe bulk

composition.

Table5.1 Chemical composition afuenchandtemperedearing steels used for model
development. The asterisk (*) represents the initialaradontent before carburisation.

Chemical composition / wio

Steel
Mn Si Cr Ni Mo Cu Al
0.2*
8620[1] 143 032 0.74 0.28 0.09
(0.987)
0.2*
4320[1] 0.78 033 064 16 0.22
(0.994)
0.1*
3310[1] 045 026 151 3.39 0.06
(0.799)
A485-M1 1.0
1.09 06 106 0.11
[5] (0.813)
52106QT 1.005
0.32 0.27 146 0.1 0.19 0.024
[102] (0.8)

In Fosted svork [102], the originald for the 52100QT steelwas
reported to be 0.593 v#6C, which is much lower than expected. Thefor a
52100 stekehas been reported to be 0.86-%C [17] after undergoing heat

treatment similar to the method employed by Foster ¢ @2]. Therefore, the
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0 of 52100QT steel in Table 5.1 is taken as 0.8%€ for calculation
purposes. It is also noted that thecalculated for other steels mentioned in this
work (including those in Tables 5.1 an&)as close to the values quoted in the
respective workgl], [5], [102], [119]

5.3 Description of thecritical stressmodel

5.3.1Derivation of the critical stress mad

Referring tothe work of Haidemenopoulos et §l18], the derivation of the
critical stress modek presentedn this section.The nodifications made to
adapt theoriginal mode[118]to high-carbon steelarepresented in subsequent
sections.

In stressassisted martensite nucleation, the martensite nucleates at
pre-existing sites within the parent austenite grain, which are also the same
nucleation sitesrheretransformation under quenchingcurg121], [122] The
applied stress influences thansformation 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 nucleatisite, €, 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 criticaht a given

thermodynamic driving force per unit volumeg14.8]:

CI T .
20 o) 5 h (5.2

wherel is the nucleus specific interfacial energy (F)ni is the density of
atoms in the fault plane (mol i 3O is the chemical driving forc for
martensitic transformation (J m9| 'O is the elastic strain energy (J mjpl
and® is the frictional work of interfacial motion (J m®l

When an external stress is applied, a mechanical driving fi0e

(J mot?), isadded taa"O in Equation (2) to give the total driving force as
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YO YO YO 8 (5.3

3’0 varies with applied stress,(in MPa) according to
1yo
” T .,

where—— (J moft MPaY) represents the stress state of the transforming plate

YO h (5.4)

[100].

Based on Equation (5.2rohen and Olsofi25] derived the number

density of ogrational nucleation sites as:

0 0 A@B ¢&h (5.5)

wherel is the total numbedensityof nucleation sites of all potencies m
and is the dimensionless shape factothe potency distributiofiL21].
For an austenite particle with volurde(m?®), the fraction of particles
that will transform into martensité() via sites of potency with density (m
%) is equal to the probability of finding at least onelaation site in the particle,
assuming the austenite particle transforms into martensite in a single nucleation

event[93]. This probability is given g4.25]:

M p APl w 8 (5.6)

Combining HEuations %.2)i (5.6), the critical stressat which

martensite transformation initiates (in MPa), can be expressed:as

2 >
[

30 o o .8 (5.7)

p 1]
n A O\ ~

YO =r o 1ip 0

Ty 0

QU2

Equation (5.7) is the criticatress model that was originally developed

by Haidemenopoulos et &1.18].
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5.3.2Calculation ofparameters irEquation (5.7)
Equation (5.7) has been implemented to estimate tHier the quenchand
temperedsteels investigated. However, the calculated valokes were
significantly different from the experimentabluesreported in the respective
works[1], [5], [102], [119] Details of the calculation using Equatidn) are
presented in this sectioRor clarity, the parameters calculategsingequations
in the original work[118]ar e denot ed wit h;jthelater superscr
represents tHeg,38ut)horods initials
According to Haidemenoptns et al.[118], 35O (J mot?) is

calculated using the following linear expression:
3’0 LPWYX ULX WX WOoPUuo'Y yg Ph (5.8)

wheref is the mole fractioof carbon in austenite aridlis the temperature in
degree<elsius.

The parameter—  (in J mol* MPa?) is calculated according to the

expressionf118]:
30 by
TT— T pLUTW C T4 h (5.9
where — is -1/3 for uniaxial compression, 1/3 for uniaxial tension and O for
pure shear.

The frictional work of interfacial motion is expressed as a function of
carbon concentrationsince it was assumed that carbon has Highest
contribution to the frictional work118]. The parametety  (in J mot?) is

calculated according to the expresgibh8]:

) p&p pr 78 (5.10)

Theparameter valusefor implementng Equation (5.7) are summarised

in Table 5.2Equation (5.7) has four fixed parametérs {, QandO ) and

six free parameters— ,| , 0 ,w ,30 ,andw ).
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Table5.2 Model parameters famplementation oEquation §.7). Steel designations
are included next tthe values 080  andw

Parameter Parameter valisgn Equation(5.7)

S 17
—L ", inJ mot* MPa!

M»TA

Ay iNJ M?
z, in mol m?

dl o T in m3
T, in P

I <«inJ mot*

LY gcin J mott

-

1. in J mot*

=l
=

-0.822
0.866
0.15
3x10°
0.01

2 x 10"
5.55% 101°

500

-2465 (8620)
-2444 (4320)
-2929 (3310)
-2905 (A485M1)

-2931 (52106QT)

1636 (8620)
1645 (4320)
1429 (3310)
1441 (A485M1)

1429 (52106QT)
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5.3.3Modified critical stress model
The modificationsmade to daptEquation (5.7for calculatingthe, of high-
carbonquenchandtemperedsteelsare presented in this section.

In the earlier works of Haidemenopoulos e{238], [94], the value for
0 was estimatedo be2 x 137 m3. This value is déved from the work of
Cohen et al[125], [126] which is based on fitting Equatiorsq) and (55) to
the experiment al d at asmall pactiohe egperonbntsa n d
using anFe-30Ni wt-% steel[127]. However,0 is found to be in the der of
1.5/4 x 137 m3 when fitted to experimental data from TRIP stg¢&l].

Similarly, the austenite particle volum®, is not a constant value
since it could be influenced by the type of steel and heat treatment employed.
For instanceg has been reported to be 5.55 x4 for a 4340 stedl118]
and 4.18 x 10'® m?® for a TRIP steel[121]. The latter is based on TEM
measurements of austenite particles with a mean radius of R =[128Min
which a spherical volume has been assumedsimplicity. In another work
[129], @ is found to be in the order of & m® based on an undeformed
austenite particle diameter of 0.35 um.

These reports show that the determinationwofiepends on the
measured austenite particle size. While the dispersed austenite partibies in t
works of Haidemenopoulos et §.18], [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 interconnectedtenapered microstructufé]. The size of
retained austenite grains in tempered microstructunesety 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 i)
morphologies, hence the probability of martensite transformation could vary
with morphology and their respective stabilities; the mechanical stability of
film-like austenite is tyjpally higher than blocky austenitélowever,it is
challenging to measure the volume of austergmins with varying

morphologiesbecause it requires higlesolution imaging techniques (e.qg.,
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transmission electron microscopy) to resofiree features suct as filmlike
austenite that are commonly found in between martensite plates.

The determination ob andw is challenging given that they are
materialdependent and require experimental measurementaréhdifficult to
implement An easier approach is to consider the product of these parameters

0 Jw as equivalent to the itial retained austenite volume fraction before
mechanical loadingp . By multiplying0  (appraimately in the order of 0’
m3) with @ (approximately in the order ot0*® md), the product is a
dimensionless quantitypproximately inthe order ofl0!) with a magnitude
that is within the order of typical retained austenite volume fractions.

A similar approachvaspreviously taken by Haidemenopoulos et al. in
which the size effect of austenite particles is expressed as a scaled radius

O o 7 [93]. While the effects of andw arenot explicitly considered
in the modified equation, the advantage of condensing these effects iaio the
term is thato can be easily measured with conventionakexpental methods
such as XRD.

The calculation 08O  for the quenchandtemperedsteelsusing
Equation(5.8)leads taaninaccurate predictioaf,, . This is becausEquation
(5.8)is not valid for the compositiarmngeof thehigh-carbonsteels investigated.
The absence ofoncentration terms that account father elements that can
affect the driving force (e.gnickel, manganeseis another limiing aspecftor
the applicatiorof Equation (5.8)n the present work

Nowadays, it is conveent to calculate the Gibbs free enengigh
thermodynamic software:'O is calculated using Therm@alc software
with the TCFE 8.1 databa$48] in this study Forthe present calculationthe
chemical composition of retained austenite follows tbenposition of the
respective steels in Table 5Mhered @ afterthe evaluation ofo from
Equation (5.1)While it is acknowledged tha@ can vary locally with different
retained austenite grains, especially in carburised specimens, to simplify the
calculations the current work assumes tidat is uniform across the
microstructure. Since thguenchandtemperedsteels were tested at room

temperatug, a temperature of 20°C was used in the thermodynamic calculations.
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In initial calculations of, for the quenchandtempered higitarbon
steels,the, values calculated witEquation(5.7) were significantly higher
than the experimental values (see Table Siice3™O  andw in Equation
(5.7) are the terms that directly vary with chemical composition, the
overestimatiorof , is likely caused by inaccurate valuesstd andw .

Becausemartensitetransformation occurvia the movement of a
glissile interface,the transformation can be suppressed by microstructural
features thatobstruct the mohbily of the interfa@l dislocations. The
composition dependence aof arises from the fact thahe resistance to

dislocation motion was found to vary with solute concentrgéd8h
The limitations of a compositiebhased expression fab (i.e.,

Equation (5.10)) are similar to those described IO earlier.
Haidemenopoulos et gbreviously expresse@d as a function otarbonand
manganese [94], andnickelin [93]. While these linear expressions might be
valid for low-carbon stels or those with simple alloying systems ytlage not
directly applicable to the present stedlkis is becausthe validity of thew
expressions developed [83], [94] and[118] does nottover the composition
of multicomponenhigh-carbonsteelssuch as those in the presamnestigation.
Attempts have beaemade to apply the expression developed by Ghosh and
Olson[43] (which considers mutomponensteelsystem¥in Equation (7) to
calculate, . However thedifferencesbetween thealculatecand experimental
, Vvalueswere significant possibly due to error¢hat arisefrom limiting
assumptiong thew expressiordevelopedy Ghosh and Olsoj43].

In subsequent calculationsing the modified critical stress model,
where 0 Qw is replaced withw , it was found that reasonabalues of, can
be obtained without including in the calculationgsee Tablé.4). It is likely

that thecontribution ofw to the energy balance was incorpethin the

o7 o7

term, such thathe net differencdetweens"O with

2
andO results in, calculations that are close to experinanalues.
It is acknowledged thdhe exclusion ofv from themodified model
removes the effect of solute concentratmmimpedingthe mobility of the

martensitic interfaceHowever the application of @ expression that is not
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valid for high-carbon, quenclandtempered steelsresuls in incorrect
calculationsof, . To t he best of t heeeisauudnttymor 6 s knowl
W expression that is suitabfor high-carbonsteelswith quench and tempered
microstructure The developrant ofsuchaw expressioris a task for future
work.
The values for the ternis,”, "QandO in the modified modeére
0.15 J %, 3 x 10° mol m?, 0.01, and 500 J nid] respectively94], [124]. The
constant is obtained by fting the measuregl values of the queneand
tempered steeld], [5], [102] with other terms in the model, using the curve
fitting toolbox in MATLAB. This yields a value of 094+ 0.02).

If martensite transformation is assumed to initiate on thestm
favourably oriented nuclei, the value-6& is - 0.86 J mol MPa® when the

stress state is in uniaxial tens{@@0]. This applies to all the steels in the present
work since they were subjected to uniaxial tensile tests.

Therefore, the wdified critical stress model is expressed as:

———— 30 0 _8 (5.10)

<
e-
<

The parameter valuesfor implementing Equation (5.11) are

summarised in Table 5.&quation (511) has four fixed parameters (”,"Q

andO ) andfourfree parameters{— | ,® ,and30 ). Note that
the number of fre parametersr Equation (5.7) has been reduced fromtsix
four in Equation (5.11)py replacing 0 andw with @ and removing

@ . This shows that the modified model requifewer free parametert
calculatethecritical stresof martensite transformation ligh-carbon quench

andtemperedsteels.
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Table5.3 Model parameters fomplementation oEquation (5.11)

Parameter

Parameter valisan Equation $.11)

— " in J moit MPa!

Ay inJ N7

z, in mol m?

I <«inJ mot*

=== . 1
T Jmcin J Mol

-0.86
0.79
0.15
3x10°
0.01

500

-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(521006QT)
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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, as afunction of appliedruestress,, is presented in this section.
Martensite transformation occurs wh&0 Y0° . If the steel is
mechanically loaded at a constant temperaif@, is assumed to remain
constantThe martensitic transformation is solely driven®® , which is a
function of, . For the steelsinvestigatedin this work & was observed to
decrease with) when,, is greater thap [1], [5], [102].

If the change in the martensir@étion'Q w for a given increment qf
is proportional taw, then

o O wh (512

whereu is a constant.

Sincew ® W, integration of Equation (5.)3jives
T 1T 0,8 (5.13
Equation (5.8) can beexpressed as

® ® XNwyd, , h
where (5.14)
w w0 ,8

Since retained austenite starts transforroimlg when,, is greater than
, ,thew when, , issetto bequal tow . The term)d (MPa?) represents
the slope of the function, and is derived by plottinggkperimental values of
I o 1 t versus, , for the linear, decreasing segment of the
experimental transformation curved, [5], [102]. The values ob derived for
8620, 4320, 3310, A48BI11, and 52108QT steels are4.948x 10, -5.108 x
104, -5.389% 10%, -7.307x 10% and-6.09x 10* MPa?, respectively. A value
of b =-5.768x 10*is obtained fronthe average of thé values of these steels

andthis valueis applied in subsequent calculations using Equa&di¥,
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5.5 Determination of experimental data

The experimental values qf and w are determined from the retained
austenite volume fraction and tragessmeasured durinthe uniaxial tensile
tests of the steel3hese tests were performed using neutddfraction (for
8620, 4320, 3310, and A4881 steels) and synchrotron XRD (for 521Q0
steel). The models were validated with measyredndw from experimental
datasets provided by the respective autfirg5] for the first group of sts,
while the experimentagl andw values for 5210@T steel were obtained by
digitising the results reported jh02)].

The authors in[1], [5], [102] did not define a procedure for
determining, from the transformation curves. Therefpthe selection qf
was arbitrary and most likely corresponds to the highest valuehbafore an
apparent decrease b was observed. The same approagds adopted to

determing, from the experimental datasetstioé steels in tk present study.

5.6 Results

5.6.1Calculated critical stress for steels with quenelandtempered
microstructures

The calculations of are performedaccording to the original and modified
critical stress model8/alues of the model parametenedescribed inTables
5.2 and 5.3.

Table 5.4 shows the experimentally measured and calcylated the
guenchandtempered steelsas mentioned in Table 5.1The, values
calculated using Equation (5.7) are higher than the measured values for the
respectivesteels, whereabe calculated values from Equation (5.11) are closer
to the measured valueshe difference between measured and calculated
values forthe 8620, 4320, and 331€ieelsare within £45 MPa, whereas those
for the A485-M1 and 52106QT steels are within 345 MPa. Despite the
differences, Equatiorb(11) performs better than Equatios.{) in calculating

, for quenchandtempered higitarbon steels.
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Table5.4 The measured and calcuddi, for the quenclandtempered steels.

Calculated, / MPa

Steel Measured Equation (5.7), Equation (5.11),
MPa original model  modified model
8620 441 3987 453
4320 592 4023 592
3310 785 3170 830
A485-M1 1058 3214 715
52100QT 1140 3168 946

5.6.2Calculatedcritical stressfor steels with alternative microstructures
The application of Equation5(11) in steels with other microstructures is
assessed by calculating the critical stresses for martensite transformation in
bainitic and quech-andpartitioning (QP) steels. According to Tablé,5the
steels are labelled according to their respective designati¢phsdh(for A485
steel) and[102] (for 52100 steel). The heat treatments of these steels are
described irf102], [119] The,, is calculated with Equatiorb(11) according
to the procedure irBection 5.3.3 The 6 for the steels is calculated with
Equation 6.1). The concentrations of the other alloying elements are assumed
to follow the respective compositions of thé85-M1 and 52108QT steels in
Table5.1.

Table 5.5 shows the measured and calculatedalues for bainitic and
QP steels. Wen comparinghe steelssubjected to the same type of heat
treatment(i.e., A485-B1/B2; 52100B220/240/260; 5210QP220/240),the
measured andalculated, values increase when the magnitude-& is
smaller and whed decreases. Despite the ability of the model to correctly
predict the variation of with @ and3'O , the differenes between the
measured andalculated, valuesarelarged on the order of £13800 MPa.

Possible reasons are discussefiaation5.7.1.

74



Table5.5 Material parameters, measured and calculateor other steels.

Steel W 0 30 Measured, Caleulated,
Equation (5.11)

wt-% J mol! MPa MPa

A485B1 0.177 0.93 -2345 722 1057
A485-B2 0.091 1.016 -2145 1436 2257
52100B220 0.16 0.651 -3130 700 261
52100B240 0.136 0.757 -2874 901 765
52100B260 0.085 0.852 -2650 1070 1802
52100QP220 0.196 0.727 -2946 731 248
52100QP240 0.127 0.808 -2753 830 1001

5.6.3Calculatedretained austenite volume fraction®r steels with queneh
andtempered microstructures

Fig. 5.1 shows the variation @d with the measured true stress of the quench
andtempered stee[d], [5], [102], wherew is calculated with Equatiorb(14).

The region of mechanical stability is indicated by the portion of the curve where
@ remains constant. The tratish point on the curve represents the onset of
martensite transformation when ,, . A comparison of the curves shows that
the transformation initiates at later stages abecomes higher. Based on Fig.
5.1, 52100QT has the highest and therefore, the most mechanically stable
retained austenite among the queaokitempered steels. The curves predicted

by Equation $.14) agree well witithe experimental data.
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Figure 5.1 Measured and calculated retained austenite volume fraction of
with quenchandtempered microstructure.

5.6.4Calculatdretained austenite volume fractiofts steels with alternative
microstructures

The utility of Equation (5.14s assessed by calculating thefor the bainitic
and QP steels described3ection 5.6.2. The calculation is performed by setting
, according to the measurgd values of the respective steels in Table 5.5.
The model is also applied to predict the transformation diamva TRIP steel
that was tensiktested at 293 H4]. Since the TRIP steel showed immediate
retained austenite transformation upon loadings calculated by setting as
0in Equation (5.14). According to Fig. 5.2, the transformation cualeslated

with Equation (5.14) show good agreement with the experimental data.
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Figure5.2 Measured and caltatedretained austenite volume fractgwf bainitic
QP and TRIP steel§he transformation curves are shown in separate plc

clarity.

5.7 Discussion

5.7.1Critical stress of retained austenite transformation

Referringto Table5.5, steelssubjected to the same type oBh&eatmenti.e.,
A485-B1/B2, 52100B220/24/26Q and52100QP220/240) exhibit higher

values when the magnitude ®00
smaller magnitude 'O

retained austenite is more resistant towards martensite transformatiocmjsvh
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caused by a higher . This indicatesa higterretained austenite stabilityhich
meanghatthe martensite transformation initiates dtigher,, .

The, is alsoobserved tdncrease witha lowerw . However, it is
challengng to analyse the effecif w on the calculation of separatelyrom
chemical composition effectsThe A485M1 and 52108QT steels are
considered as an example. Although both steels have very sim{féable 5.1),
the magnitude of th3"0O  for 52106QT is 149 J mot higher than that of
A485-M1 stee] presumably due to the effect of other alloying elements on the
chemical driving forcelf the critical stress is consideredlgron the basis of
chemical composition via #themical driving force, then the of 52100QT
steelis expected to be lower thahat of A485M1 steelbecause of lower
retained austenite stability.

However,the measureg of 52100QT (1140 MPa) is higher than
that of A485M1 (1058 MPa)This is most likelybecause the 5210Q0T steel
has a lowery than the A488M1 steel, which corresponds to a higher amount
of martensite in the microstructupefore thesteel was mechanically loaded

According to Xiong et al[54], the martensite lates, 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 transformatiorf54]. They also proposed that the hydrostatic
pressure induced by the residual stress generated in the microstructure could
hinder martensite transformatiomhich is accompanied by volume expansion.

Since w replaces the product) o in the critical stress
mode] the termw colledively represents theaumber density ofmartensitic
nucleation gesand austenite particle volumé&he physical meaning of this
representigon is thata lowerw indicatesfewermartensitic nucleationitesso
thatthemartensite transformation is triggeraad detectedt a higher, .

These reasonsould explain why 52100T has a highey than
A485-M1 because of a Werw , an effectthat is reflectecby the modified

critical stressnodel.
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In Table 5.5majordifferences are observed between the measured and
calculated, values for bainitic and QP steeBainite is reported tdominate
the bainitic and ® microstructures of the corresponding A4B859] and 52100
[102] steelsThereforethe large differences in aremost likelya result othe
influence of bainiteon the load partitioning behaviouthus, its subsequent
effect onaustenite stabiltis not considered in the modified critical madel

When a composite microstructure containing phases of variable
properties is stressed, the soft phase that is more disdtile first to deform
plastically The deformations followed by work hardenindglhe load will be
eventually transferred to the harder phs9]. Therefore, in a microstructure
containing phases of varying strengthise critical transformationstressof
retained austenitelepend on the mechanical response tbe surrounding
phasesvhen deformation is applied.

Referring toa study oraustenite stability and strain evolution in TRIP
assisted steelss an examplfL31], the matrix composed of ferrite and bainitic
ferrite was found to have the lowest ldaglaring capacity, followed by
austenite and martensite. The authors edportedthat the transformation of
austenite into martensite in the steel with more bainitic ferrite occurred at later
stages of the deformation due to delayed wmakdening of the matrix
microstructurg131]. These observatiortan berelated taherelativestrengths
of the phases presentthe microstructurgl32].

According tothe work ofFosteret al.[102], the,, increases witld
and the amount of bairgtferrite in the steels wittbainitic (.e., 52100B) and
QP (i.e., 52100QP) microstructuresHowever, hese steelbave a lowey,
thanthe52100QT stee] which has aemperednartensitemicrostructureThe
varying austenitestabilising effects conferred by these different matricesew
attributed to the presence of nacerbides and local straining of the bainitic
ferrite surroundinghe austenite grainfl02]. These observations point to the
majoreffectof the surrounding matrix on austenite stayailit

Currently, he modified critich stress modeldoes not explicitly
consider the austenistabilising effect of the surroundimgatrix microstructure.

Since the model parameters are fitttdsed on the composition dan
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microstructure oftempered martensitic steels, the calculated with the
modified model is expected to differ significantly from the measyredf
steels withothermicrostructuresTheincorporation otthe austenitestabilising
effectsby the surrounding matrixn relation to some of the aforemtioned

factorsis considered for future woidn the critical stress model

5.7.2Kinetics of deformatioimduced martensite transformation
Based on the measured and predicbeds shown in Figs5.1 and5.2, the
application of Equation5(14) appears tavork for all steel microstructures in
the current investigation. However, the model may underestimate f(®.g.,
A485-B1 steelin Fig.5.2) or overestimate (e.gor 52106QP220steelin Fig.
5.2) w during retained austenite transformation. Thisasausehe average)
value as mentionedn Section 5.4, i.e.,0 = -5.768 x 10, is applied in all
calculations which may beslightly different from the) value obtainedrom
each dataset

Nonetheless, thenodel pedictions are in good agreement with
measured values, demonstrating that the model can predict the retained
austenite fraction for stressduced martensite transformations ihe
investigated steet 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 tledtical stressmodel, the influencesof

3’0 andw on, are examinedA parametric analysisf Equation (5.11)
is conducted by calculating the of 8620 steel (see Table 1) across a range of
30 andw values while keeping the other paramgteonstant.

Since 30 changes with chemical composition, the effect of
chemical composition is assessed by calculatingacross a range of
concentrations for the austenite stabilisarartjon manganesenickel) at a
constant tempetrare of 20°C ando of 0.43. Based on Figh.3a, the,
increases with higher concentrationscairfbon, manganese, and nick&he

austenite stabilising effect of these elements raises the free energy required to
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initiate martensite transforman. Since YO y0° to initiate

martensite transformation, a higlee©  is needed, which is indicated by a
higher,, . Furthermore, the rate of increase inper wt% alloying element is
highest forcarbm, followed bymanganesand themickel. This observation
agrees with the reported austenite stabilising potencies of these elgi88hts
where carbonis known to be the strongest austenite stabiliser, followed by
manganesandnickel.

The effect of tenperature or) is studied by calculating at-60°C
to 160°C, according to the chemical composition of 8620 steel anaf0.43.

The selected temperature range is based on standard service temperatures for
bearingd34]. The martensite transformati is less likely to occur at elevated
temperatures because there is less undercooling available to provide the
required thermodynamic driving foraarough3O . Thus , increases

with temperature (as shown in Fi§3b) because a highefO 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 rangfe-60°C to 50°C, the authors reported decreasing
transformation amounts with higher testing temperatures and speculated that
little stressinduced retained austenite transformation occurs above[@8]C

The experimental findings of Kulin et §134] also demonstrated that
stressinduced transformation decreases as the testing temperature increases
progressively above the temperature of a 0.5€0Ni (wt-%) steel (assumed
to be-37°C). They reported that martensite transformation was barely observed
at 0°C and nomxistent at 20°C, showing that strésduced transformation
occurred within a narrow range betweenhetemperature and approximately
40°C above theé . Based onthe equation developed by Bohemi@&T], the
0 temperature of the 8620 steel is approximately 136°C. Thus, it could be
implied that minimal or no stregsduced transformatrowould occur in 8620
steel at testing temperatures higher than 136°C.

The variation of, with & is evaluated by calculating the of 8620
steel at a temperature of 20°C and settngo 0.8, 0.9, and 1 wkC,

respectively. The agwentrations of other alloying elements follow that of 8620
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steel in Tablé.1. According to Fig5.3c, the, increases witld at a constant

@ . Wheno is constant, the decreases with increasiog . This trend is
corsistent with the measured of the quenckandtempered steels (Tabied)

with respect to theiw (Table5.3), where 8620 steel has the lowest measured

. 0f 441 MPa but the highest of 0.43. In Table 5, steelssubjected to th

same type of heat treatmeatso showed higher with lower w . The
observation that a higher retained austenite fraction leads to lower critical stress
for martensite transformation agrees with the findings of Alley and[hN&j;

the authosdescribedhe variation of, with @ through arempirical equation

Strictly speaking, the relationship betweenandw is linked to the
chemical composition and heat treatment of the steel. Considering the 52100
bainitic stels in Table 5.1 (B220/240/260) as an example, the increasing
bainitic treatment temperatures result in higher amounts of austenite
decomposing into bainit02], as the remaining austenite becomes enriched
with carbon due to carbon partitionif30]. This leads to a lowe® and
higher6 , 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 meditimanganessteel with loww thatcontained 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 Equatiob.{1), the model has its limitations. The main
constrain of the model is the range of chemical composition@nudalues that
were used to develop the model parameters. Consequently, the model predicts
negative, values in certain conditions: below 0.8-%{C (Fig. 5.3a); at
temperatures belov60°C (Fig.5.3b); aboved 1@ uvhend  T@® wt-%C;
and abovey T whend  T@@owt-%C (Fig.5.3c).

Equation §.11) predicts a negative value wherg'O is greater

in magnitude than the energy barrier to martensite flvsemation, which is

defined in the terms—>2— andO . This could imply that the delayed

deformationinduced transformation of retained austenite into martensite does
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not occur or occurs shortlytar mechanical loading. The latter scenario applies
to low-carbon TRIP steelpt], [59]; in this case, theritical stressmodel of
Haidemenopoulos et §04] might provide better predictions pf .

Another reason for the prediction of a negatives because the same
value off (0.79) is applied in all calculations. The value| ofvas previously
reported to be 0.866 by Haidemenopoulos et[%2], [94], [118], [136]
However, Olson et aJ126] reported a value of 1@ 1 which they obtaied
by bestfitting Equations $.2) and 6.5). In the process of fitting for the
guenchandtempered steels, it was found thas sensitive to carbon content.
A lower| value results in reasonable predictiong ofvhend is lower than
the current threshold of 0.8 WwbC (see Fig5.3a).

This observation agrees with recent work by Haidemenopoulos et al.
[121] and Polatidis et aJ129] on low-carbon TRIP steels, where a valuddif
was used fothe shape factgr. Haidemenopoulos et glL21] reported that the
value off should be lower for steels with retained austenite that is less stable.
Referring to Equation (5), a low value of results in high) , which implies
a higher density of potent martensitic nucleation siiess dependent on the
potency of martensitic nucleation sitewhich 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 valuasoéxpected to
be higher when predicting for retained austenite grains with higher stability,
as is the case with the higlarbon steels in the present investigation.

The utility of Equation %.11) can be extended by assessing the
mechanical stality of the retained austenite in higlarbon steels in other stress
states. For example, retained austenite in a-cadmirised steel has been

reported to transform into martensite undelling contact fatigue(RCH
conditions [2]. The— parameter in Equation5(11) should be modified
accordingly when the stress state is different.

The parametric analysis of Equatidhll) showedthat, increases
with higher austenite stabilisecgrbon, manganese, nickeloncentrations,
higher tempeatures, and loweb . 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 limitirg factor for the application of this model, as it is
expected to change with other steel compositionsuandespite the model
constraints as imposed by the composition and experimental conditions of the
guenchandtempered steels, this model cae éxtended to other steels by
deriving the relevant material parameters following the procedwtinedin
Section5.3.
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Figure5.3 The change iwritical stresg as a function b(a) solute concentratic
(b) temperature; (ap .

5.9 Model applications

Potential applications for the critical stress and austenite voluaction
models are explored in this sectiétrevious research has indicated that higher
amounts of retained austenite increasd@€ life of bearingg137]i [144]. On

the contrary, Morris and Sadeg}#] have reported that higher amounts of
retained austenite do not automatically improveRI@F life of bearings; the
underlying reason is that the high stability of retained austenite restricts its
transformation into martensite when subjecteR@¥-stresses. They found that
the benefits of retained austenite to the improvemeRGH life, regardess of

its amountare realised only when its stability is below a threshold that allows

martensite transformation during deformation.
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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 6.19 in selecting chemical compositions and processing parameters
for alloy design.

The first exam[e explores different alloy compositions for defined
ranges of, . By setting a temperature of 20°C andof 0.43,, is calculated
within a composition range ofi @ wt-%Mn and 03 wt-%Ni, in steps of 0.1
wt-% Mn/Ni. The concentrations ahrbon and other alloying elements follow
that of 8620 steel (see TalBel). Fig. 54a shows the requirethanganese
nickel combinations in austenite as is varied, in which higher concentrations
of manganesandnickelincrease, .

The, values calculatedn Fig. 5.4aassumd that themanganese
concentration in austenite is identical to the bulk concentration. In prabice,
effective concentration of manganese in austenite could be lower because some
manganese is logitrough the forration of MnSinclusiors in steels.

In bearing applications, the chemical composition should be selected
sothat retained austenite remains stable at the applied loads during service. Fig.
5.4a can be used as a guide to select suitable alloy composaromslefined
range of, . Since the price of manganese is lower than nid], using a
high manganeséow nickel combination may make it possible to manufacture
bearings at significantly lower prices than those alloys in current use.

Fig. 5.4b sows the stresmduced transformation progress of retained
austenite for variousmanganeseconcentrations when the deformation
temperature ancdhickel concentration are fixed at 20°C and 0.1-%t
respectively. As the manganese concentration increases, rteisite
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 manganesaickel combinations that optimise martensite

transformation (i.e., t hamoumtToRétdhede f f ect 0)

austenite; this is useful in metal forming operations.
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Figure5.4 (a) Required Mn and Ni concentrations for a range of critical stre:
a deformation temperature of ZDandw of 0.43; (b) dange in retained auster
volume fraction @ with applied stress for selected compositions.

The second example explores different alloy compositions for a
defined range of at various deformation temperatures. Settings 0.43 and
following the compositiorof 8620 steel, the calculation is performed within a
temperature range e0°C to 80°C in steps of 10°C and 0.05%tMn/Ni. The
calculation is also constrained to compositions that resplt between 400 and
500 MPa (noting that the measutedof 8620 steel is 441 MPa). According to
Fig. 5.5a, the concentrations mfanganesand nickel required to achievg
within the target range increase with lower deformation temperatures. Since
retained austenite transforms more easily into matéens low temperatures
due to greater undercooling, a higher concentration of austenite stabilisers is

needed to maintain austenite stability.
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It was also found that exceeds 500 MPa when the deformation
temperature is above 80°C. Fighb showste changes it with ,, at different
temperatures. The composition is set as 0-3MiNi (wt-%) because this
combination is closest to that of 8620 steel (see Talile As temperature
increases, martensite transformation occurs at higher critieases with lesser
retained austenite remaining after the stress is removed; no transformation
occurs at 120°CConsidering the service temperature range for most relling
element bearings.e., ranging from50°Cup to the order of 120 to 1505 (34],
the dimensional stability obearings are critical as fluctuations in service
temperature can induced retained austenite decomposittwrefore, the
information from the calculations shown in Fagb canaid thedesignof bearing
compositions that optimi€ retained austenite stability against the
transformation induced by temperature fluctuations, which is crucial for

bearings operating in extreme environments.
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Figure5.5 (a) Required Mn and Ni concentrations for deformation temper:
between-50°C and 80C with,, values within a range of 400 to 500 MPa;
change in retained austenite volume fraction with applied stress for
composition of 1.4M¥0.3Ni (wt-%) within a temperature range -@0°C to 120°C

The examples havéhswn the utility of the models ipredicing the
parameters for optimaugenite stability in bearing applicationsnce a target
stressand/or strain are definetHowever, the influence of heat treatments and
manufacturing processes should also be considered, as the models do not
explicitly account for these factors. For instanavhile it is known that
manganesean promote austenite stability as welhakelbut with higher cost
effectiveness, excessive amountsrmEnganesean cause surface and internal
oxidation in carburised steeld46]. Therefore, these models should be
implemented together with other manufacturing considerations to inform the

design process of new bearings.
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5.10Conclusions

In this chapter, models for predicting the critical stress and progress of
deformationinduced martensite transformation in higdrbon geels have been
developed. The critical stress model (Equatiénll)) was developed to
overcome the limitations of existing models when predicting high-carbon
guench and tempered steels, which exhibit delayed retained austenite
transformation nder applied stress. Comparedeguation (5.7), i.ethe model

of Haidemenopoulos et l.18], Equation$.11) requires fewefreeparameters

(i.e., reducedrom six to foul). Calculations of, with Equation (5.11pare in

good agreement withneaswedvalues from the investigated steels

Equation (5.11)considers the influence of chemical composition,
deformation temperature, and initial retained austdraietion on, . Higher
austenite stabiliseconcentrationsn the compositioror higherdeformation
temperaturesesult inaustenite that is more stable against transformatiese
effects are representbg a smaller magnitude afO . Alower @ indicates
fewer martensitic nucleation siteswhich meansthat the martensite
transformatiorunder applied stresgcurs ag higher,, .

Since thecritical stressmodel was developed based on steels with
microstructures that consist primarily of tempered martensite and retained
austenite, the accuracy of the model predictidimsinishes when applied to
steels with other microstructures. In contrast, the modetdtoulatingthe
transfornmed amountsf retained austenite under applied stress (Equéiidd)f
was found to perform welhen applied tsteelsthat exhibit {.e., high-carbon
steel$ or do not exhibifi.e., low-carbonsteels) the delayed retained austenite
transformation phemoenon

A parametric analysis of Equatio®.{1) showedthat, increases
with higher austenite stabiliser concentrasidngher deformation temperatures,
and lowerw . Besides identifying the limiting conditions of the model, the
analysis highlighted the sensitivity of the shape facttw material peameters,
notablyd . Potential model applications have been explored. It is anticipated
that these models can be useaith thedesignof new alloy compositions for

bearings with optimal retained austenite stability and-effsttiveness.

89



Chapter 6Design ofa highmanganesearburised
steel

The aim of the work in this chaptes to describe the design process of a new
highhmanganesearburised steel. The criteria and approach for designing the
new steelwere defined based on previous research and indutndards.
Thermodynamic calculationswere 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 isa carbuising-gradesteel that is commonly used in bearings for
wind turbines. Its highnickel content enhances hardenability by ensuring
austenite remains stable in heat treatment and facilitating martensite
transformation in practical cooling conditiof§. However,nickelis expensive,
hence its high concentration the alloy (up to 3.5 wA% [34]) makes it an
expensive steel grade for bearing applications. Althaaghonis 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].

An economical alternative to ensure adequate hardenability is to
increase themanganeseontent[7]. Fig. 6.1 shows thalloying surcharge of
nickelandmanganestr hot-rolled steelbarsmanufactured by Ovako AB from
September 2021 until August 202247]. The surcharge omanganeses
markedly lower thamickel, and its \alue has remaired relatively constant
throughout tis time-period, implying that its market price is more stable than
nickel.

The parametric analysis Section 5.8has also shown that the rate of
increase in, per wt% alloying element fomanganesis higher thamickel,

and the difference i at a given wi% Mn/Ni becomes smaller as the
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concentration of the respective solutes increases. Takiag an indicator of
retained austenite mechanical stability, the analysis stith&tmangaesehas

a greater austenite stabilising effect tinéskel, and appropriate concentrations
of manganese&an be added to readévels of,, similar to that of nickel.
Therefore, these observations motivate the design dfigh-manganese
carburised st with austenite stability comparable to thegh-nickel AISI 3310

stee| yet with potential lower material costs.
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Figure6.1 Ovako ABalloying surcharges for Ni and Mim hot-rolled steelbars
from September 2021 to August 20227].

6.2 Alloy design criteria

The primary design criteria of the new steel are sufficient hardenabilityigind
hardness for bearing applicatior@nce the objective of designiagew steel

is to compare the relative effectsmmanganesandnickel on retained austenite
mechanical stability, théigh-nickel AISI 3310 carburisedsteel (denoted as
fireference steelhereafter) reported ithe work ¢ Bedekaret al.is used as a
benchmarl1]. The martensite percentage and case hardness of the reference
steel are 69.5% and 58.22 HRC, respectiyE]ly The martensite percentage is
deduced from the reported retained austenite percentage (3@&&RoLGh
carbides were present in the microstructure, XRD data provid&ddgkaret

al. confirmed that the reference steehsistanainly of tempered martensite and

retained austenite, and the amount of carbideshateportedl].
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According to the resultsniChapter 4a higher amount ofeenentite
dissolvedduring austenitisationesults inmore carbon dissolved in austenite
leading to alower 0 temperature While the presence of cementitean
influence the amounts of austenite and martensite aftegnguing, the
austenitisation step during heat treatmeah be tailoredo minimise the
detrimental effects of cementite on austenite stabiliherefore,any effects
related to cementitare not considered the design of thenewstées c he mi c a l
compodgion.

The design criteria of the new steeé defineds follows:

1 Using martensite percentage as an indicator of hardenability, the new
steel is targeted to have a martensite percemtag@% or above.
Case hardness within the rangeé8fto 64 HRC [34].
The mechanical stability of the retained austenite should be asasable

thatin the reference steel

6.3 Alloy design approach

Based on Bhad e stheefici@rg depign of aiovel siedd, Fij.o r

6.2 illustrates the process flow to datene achemicalcomposition that meets

the design objectives artle 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 developmat 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 constraimsthe current workthe design
process of the new steehasonly implemented until step (6).he rest of this

chapter discusséle calculations and experiments that were perfoimstéps

(1)i (6).
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Figure6.2 Schematic of the design process. Adapted ffdm

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 extertid whichthesteelis hardenegthat is,by forming martensite
at depth upon quenching from the austenitisation temperature. Inadequate
hardenability an lead to ineffective tempering, which affects the homogeneity
of mechanical properties throughout the steel compodefdr example, by
forming undesired phases such as bainite and pgadigd

The calculations presented here are modelled after amp&
published by Therm&€ al ¢, O Har denab[148] Thgsofivare i gn o f
used in the following calculations was Ther@alc version 2022alongwith
the TCFE11 and MOBFEG6 databases $twels/Fealloys [48]. Since the new
steel was designed ek on the reference stefdl], the austenite chemical
composition for the calculations wast ad=e0.799G0.45Mn-0.26S#1.51Ck
3.39N+0.06Mo (in wt-%). The 6 of 0.799 wt%C was calculated using
Equation5.1, hence it differs from thé (0.92 wt%C) of the 3310steelas
reported in1].
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Basedon ThermeCal c6s St eel Mo del Library,
performed using the following property models: TimBemperature
Transformation (TTT) Diagram, Martensite Fractions, Pearlite, Bainite, and
Continuous Cooling Transformation (CCT)
grain size of 100 um was applied in all calculations because the grain size of
the reference s¢¢was not reported ifi]. 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 #9].
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Table6.1 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
Stari end temperature (K) 1000'100
Parent phase Gibbs energy addition (J/mol) 0
Pearlite criterion Maximise growth
Pearlite mode Optimal pearlite
Logl10 [cooling rate (K/s)] 0
Calculation Type One axis Grid Grid Grid One axis
Grid Definitions
Mini max temperature (K), no. of steps 1001 1000, 100
MinT max mass percent Mn/Ni, no. of steps 0i 4, 20 0i 4, 20 0i 4, 20
Mini maxlog 10 [cooling rate (K/s)], no. of steps -3.0r2.0, 20
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6.4.1TTT diagram
The TTT diagram is used as a starting point for examining steel hardenability.
This approach is simplified because the transformation kineticg under
practical, continuous cooling conditions. Steels with high hardenability are
expected to have a high martée percentage at room temperatanel long
start times for the formation of nanartensitic transformation products (e.g.
bainite, pearlite) as austenite transforms during cooling. Fig. 6.3 shows the
calculated TTT diagram of the reference steel. Thewar indicate regions of
high hardenability, which are defined as follows:

1 High0 temperatures to ensure high martensite percentage at room

temperature (blue arrow).
1 Long start times for the formation of nomartensitic transformation

products such as pearlite and bainite (orange arrows).
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Figure6.3 Calculated TTT diagram of the reference steel.
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6.4.2Pearlite formation
The 06nos e érlitecclirve inhFgy. 6@B(ee., the earliest start time
corresponding to 2% of pearlite form)eappears at approximately 890 Rhe
pearlitepropertymodelin ThermaCalc[148] is used to assess the influence of
alloying elements opearlite formatiorirom austeniteAccording to[149], this
model describes the thermodynamics and kinetitiseopearliteransformation
Pearlite start times were calculated as a functiomahganeseand
nickel concentrations @90 K. The concentration of carbon and otlements
were kept constant; theonditionapplies to other calculations presented in this
section.Mehl [150] reportedthat alloying elements such asanganeseand
nickel reducepearlite nucleation and growth ratedisplagng the formation
curves to loger times Fig. 6.4 presents contour curves corresponding to
pearlite start times of 50 s, 100 s, 200 s and 300 s. The results shdhethat

increasingnanganesandnickel concentrations delay pearlite formation.
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Figure6.4 Start times for pearlite (2%) formation as a functiomahganesanc
nickel concentrations for thesference steel at 890 K.
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6.4.3Bainite formation
The &édnosedite aurvein Rigg 6.D(kei, the earliest start time
corresponding to 2% of bainite formeappears at approximately 690 Khe
bainite propertymodel in ThermeCalc[148] is used to assess the influence of
alloying elements on bainite formation from anste According to[149], this
model describes the thermodynamics and kinetics didhete transformation.
Bainite start times were calculated as a functioomahganesand
nickel concentrationst a temperature of 690. Khe concentration of carbon
ard other alloying elementaere kept constanfThe addition of astenite
stabiliserssuch agnanganesandnickel depresghe bainitestart temperature,
although carbon is knowto have the greatesifluence on this temperatufg|.
Fig. 6.5 shows the comdir curves corresponding to bainite start times of 50 s,
100 s, 200 s, and 300 s. The results showtttesincreasingmanganesand

nickel concentrations delay bainite formation.
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Figure6.5 Start times for bainite (2%) formation as a functionmainganesanc
nickel concentratioafor the reference steel at 690 K.
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6.4.4Martensite percentage
The martensitefractionspropertymodelin ThermeCalc [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 treghermal martensite
percentagdased on the available driving fordég 6.6 shows the predicted
martensite percentage as a functionnonganesand nickel concentrations.
The contour curves represent the formation of 70%, 80%,, @08 95%
martensite.

The results show that increasimgnganesandnickel concentrations
leads to lower martensite perteges.The minimum martensite percentage
targeted to formin the new steel iset as70%, 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 peragatis higher than

70%andhas ananganeseoncentration of just under 3.6-%4.
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Figure6.6 Martensite percentage of the reference steel as a functiangfanes
andnickel concentrations at 293 K.
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6.4.5Selection of alloghemicalcomposition

The composition of the new steel is determined based on the plots of pearlite

formation, bainite formation, and martensite perceetay room temperature.

By superimposingFigs 6.416.6, 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 highghan 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 concertiom is limited to 3 wi%, lower than the

3.39 wt% Ni of the reference stefdl], 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 allowableanganesand nickel concentrations of the

new steel are restricted to 1315 wt% Mn and 03 wt-% Ni, respectively.
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Figure 6.7 Composition range of the new steel based on superimposition
pearlie formation, bainite formation and martensite percentage plots.

100



Based on the defined chemical composition range, the selected
mangaese and nickel concentrations are 3 Wb and 0 wA%, respectively.
Althoughnickel is normally added tearburisingsteels to increase toughness,
it also increases the amount and stability of retained ausfébitg Therefore,
nickel is notincludedin the new steel so that the effect minganesen
austenite stability can be siied without any influence fromickel.

The manganese concentratiohthe new steels selected as 3 v
with respect to the nickel concentration of the reference st8et-06) in order
to facilitate a ongéo-one comparisoof the effects omanganesand nickel on
austenite stability It is acknowledged that the effective manganese
concentration in austenite could be lower (~2:860In) due to the formation
of MnS inclusions in the steel. While thiaplies thata oneto-one comparison
might not befully achieved the manganese concentration is selected as such
becauseany highermanganeseoncentrations could cause processing issues
[148].

By maintaining the concentrations of other alloying elements identical
to those in the reference sté¢g], the thiemical composition of the new steel
before carburisation is defined &&0.1G3Mn-0.26S#1.51Cr0.06Mo (in
wt-%0).

6.4.6CCT diagram

ThecalculatedCCT diagrams of the reference and new steels are shown in Figs.
6.8 and 6.9, respectively. According to thesergs, the new steel is expected

to have a hardenability similar to the reference steel and thassimilar
martensite percentage at room temperature. This is deduced by comparing the
mart ensi t ewithnt therfigudes whére thes transformation begi
around 400 K for both steels. Further, the formation of-mantensitic
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 rat® be achieved before pearlite starts forming.
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6.5 Critical stress and retained austenite volume fraction of the designed

composition
In order topredictthe mechanical stabilityf retained austeniia the new steel

based on the designed composititecritical stresg, ) andretained austenite
volume fraction(w) are calculated according to Equations (5.11) and (5.14)
from Sections 5.3.3 and 5.4, respectivdly.order toperforma oneto-one
comparison ofhe relative effects ahangaeseandnickelonaustenite stability,
the calculatedraluesof, andw of the new steedre compared against those
of a steelvith 3 wt-% nickel and withoutmanganesehis steel iknownas 3Ni
steel hereafteiThe weight percentage of nickei the 3Nisteelis identical to
the weight percentage of manganese in the new steel-¢3Mm), while the
concentrations of other alloying elements in both steels are identical.

The austenite compositiorfer the new steel and3Ni steel areset as
Fe-0.799G3Mn-0.26St1.51Cr0.06Mo and Fe-0.799G3Ni-0.26Si1.51CF
0.06Mo (in wt-%), respective}l. The carbon concentratiafollow the carbon
concentration in retained austen(te) of the referenc¢3310 steel as lsown
in Table 5.1 (Section 5.2). The initial retained austenite volume fraction before
mechanical loadin@w ) is setto a value of 0.31; this follows the of the3310
steel aslsownin Table 5.3 (8ction 5.3.3)lt is assumed thab is controlled
by heat treatments that can be tailored to achieve similar values.

The calculatedvalues o0 ,, andw areshownin Table 6.2.

The values of other parametdrs calculte,, according toEquation (5.11)

(— , | [ ,7,"QandO ) are identical to thosshownin Table 5.3

(Section 5.3.3)In order to calclate w according tdEquation (5.14), the value
of the appliedrue stress () is taken as thexperimentally measurddacture
stress of the 3310 steéke., 1966 MP#1]. Thus,the calculatedy corresponds
to the amount ofintransformed austeniie the samplafter ithas fractured.
Referringto Table 6.2, theredicted, of the new steel islightly
lower than thaof the 3Ni steelwhile the predicted) (after rounding to two
decimal placesdf these steels are identic@he relatively smalldifferencein
, Vvaluesof these steelgby 38 MPa shows that the mechanical stability of

retained austenite in the new stedimilarto that of the 3Ni stde
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Since it was not financially feasible toanufactureghe 3Ni steein
addition tathehigh-manganeseew steelthe austenite stability andethanical
properties (presented Chapter?7) of the new steedre compared against those
of the referenc¢3310)steel This is because theference steelvas available
at The Timken Compangndcould be mde intosampledor further analysis
Assuming denticalw andsolute concentrations other than thosaiokel and
manganesethe mechanical stability of retained austenite in tieav steel is
predictedto be lowerthanthat ofthe reference stebkecause thiattercontains
bothmanganesandnickel. For the, calculation of the reference steklown
in Table 6.2, the austenite compositfotiows that ofthe 3310 steel in Table
5.1 (Section 5.2).

Based on Table 6.2his is evidenced bw differenceof 222 MPain
the calculated, valuesof the new and reference steelie difference inw

between the new and reference steetonsidered to bemall

Table6.2 Calculated, andw values of the new steel in compariseith those ofthe
3Ni and reference steelBhew of these steels are set as 0.31 in the calculations.

Steel 30 ., W
Jmott  MPa
New steel -2281 608 0.14

(Fe-0.799G3Mn-0.26S+1.51Cr0.06Mo wt%)

3Ni steel -2248 646 0.14
(Fe-0.79C-3Ni-0.26S+1.51Cr0.06 Mo wt%)

Referencesteel -2090 830 0.16
(Fe-0.799G3.39Ni0.45Mn0.26Si1.51Cr0.06Mo
wt-%0)

6.6 Carburisation of the new steel and its challenges

The new steel was produced in the form of a forged ingot by Timken$heel
nominal composition of the forged ingeported by TimkenSte& Fe0.14G
3.06Mn0.2S+1.46Cr0.01M0-0.24Cu0.021Al(in wt-%). The concentration of
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manganesavas measured using the-rgy fluorescence techniquand the
concentratiosof theother aloying elements were measured using spark atomic
emission spectrometrylThe samples forthe dilatometry (hollowtype) and
tensile ted# were machined from the ingot according to their respective
dimensionsasmentionedn Chapter 3.

Gas carburigtion is he standard carburisation processployed by
The Timken Companyo producethe steelsamplesfor studyin the present
researchThe procedure of a typicajas carburisation processdescribed as
follows. According to[152], parts to be carburisedre phced inbaskets(or
charging equipmentand loaded into d&urnacethat is typically heated to a
temperature between 900dDd 950°C The pressure and temperature of the
furnace is controlled tallow carbon transfer from the atmosphere to the steel
surface

The carbon transfer initiates when the part reaches the carburising
temperature, and the carburisation step procesds the desired carbon
penetration depthithe part is achieve&ubsequently, the partdgsienched by
mowving it to a cooling chambehat isattached tdahe furnace oto a separate
receptale such as aail bath.The part is normally washed and tempeaéér
the cooling stepl52].

An initial trial to establish carburisation parameters for the new steel
was conducted by the prototydepartment at The Timken Company, where a
tensile sample was subjected to gas carburisafioa.new steel was initially
assumed to have the same carburising response as the referermxatesd of
its similarity in chemicalcomposition, with the majodifferences being the
manganesandnickel concentrationddowever, he alsorption 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 lowertghan t
targeted hardness of 884 HRC.These results showed that gas carburisation
was notviable 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 detetecarbon transfer,

which is a phenomenon known @surface passivati@n[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 aslicon and chromiumare known to form passive
oxide layer at the steel surface which prevents carbon diffusion during
carburisation153]. Although thesilicon andchromiumconcentrations in the
new steel are relatively low comparedthe higher concentrationthat have
beenreported to induce passivation in a carburising sfg&8], the high
manganeseoncentration (3 w?) could be the contributing factor to the
formation of a manganese oxide layer on the sample surface.

The passivexi de | ayer i s also known as
removed only by mechanical meafs54]. When certain regions of the
workpiece are not carburised due to localised passivation, these regions are

known as O0soft spotsd. shrgsetedgantsdronf r o m

a o

cut i

previous operations prior to carburisatio

surface. These surface contaminants act as a local barrier that inhibits carbon
transfer during carburisatiqt54].

There are several ways to remowe prevent the formation ahe
passive oxide layer (or soft spots) on the metal surface. The workpiece can be

handwashed and prheated at temperatures around 450°C before carburisation

to evaporate (or Oburnqisf4.ffé6) the surface

It is also common to introduce a po&idation step before
carburisation by exposing the workpiece to a highly oxidising atmosphere. This
forms iron oxides that are more porous titae other oxide layers formed by
the reaction of oxygen with alloying elementb3]. Preoxidation can be
conducted with normal air, and the temperature range isd#pehdent (e.g.,
the recommended piaxidation temperature range fddddeholm Orvar
Superior H13 steel is between 6008ad850°C[153]). Another method is to
carburi® the workpiecevith the lowpressure carbumigion processwhichwas
employed to resolve the present issue.

Low-pressurecarburisation, also known ascuumcarburisation, is a
technique of introducing carbon into the steel surface in an oxygen

environment{155]. In thisprocessa vacuum pump is used to createssay low-
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pressure atmospher€arburisation takes place by breaking the vacuum at pre
set times during the cycle with a partial pressure of hydrocarbon gas (e.g.,
acetylene). Carrier gasesch as nitrogen are used to dilute hydrocarbon levels
and maintain a neutral partial pressure in the chansiecethe surface of the
workpiece has todwoxide-freefor carburisation t@ccur, it is imperative that a
vacuum condition is created in the achber before the temperature is
sufficiently high to form oxides550°Q [156].

In contrast to gas carburisation which relies on the regulation of carbon
potential to obtain a defined case depth,lthepressurearburisation process
is recipecontrolled. 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 profil®&7].

Besides the elimination of intergranular oxidation(which is
unavoidable in gasarburised componentsanother advantage loiw-pressure
carburisation is ththigher carburisation temperatuiesn be employed.e., the
carburising temperature is higher ththat ofconventionabas carburisatiohy
up to 150°C The hgh temperature and lopressurgoxygenfree) conditions
facilitate faster diffusive transportation of excess carbon intonibrxpiece
surface which results irshorter carburisation timgg55].

Low-pressurecarburisation of tensile and dilatometryngaes was
performed by Specialty Steels Treating. Tablg shows the parameters and

associated costs for the first and second carburisation experiments.

Table6.3 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 @, the dilatometer and tsite samples were
carburised at 898°C for 126 hours in the first experiments Tycle
temperature and time werelscted because the samples were carburised
together with an existing batch b$pecialty Steels TreatingAfter the
carburisation step was pleted, 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)andfollowed by an annealing treatment at 600°C (1112°F)
for 3 hours. Subsequently, the samples were placed iurrzace for
austenitisation (or hardening) and tempering treatment.

The samples were austenitised at 830°C (1525°F) for 1 hour, qguenched
in oil ata temperature of approximately 49°C (120°F), and tempered at 182°C
(360°F) for 1.3 hours. The austenitisatiand tempering parameters were
selected based on those of the reference steel as repdigd in

Vickers microhardness tests were conducted Spgcialty Steels
Treatingto measure the hardness of the dilatometer and tensile samples. The
measurements werconverted into Rockwell Hardness C values according to
Equation Al.1 in the ASTM E1402B(2019)el standafd58].

Fig. 6.10 shows the hardness profiles of the dilatometer and tensile
samples. The dilatometer sample has hardness valuesd¢bpproximaely 60
HRC andconsistent throughout the profil&iventhe sample wall thickness of
1 mm(based on the total and bore diameters of 4 mm and 2 mm, respectively
the dilatometer sample iassumed to behroughcarburised because the
hardness value is caegent 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 atsections A and B of the tensile sample are betweeans®0 HRC,
whereas the hardness valuesaition C are between 4d46 HRC. Section
C has lower hardness thsattions A and B because it was mas{ed, covered
in painj to prevent the gosure of the grip section to carbon diffusion during
carburisation. The grip sections were masked so thatwibey soft enough to
be threaded.
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The measured hardness valueSettions A and B indicate that the

case layer of the tensile sample is throgghourised since hardness is

consistent in this region.

The hardness results showed that tbe-pressurecarburisation

technique is capable of diffusing carbon into the steel surface and producing a

case region that meets the design criteria of the ste® namely acase

hardness between 58d64 HRC.
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Figure 6.10 Hardness of dilatometer and tensile samples. Hardness tes

conducted byspecialty Steels Treating

Fig. 6.11b shows the microstructure near the surfaceation B of

the tensile sample. The microstructure consists of tempered martensite (dark

area$ and retained austenite. Although carbides ameebed to be present

because the steel was austenitised below theemperature, they are too fine

to be resolved at the present magnification in a light microscope. The

microstructure ofection A was reported to be identical to thasexftion B.
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Figure6.11 (a) Schematic showing sections of the tensile sample that were
analysis. (b)Light micrograph ofsection B at 508 magnification provided
Specialty Steels Treatindhe samplesvereetched in 5%nital. The scale bar w
not reported.

Fig. 6.12 shows the microstructure of the dilatometry sample. The
microstructure consists of a tempered martesnsitgined austenite matrix and
large carbides that were observed throughout the-sexg®n of the sample.
The carbides have a mix of loloy and elongated morphologies, and they
appeared to grow at the boundarietheparentaustenite grains. Large carbides
can form when the surface carbon content is too[1ig8], which is most likely
caused by the long carburisation time (126 hour#f)etample. While carbides
are reported to provide abrasive wear resistance inheasened stee[d460],
uncontrolled amountsan lead to detrimental effects such as the initiation of

fatigue cracks in carbides at the grain bound4tigp

Figure 6.12 Light micrographs of the dilatomgtrsample at 500 magnificatior
provided bySpecialty Steels Treatin@he red arrows indicate the presence of
carbides. The microstructures were
reagent; and (lital etch. The scalkars were not repted.

The firstexperiment proved that the new steel can be carburised under

low-pressurgoxygenfree) conditions However,the long carburisation time
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resulted in the undesired formation of large carbides in the microstructhes.
samecarburisatiorrecipehad beenmplementedor theremainingdilatometer
and tensilesamplesit would have resulted in a financially infeasilpieject
cost.

A suggested solution to increase carbide dissolution and reduce the
project costwas toincreag the carburisation temperatur€he temperature
range forlow-pressurecarburisation is reported to deetween 87%C and
1050°C,although the process is normally performed at temperahe®geen
920°C and 980°C[157]. Further, the carburisation time for the dilatometry
samplesvas conceved to be shorter than the tensile samplesder to prevent
large carbides from forming as a result of carbon-gaturation at the sample
surface. Based on these considerations)diepressurecarburisation of the
remaining samples was conducted®@g°Cfor duratiors of 45 hours and 15
hours for the tensile and dilatometry samples, respectively.

The chemical compositioandd temperatures measuréam the

dilatometryexperiment®n the new steehreprovided in Appendix A.

6.7 Conclusions
In this chapterthe design process of a néwgh-manganesearburising steel
was describedl'he motivation for the design of theew seelwasto assess the
relative effect ofmanganesen austenite stabilitgompared tdhat of nickel.
The design criteria of the new steel include sufficient hardenalailiba(tensite
percentage is 70% or higheadequate case hardness (betweeanfi84 HRC),
and retained austenitemechanicalstability that isas stable ashat of the
reference steel.

Thermodynamic calculations using property models in Thetnaol ¢ 6 s
Steel ModeLibrary were employeds part of thelesign proces3.he chemical
compositon was selectedo that themanganeseoncentration is close tihe
nickel concentratiorof the reference steedo that a direct comparisani the
relative effect®©f manganesandnickel on austenite stability can be made.

The, (Equation (5.11),Section 5.3.3 and w (Equation (5.14),

Section 5.4Werecalculateased on the designadstenitecomposition of the
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new steelcontairing 3 wt-%Mn and no Ni) The calculateq andw values
were compared against thoselod 3Ni stee{containng 3 wt-%Ni and no Mn)
and reference ste@310 steel in Tablb.1, Section 5.2 Theretained austenite
mechanical stabilitybased oy ) andw of the new steel assimilar to those
of the 3Ni steelHowever the calculateqg of the new stealas 222 MPa lower
than that of the reference steel. Thereftine,new steek predicted to have
lower retained austenite mechanical stability tHan reference steel because
the latter contains bothmckelandmanganese

A forged ingotof the new steel was produceahere themeasured
nominal composition before carburisatwasFe-0.14G3.06Mn0.2Si1.46Cr
0.01M0-0.24Cu0.021Al (in wt-%). It was found that the conventional gas
carburistion processemployed for the reference steghs not capable of
carburising the new steel. Thav carbon adsorption at tteteel surface was
likely caused bythe presence of a passive oxide layer that @daarbon
transferfrom the furnace atmosphere to gteelsurface

This issue was resoldeby enploying low-pressurecarburisation on
the new steel sample§Vhile the first carburisatioexperimentsucceededn
allowing carbon diffusion into the steel surfatiee long carburisation time
resulted in the umantedformation of large carbidesm the migostructure.
Subsequentlythe samples were carburised at higher temperatures and shorter
times in order to increase carbide dissolution anehgure thathe processing
costs werdinancially feasible.

The tensile test samples that were carburised dicgpto thefinal
recipe (at982°C for 45 hounswere subjected to further hardenirgd
tempering treatmentthat are described in the next chapter. Thechanical
stability oftheretained austenite samples othe new and reference steelas
assessetly performing tensile tests and XRD measuremehtsresults from
the mechanical and microstructural characterisation fettsteelsare also

described in the next chapter.
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Chapter 7Microstructure, mechanical properties
and austenite stability of carburisededs

The aim of the workdiscussedin this chapterwas to investigate the
microstructure, mechanical properties and retained austenite mechanical
stability of the reference and new steels. The microstructures of theveteels
characterised with SEM anEDS. 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 testye completedThe results are
analysedin the following discussiorto 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. Samplesdm the reference ste@lISI| 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 thedsheat trated according to process A is designated

as ORSA16, where the digit represents t he
the new steefrom the postcarburisation step onwardgere carried out under

vacuum condition.
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Process and sample Carburise Post-carburisation Austenitise Sub-zero cool Temper

and Quench
Process A
RS-A1/A2/A3/ |
RS-A4/A5/A7 A
Procoss B 1 . A A —*  Austenitiscat A *
e | Gas carburise Anneal at 830°C for 2 AL20°C At 183°C for
RS-BI/B2/B6 B 7 at954°C for 1= B~ gogoc for [~ B 7 hours, quench [~ B for 1 hour [ B — 1.3 hours
— 34 hours Iy 4hours | ¢ _ | for 20 minutes —n
Process C C C » At-80°C C
RS-C1/C2/C4 I for 1 hour
Process X
NS-X3/X4/X5 i Furnace cool o
NS-X6/X7X13 | X ‘\J’;w.uml X % 0538°C, X 83132.(\:1Lfn:ul:,;ut X “
carburise a quench in N, or 1 hour -
982°C for oas under 0.2 under vacuum, At 183°C for
Process Y — Y = 45hours [ Y * MPa to bcl(;w =Y s quenchinN,gas | y AL20°C | Y+ 1.3 hours
NS-YI/Y2/Y8 66°C, anneal under 0.6 MPa for 1 hour under vacuum
at 600°C for
3 hours

Figure 7.1 Heat treatment of reference and new ste8mmplesare labelle

accordingto their type (RS or NSheat treatment routds, B, C, X or Y), ani

their sample numbefThe sample numbeggenotin a particular order becaute

figure showsnly samples that have beentwbsandanalysedn this chapter

The chemical compositions of both dtegere analysed after heat

treatments were performed. Samples for chemical analysis were cut from the
gauge length section tieRSA7 and NSX13 tensile samples, which represent
the reference and new steels, respectively. While the chemical compositions o
these steels have been highlighte®éation 3.1, they are shown in Table 7.1

for clarity.

Table7.1 Chemical composition of representative samples for the reference and new
steelsfollowing the carburisatin process and heat treatme(itswt-%).

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 0.62 291 - 1.41 0.19 0.01 0.24 0.02 0.003 0.003

7.2 Characterisation of steels after heat treatment

7.2.1X-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 lersgttionof the tensile
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samples. The sample prepaatand XRD measurements were performed
according to the procedures outlinedsaction 3.3.4.

The XRD analysisincluded both theustenite and martenspbases
While carbides are expected in the microstructure because austenitisation is
conducted withinthe vicinity of the Acm temperature where austenite and
cementite ceexist, the XRD scarshowedhat carbide peaks cannot be detected
in the 2—range thatvas employedAs an example, Fig. 7.2 shows the XRD
pattern and difference plot of sample RS£arbides can be analysed using a
range of 25° to 70° because thegre reported tshow stronger peaks at lower
angleqg161]. This analysis was n@onducted 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.@%reported in previous work$61],
[162]. By comparing the Rietveld fit against the rdata, 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 showthe quantitative results of théRD analysis. Cooling
the samples to stibero temperaturebefore temperingeduces the volume
fraction of retained austenite, as shown by the austenite fractions of samples
RSA7, RSB6 and RSC4. This is becausestitezerocoolingtreatmeninduces
additional martensite transformation. The same observation can be made for
samples NSX13 and NSY8. Thencentration o€arbondissolvedn austenite
is calculated in relation to the austenite lattice parameter &sjogtion (5.1)
as stated irsection 5.2.

By comparing samples from the same type of steel (i.e., between RSA7,
RSB6, and RSCédndbetween NSX13 and NSY8), the austenite carbon content
is observed to be higher with lower austenite fractions. While additional
martensite transformation takes place imyir subzero 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 sedro cooling are the ones thare most

stable due to a higher carbon content.
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Figure7.2 (a) XRD pattern of samples RSA7. Raw diateepresented by r
points theRietveld fit is represented by a solid line. (b) Difference plot us
visually assess the quality of the XRD pattern fit.

Table7.2 The retained austenite initial volume fractiab , lattice parameter® ,
and carbon contenh austenite 6 in selected sanigs after heat treatments. The
error of all austenite volume fractions is in the ordet 6f01.

Sample &) A 6 /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 3.5%3 + 0.0003 0.75
NSY8 0.053 3.5995+ 0.0007 0.85
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7.2.2Scanning 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 samplevR8ev
consists of temped martensite, retained austenite and carbides. Martensite
plates are found betwedine 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. Thentity 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 Bedelkh{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 contentnithe case region makes retained austenite grains more resistant
to martensite transformation. The blocky features in Fig. 7.3i are also more
likely to be martensitéhan retained austenite grains. Some parts of the core
microstructure can be resolved aartansite while otherscannotbecause 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 acteexijp
form because the carbon content of the new steel is in betwesmdl. &t-%C.

Lath martensite dominates a martensitic microstructure until about ®&wt
The proportion of plate martensite increases with increasing carbon content
above 0.6 w6 until approximately 1 w?C, whenplate martensitbecomes

dominant in the microstructure as lath martensite disappd&6).

117



500 um Sum [ um

Figure 7.3 Microstructure of sample RSA7 after heat treatment. Retained austeaitensite and carbides are denoted by the syihbols, and MC
respectivelyThe measured distance Figs. 7.3(a), (d), and (grepresenthe area investigatedht fixeddepths below the sample surfatée red boxe
indicate areas that arelarged in the subsequent micrograph (e.g., (b) is the ragiicated by the red box in {a)
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Figs. 7.4a and 7.4b show the case microstructures of samples RSB6
and RSCA4, respectively. These microstructures were aubiysa depth of 170
pm 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 subzero coolingbefore temperingransbrms 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 oxidationsample RSB6. The
microstructure with internal oxidation appears similar to those reported by Song
et al.[163] and Rowan et a[151]. The oxides form at the sample surface and
extends to a depth of approximately df. Referring to Fig. 7.4d, the aes
appear as continuous dark voids in the microstructure@esahe of two types
of oxide morphologies reported by Parrig8]. This type of oxideresides
primarily at the parentaustenite grain boundariesid exhibitsan oxidation
depth of5 to 25um below the sample surface.

The second type of oxide can be found as globular particles that are
approximately 0.5 pm in diameter and extend to a lower depth (~8 pum). This
oxide is typically found at grain and sgbain boundaries, and sometimes
within grairs[18]. Globular oxides are reported to form in conditions where the
carburisation temperature and carbon poteatslbw, whereas elongated grain
boundary oxides dominate at higher carburising temperatures and carbon
potentialg151].

Internal oxidationoccurs when oxygen released by water vapour and
carbon dioxide in thatmosphere reacts with alloying elements in the steel. In
typical gas carburisation conditions, the partial pressure of oxygen is usually
high enougho oxidise alloying elements withrgater affinity for oxygen than

iron, includingchromium manganeseandsilicon [151]. The minimunsilicon
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concentration needed to induce internal oxidation (~0.05%glow the typical
0.210.3 wt-%Si concentrations in casmrdening steels. This implighat
internal oxidation is impossible to prevent during conventional gas
carburisation. However, it has been suggested that by limiting the
concentrations ofmanganeseand chromiumto less than 1% in total, the
thickness of the oxidised layer will be effeely determined by theilicon
concentratiorj18].

Depending onthe product specificatios) carburised parts with an
internal oxidation depth in the range of 10 to 20 um are typically acceptable,
while depths greater than 30 um are considered excq4sitk While it is not
obvious whether internal oxidation on its own is detrimental tac#nburised
part the non-martensiticransformation products (e.g., ferrite, bainite, pearlite)
associated with internal oxidationrcéave a deimental effect onstrength
properties[18]. For examplethe nommartensitic products might forma soft
layer in the narrow region adjacent to the oxitieswvever, the detection of this
soft layer depends on theethod employedthe Rockwell hardness tesbtay
not indiate aything besidesacceptable hardnedsvels whereasa file
hardnesdest woulddetectthe presencef the soft layef18].

According to Rowan and KejlL51], the internal oxidation depth can
be minimised by using carrier gases with lovearbon mongide content,
higher carburising temperatures, and the highest possible-diffase time
ratio (provided the carbon potential does not exceed the carbon saturation limit
in austenite). Alternatively, internal oxidation can be avoided usindptihe

pressureaburisation procesd 8].
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Figure7.4 Microstructures of (a) RSB6 and (b) RSC4. (c) Internal oxidation \
depth of 15 um observed isample RSB6. (d) Internal oxide observed as
elongated voids in sample RSA7.

The microstructure of the new steeds alsoanalysed atixed depths
below the sample surface. Fig. 7.5 shows the microstructure of sample NSX13,
which consists of tempered martensite, retained austantecarbides 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 theesalsooling
step. A major diffeence 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 bedeurface.

According to[164], the isothermal formation ofassive carbides takes
place at the junctions of carb@npersaturated austenite grains. Since the
growth of massive carbides requisggnificant diffusion, their formation occurs
during the hightemperature 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 morpholddg4].
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Massive MC

5 um um

Figure7.5 Microstructure of sample NSX13 after heat treatment. Retained austenite, martensite and carbides are densyecbmysth| , and MC
respectivelyThe measured distancehkigs. 7.5(a) and(d) represent the arganvestigateat fixed depths below the sample surfaeigs. 7.5(g) and (h
correspond t@a depth of 3mm below surfacEhe red boxes indicatreas that are enlarged in the following micrograph (e.g., (b) is the iadioatec

by the red box in (a)).
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7.2.3Energy dispersive spectroscofi3DS)

SEM-EDS scans were conducted on samples RSA7 and NSX13 in order to
analyse the chemical compiien of local features, especially carbides found in
both steels. Point measurements were made at depths of 170 um 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 shéwgs. 7.6¢c 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 carbolyis like

to be present in contaminants on the sample or microscope chamber, which
would lead to inaccurate carbon measurements of the sampldligslfiron

is detected and forms the balance of the concentrations of alloying elements
reported in Tables 7.3 drv.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 #se points are reasonably close to bulk values. The
differences in composition of these features analysed at depths pil{#g.
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 cemeniie fFacture
[18]. In a study by Peverzev and Kolmykoy166], cementite was reported to
be the only carbide phase in carburising steels containing 1.1 and-3Crwvt
The same study also reported that complex alloy carbides (i.e., [@ZzRskre
only found at alloying concentrations 418 and 7.7 weoC [166], which are
higher than those in the reference and new steels.

A trend is observed in the carbides wherenilckel concentrations are
lower than the bulk value, whereas tieomiumconcentrations are higher than

the bulk value.Referring to points 4 and 8 as an example, thikel
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concentrations are at least 1.4-%tlower than the bulk value, whereas the
chromiumconcentrations are significantly higher than the bulk value. This is
becausaickel does not normally form carbides steel, whereashromiumis

a strong carbidéorming elemen{7]. The concentrations aholybdenumin
carbides are also slightly higher than the bulk value becaosddenumis a
carbideforming element.Molybdenum is reported to help mitigate alloy
depleton (e.g., ofchromium) due to carbide formation and maintain some
measure of hardenability in the matrix microstructure, by partitioning between
the carbides and the mat{i8].

If carbon is considered in the EDS analysis, the carbon concentrations
at the carbide points are approximately 10-%€, higher than those
corresponding to retained austenite and martensite (i.e. 48N tWhile these
values are unreasonably high, they qualitatively confirm that points 2, 4, 6, 8,
11 and 15 are carbides in timécrostructure.

Further, the dark spherical particles in the RSA7 microstructure (i.e.,
points 7 and 12 in Figs. 7.6a and 7.6b, respectively) have veryrt@ighanese
and molybdenumconcentrations. Although thehromium concentrations are
similar to the bik value, thenickel andsilicon concentrations are lower than
the bulk valueWhile the EDS analysis cannot confirm the exabntity of
these particlest is likely that these particles are MnS inclusiongich could
explain the unusually higimolybdenum concentratiorat points 7 and 12
(corresponding toan X-ray energy of ~2.3keV). This is because the
molybdenum peaK_ ((}ine) overlaps with the sulphur peak (Kine) due to the
poor resolution of EDS detectorf. was challenging todifferentiate the
molybdenum and sulphur peakecauseit required deconvoluton of the
overlapping peaksvhich was not performed the presenanalysis

Referring to the dataset for sample NSX13 (i.e., Table 7.4, Figs. 7.6¢
and 7.6d), points 1, 6, 8 and 11 corresptincetained austenite blocks, while
points 2, 5, 9 and 12 correspond to martensite plates. siliten and
molybdenumconcentrations at these points are close to the respective bulk
values. However, thehromiumconcentrations at these points are lowentha

the bulk composition. In contrast, the points corresponding to carbides (i.e.,
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points 3, 4, 7, 10, 13 and 14) haleomiumconcentrations that are higher than
the bulk value. In the case of the massive carbide (i.e., point Jhtbmium
concentrations three times the bulk value. These observations imply that the
matrix microstructure is depleted diromiumdue to carbide formation, hence
some loss of hardenability is to be expected.

The concentration ofmanganeseat the retained austenite and
martensite phases testb 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 deption of manganese The manganeseconcentration in
carbides is generally higher than the bulk value, with a difference o®2 wt
the case of the massive carb(geint 3.

Assuming that the massive carbide has a cementite structure, a
plausible explanain for the highmanganesandchromiumconcentrations in
the massive carbide is because these elements enter readily into solid solution
with cementite and stabilise #lthough ithas beersaid thatchromiumhas a
greater cementitgtabilising effect tatnmanganesfL66]. Given the higher bulk
concentrations ofmanganeseompared tochromium it is unclear whether
manganessignificantly contributes to the formation of massive carbides in the
new steel. The formation and coarsening of carbides coulélaed to the
carbon content exceeding the value at the carburising temperature, which
is the case for a chromium steel containing ~¥&@r[18]. Further discussions
on the formation of massive carbides and their relation to carburising pareamete

are presented iSection 75.
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Figure 7.6 Micrographs showing points where EDS spectra were collected at defined depthsheedample surface of the steefa) at 170 um it
RSA7; (b)at 0.5 mm in RSA7; (cit 170 um in NSX13; (d@t 0.5 mm in NSX13.
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Table 7.3 EDS spectra showing the chemical composition (in%yt of the
microstructural features in the case region of sample RSA7. The statistical error that
representshe confidence figure for the analysis is shavext to the masured value

The locations of points 1 to 8 are shown in Fig. jiléa@se for points 9 to 15 are shown

in Fig. 7.6b. Spectrum points highlighted in bold are identified as carhiudthose in

italics correspond to the dark spherical particlEHse bulk composition okample

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+x0.05
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 0.16x0.02 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+x0.05
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

127



Table 7.4 EDS spectra showing the chemical composition (in%t of the
microstructural features in thege region of sample NSX13. The statistical retiiat
represents the confidence figure for the analysis is sim@xnhto the measured value
The locations of points 1 to 7 are shown in Fig. jlease for points 8 to 14 are shown
in Fig. 7.6d. Spectrumgints highlighted in bold are identified as the carbides. Point 3
corresponds to the massive carbide in Fig. 7Tée lulk composition ofsample

NSX13is shownfor comparison.

Point Mn Cr Si Mo

Bulk 291 141 0.19 0.01
1 2.85+0.04 0.94 +0.02 0.23 £ 002 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 + 002 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 +£ 002 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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7.2.4Hardness of heatreated samples

Hardness tests were conducted to as$eseffectiveness 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 loallearing capacity and mecheai 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 depsh with
specified hardneslevel. A hardness criterion of 50 HRC is the typical industry
standard for determining effective case ddfp&6].

The hardness tests were performed according to the procedure in
Section 3.5.1. Twentfive measurements were obtained from sample R8@04
29measurements were obtained fribraother samples. The lattgeldedmore
measurements because the diameters of these samples (~7.6 mm) were larger
due totheirextra stock material (i.e., these samples had not been machined into
their final diameter Wwen their hardness was measured). In contrast, the
hardness test for RSC4 was conducted on a samplaggtige lengtlof 6.35
mm in diamete(seeFig. 3.2 inSection 3.5.2, resulting infewermeasurements.
TheVickers hardness measurements were cony@nte Rockwell Hardness C
values according to Equation Al.1 in the ASTM EI4B(2019)el standard
[158].

According to Fig. 7.7, the hardness at all points in the reference steel
samplesis 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 BRE5B6 and RSA4. This is becausgher amounts
of martensitearetransformed with lower subero cooling temperatures.

Referring to Table 7.5, the variation in hardness levels for the reference
steel samples is rather small (+ 3 HRC). These observationstehbthe gas
carburisation process employed for the reference steels is capable of producing

samples with case hardnessvithin the typical 58 to 64 HRC range for
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carburised componentand a hardness level that is reasonably consistent
throughout the dire 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, whialere measured &2.4 HRC and
65.4 HRC, respectivelyrhe hardness in both samples drops below 58 HRC at
the points between 3 mm and 5 madthough th&@ minimum hardness is still
higher than the 50 HRC industry standard for determining effective case depth.

If the carburised case is defined as the regetwéen points @nd3
mm, this shows thahe hardnesdesign criteion stated inSection 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
becausette subzero cooling treatment transformed a greater amount of retained
austenite into martensite.

Comparing the hardness rasd@r thereference and new steel samples
subjected to similar heat treatments (cf. RSA7 and NSX13, RSB6 and NSY8)
as shown in Tdb 7.5reveals thathe 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 has$s that is different from the matrix
microstructure, are speculated to be a contributing factor to the variation.
Another potential reason is that tlo&v-pressurearburisation processgas not
optimised because the parameters were established based simle
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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Figure7.8 Hardness profileof samples NSX13 and NSY8.

Table7.5 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

131



7.3 Mechanical properties

7.3.1Tensile properties

Tensile tests were condted on selected samples from the reference and new
steels according to the procedure outline@ection 3.5.2. The samples were
loaded until fracture, and two tests were conducted for each sample group. Fig.
7.9 shows the engineering stressain curve 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
6noi sed6 adphemomenoknewn ds stnagtpntrol yield loops. Since
sample RSA1 was tested in straiontrol mode, the loops are anefaitt caused
by the inability of the machine tmaintainthe same control mode once the
sample starts yielding. This is because sulisidavariations in the test system
can generate pogteld loops even if the sample is not discontinufil&r7].
Therefore, the other samples were tested in displaceroatrol mode to avoid
this issue.

Referring to Fig. 7.9, althe reference steels exliila 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/B2and RSA1/A2. Samples subjectedstddzero coolingreatments are
strongerbecause they contain a greater amount of martensite, as a result of
further retained austenite transformation after quenching. Naturally, an opposite
trend is observed ithe ductility as indicated by the total elongatiddere,
RSA1/A2 has the highest tdtelongation, followed by RSB1/B2 and RSC1/C2.
The Youngds modul us of akxpecteddangdels s i s t yr
at room temperature-200 GPa)

In contrastthe samples from the new steel have lower strength and
total elongation compared tbereference 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 NXibit a linear
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elastieplastic 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 the tensile properties of the newdn
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.

Table7.6 Young's modulug0O), 0.2% proof strengtli, g), ultimate tensile strength
(, ), andtotal elongation(Q) for the reference steel and new steel samples tested at
room temperature.

Sample 0 8 , Q

GPa MPa MPa %
RSAl1 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 15
NSX4 206 719 1314 15
NSY1 217 - 1334 0.7
NSY2 236 - 760 0.3
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7.3.2Fractogaphy

All samples listed in Table.@ 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 surfasesamples Al 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 characterstia 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 sampfacsu(see Fig.
7.10b).Thespherical particlem Fig. 7.1@ could be carbides dinSinclusions
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 fractureurface 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 tet@arbon contenlgading tomore

decohesion occurring in the material before the samplelapart.
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Facet  —p

Figure7.10 Fractographs of sample RSA1. (a) Top view of the fracture surface. (b) Crack initiation site indicated bgrtioavrgd) Higher magnificatic
image of area highlighted by red box in (b). (d) Higher magnification image of area highlighted blgaxtiitga).
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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 RSAL. This indicates that
sample NSX3 is more brittle than sample RSA1, which is evident in its lower
total elongatior(as shown in Table 7)6

The fracture surface of sample NSX3 is shown in Fig. FigL.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 strai
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 Fig7.11d. 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 amsgier 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.

Table7.7 shows the chemical compositions of the points where EDS
spectra were measured. Points ,larkd 6 have chemical compositions that are
close to the bulk composition, indicating that the regions corresponding to these
points are part of the microstructurThis 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)010
are different from the bulk composition. Points 2 and 9 Hagk aluminium
andoxygenconcentrations, while points 3, 4, 7, 8, and 10 haveddighinium
oxygen and manganeseconcentrations. The highluminium and oxygen
concentrations at points 2 and 9 could be the retss® areas appear dark on
the featuresince there is not much electron scattering by light elements. Points
3,4, 7,8, and 10 appear slightly brighter than points 2 amBably because

of the highemanganeseoncentration.
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The high concentrations ofluminium oxygen and manganese
indicate the presence of inclusions. Thestcommon inclusions in steels have
beencategorised into five groups according to their deformation behaviour,
which canvary with temperatur¢7]. The first group consists of ADs and
calcium aluminateshat form duing the deoxidation of molten steels. These
inclusions are known to be brittle and undeformable at any tempefajuie
is speculated that the regions corresponding to points 2 and 9 #bde Al
inclusions, given that thenanganeseoncentration is lowethan the bulk
composition. The second group of inclusions are those of FeO,, lsim®
(FeMn)O. These inclusions are reported to be plastic at ambient temperature,
but become less plastic at temperatures above 40Q°Che inclusions at
regions correspomag to points 3, 4, 7,,&nd 10 couldelongeitherto the first
or second group. The latterirglicatedbecause thenanganeseoncentrations
at these points agnificantlyhigher than the bulk composition.

Therefore, the lower strength of sample NSeBnpared to sample
RSA1 can be attributed to sevefattors First, the presence of inclusions in
sample NSX3 could contribute towardshtgtle behaviour. It is acknowledged
that an EDS analyswasnat performed on the fracture surface of sample RSA1
hence the presence of inclusions cannot be ruled out. Second, sample NSX3 has
poorer tensile propertiepossibly becausigs carbonand nickel concentrations
are lowerthanthose ofsample RSA1Referring toTable 7.1the bulk carbon
concentration oftte new steel is 0.23 v lower than that of the reference steel.
Thevariationin carbon contents in these steels could be a consequence of the
different carburisationrmethods employed.e., the new steel was carburised
using the lowpressure carburisat processvhile the reference steel was gas
carburised)although the exact reasons aa known.

Nickel isreportedo enhance the strength aothl elongation of steels
[168], and improves toughness in commercial deselered steels such as the
reference stedll]. The absence of nickel atitelower carbon concentration in
the new steel could have resulteédsmallersolid solutionstrengthening effect
conferred bythese elementgausing the new steel to have lower strength than

thereferencesteel.
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Figure7.11 Fractographs of sample NSX3. (a) Top viewhd fracture surface. (b) Large cracks traversing across the surface. (¢) Crack initia
(d) Higher magnification image of (c) showing points where EDS spectra were collected.
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Table7.7 EDS spectra showing the chemical composition (kaytof the fracture surface of sample NSX3. Iron is also detected and forms the balance of the
compositions. Points 1 to 10 relate to thetpuding feature shown in Fig. 7.14ddpoints 11 and 12:late to the matrix microstructure shown in Fig. 7.11c.

Point O Al Mn Cr Si Mo

Bulk - 0.02 291 141 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 + 03 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 04+0.1 0.1+0.0 3.2+0.0 1.6+0.0 0.2+0.0 0.0+0.1
6 04+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+02 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 04+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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7.3.3Strain hardening behaviour

The presence of retained austenite haslbeported to enhance strain hardening

in steeld169]i [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 daance the flow
properties of stegelparticularly the possible transformatiorduced 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 capacit§), as a normalised parameter

according to

p8 (7.1)

Fig. 7.12 shows th® values of samples RSA2, RSB1, RS@hd
NSX4. The implementation of Equation (7.1) is based on and, g values
from Table 7.6, where the latter represents the yield strengthiOThalues for
NSY1 and NSY2 samples were not calculated because strain hardening was not
observed in these samples before fracture. Referring ta thalues of the
respective samples in Table 7.2, it is evident that the presence of retained

austenite increaseasrain hardeningas indicated by the high& values.

Figure 7.12 Hardening epacity and straitnardening exponents for samy
RSA2, RSB1, RSCland NSX4.
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The strain hardening behaviour of samples RSA2, RSB1, R&1
NSX4 is also characterised by calculating the strain hardening expénént,
higher¢ value represents greater strain hardgrfor an applied plastic strain
[174]. The exponert is calculated by fitting the tensile data in the region of
uniform plastic deformation (i.e., betwegng and, ) t o Hol | omonés
equation175],

. U-h (7.2)

where, , 0, and- represent the true stress, strength coefficient and true strain,
respectively. It should be noted that thdor calculations with Equation (7.2)
refers to the plastic strain,.

Fig. 7.13 shows the logarithmic plots,ofversus- for the selected
samplesThe gradient of the plotepresentthe exponent . Since the variation
ofl 1 withl ¥ for all samples is nefinear, the linear logarithrai form of
Equation (7.2) annotaccurately describe the whole strain hardening range.
Therefore, the value @fis approximated ate linear portions of the curves
corresponding to low strain (i.e., betweerof 1.7 x 10°to 4.5 x 1) and
high strain (i.e., between of 2.5x 103 and 6.8x 10°) regions The¢ values
are denoted as and¢ , respectively. Theé and¢ values for the samples
are shown in Fig. 7.12.

Further, the strain hardening rates of the selectmupkes are
calculated by differentiating a nintirder polynomial fit of the uniform plastic
deformation region of the true strestsain curves. Fig. 7.14 shows plots of
strain hardening rate as a function of plastic strain for the samples.

Several obseations on the strain hardening exponents and rates of the
samples can be made. According to Fig. 7.12, the higher valaexcompared
to ¢ show that strain hardening is greater at higher plastic strains. The
difference in magnitude betweeén and ¢ is highest in sample NSX4,
followed by RSA2, RSBJand RSCL1. The latter can be related to the respective
strainhardening 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 rsitavs graduallyin samplesRSA1,
RSBJ 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 austenitfb4]. While the differences it among the reference and
new steel samples in Table 7.2 are not large, the rapid drépeistrain
hardening rate of NSX4 ctlibe due to its loerd (0.75 wt%C), which
resulted in low austenite stability. This is in contrast with sample R8Qidh
has the highesi (0.89 wt%C) among the samples investigated. However,
stronger steels are also known to have higtram hardening rates because they
have a larger number density of obstacles to dislocation mov¢hrént

According to Jacques et al., the effect of martensite transformation on
strain hardening can be explained being caused bythe dislocation
strenghening of the matrix due to deformatioduced martensitic
transformation170]. The authors have shown through transmission electron
micrographs the presence of such dislocations in the matrix surrounding
martensite grains formed by the transformatibretained austenite in a TRIP
assisted stedlL70]. Liu et al. reported the emission of dislocations from the
moving martensit@ustenite interface during the stré@sduced martensite
transformation of a stainless steel, which led to an increase inatisio density

and hardening of the matrix phgd4&6].
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Figure7.13 Logarithmic plots of true stress versus true plastic strain for sa
RSA2, RSB1, RSCland NSX4. Lowstrain(betweenl } of -11 and-10) anc
high-strain (between | of -6 and-5) regions are marked to obtain the «
needed to calculate the strain hardemrgonentg and¢ , respectively.

5000

4500 f

o
=)
S
S

[\ %) %)
4 (=1 %4
(=3 (=3 (=3
(=} (=} (=}

[
(=3
(=3
(=}

.5 1500

Strain hardening rate / MPa

(=3
(=3
=]

500 NSX4 RSC1 RSB1 RSA2 7

- i !

e /%
p

Figure7.14 Strain hardening rate as a function of plastic strain for samples
RSB1, RSCland NSX4. The inset shows the differences in decreasmag
hardening rate amorthe samples.
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