<]
TUDelft

Delft University of Technology
!

Microstructure development in a case-carburized bearing steel

Abraham Mathews, J.

DOI
10.4233/uuid:5d837786-9598-460b-b1ch-54dfe7008095

Publication date
2024

Document Version
Final published version

Citation (APA)

Abraham Mathews, J. (2024). Microstructure development in a case-carburized bearing steel. [Dissertation
(TU Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:5d837786-9598-460b-b1ch-
54dfe7008095

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.4233/uuid:5d837786-9598-460b-b1cb-54dfe7008095
https://doi.org/10.4233/uuid:5d837786-9598-460b-b1cb-54dfe7008095
https://doi.org/10.4233/uuid:5d837786-9598-460b-b1cb-54dfe7008095

MICROSTRUCTURE DEVELOPMENT IN A
CASE-CARBURIZED BEARING STEEL

Jithin ABRAHAM MATHEWS






MICROSTRUCTURE DEVELOPMENT IN A
CASE-CARBURIZED BEARING STEEL

Dissertation

for the purpose of obtaining the degree of doctor
at Delft University of Technology
by the authority of the Rector Magnificus, Prof. Dr. Ir. T.H.J.J. van der Hagen,
chair of the Board for Doctorates
to be defended publicly on
Wednesday 28 February 2024 at 12:30 o’clock

by

Jithin ABRAHAM MATHEWS

Master of Science in Engineering,
Technical University of Denmark, Denmark
born in Ernakulam, India



This dissertation has been approved by the promotors.

Composition of the doctoral committee:

Rector Magnificus,

Prof. Dr. Ir. J. Sietsma
Prof. Dr. M.J. Santofimia
Prof. Dr. Ir. R.H. Petrov

Independent members:

Dr. M. Ersson

Prof. Dr. Z. Li

Prof. Dr. H.K.D.H. Bhadeshia
Dr. V. A. Popovich

Prof. Dr. Ir. L.A.l. Kestens

chairperson

Delft University of Technology, promotor
Delft University of Technology, promotor
Ghent University, promotor

SKF Technology

Delft University of Technology
Queen Mary University of London
Delft University of Technology
Ghent University, reserve member

Delft
e t University of
Technology

alkF

SIEMENS Gamesa

RENEWABLE ENERGY

Printed by: Ridderprint || https://www.ridderprint.nl

Cover by: Sandra Tukker

Copyright © 2024 by J. Abraham Mathews

ISBN 978-94-6384-542-7

An electronic copy of this dissertation is available at
https://repository.tudelft.nl/.


https://repository.tudelft.nl/

CONTENTS

Summary ix
Samenvatting xiii
List of Abbreviations xvii
1 Introduction 1
1.1 ResearchBackground . .. ............................. 3
1.2 ResearchObjectives . . .. ... ... ... ... .. ... .. ... .. ..... 6
1.3 ThesisOutline. . . . . . .. ... ... . . . . .. . e 6

2 Carburization-Induced Microstructural Changes 11
2.1 Case-Carburization and its Importance . . ... ... ............. 11
2.2 Material and Experimental Methods . . . . ... ... ............. 12
221 HeatTreatment . . . . . . . . . ... ... ... 12

222 SpecimenSampling . .. .. ... ... ... ... ... .. .. ... 13

2.2.3 Experimental Procedure . . ... ..................... 14

2.3 Quantification of Carbon Concentration Gradient . . . . . .. ... ... .. 14
2.4 Quantification of Prior Austenite GrainSize .. ................ 15
25 Summary ... ... 17

3 Microstructures in a Carburized Steel After Isothermal Bainitic Treatment 21
3.1 Introduction. . .. ... ... . ... . ... e 22
3.2 Material and Experimental Methods . . . . ... ................ 23
3.21 HeatTreatment . . . . . .. . ... . ... i, 24

3.22 SpecimenSampling . ... .. ... .. .. .. .. ... .. ... 25

3.2.3 Experimental Procedure . ......................... 25

33 Results . . ... ... .. . . e 27
3.3.1 Cross-Sectional Analysis after Isothermal Bainitic Treatment (IBT) 27

3.3.2 Microstructural Analysis of Specimenzgse . . . ... ... ... ... 28

3.3.3 Microstructural Analysis of Specimenz.oe . . . ... ... ... ... 32

3.4 Discussion . . . .. .. ... e e 34
3.4.1 Microstructure Formation in Specimenzcase . . . . . . .. .. .. .. 34

3.4.2 Microstructure Formation in Specimen zcore . . . . . . .. .. .. .. 39

35 Conclusions . . . . ... ... ... ... e e 41

4 Microstructures in a Carburized Steel After Isothermal Pearlitic Treatment 47
4.1 Introduction. . . . . .. ... . ... . ... e e e 48



Vi CONTENTS
4.2 Material and ExperimentalMethods . . . . .. ... .............. 49
421 HeatTreatment . ... ............................ 50
422 SpecimenSampling . ... ........ ... .. .. ... .. ... 51
4.2.3 Experimental Procedure ... ....................... 51
43 Results . . .. ... .. e 52
4.3.1 Cross-Sectional Analysis of the Microstructure . . . . . ... .. ... 53
4.3.2 Microstructural Analyses of Lateral Sections . . . . ... ....... 54
44 DiscussSion . . . . . .. .. ... 58
441 Microstructure Formation in the CaseRegion . ... ......... 58
442 Microstructure Formation in the Transition Region . . . . . . . . .. 61
4.4.3 Microstructure Formation in the CoreRegion . . ... ... ... .. 63
45 Conclusions . . . . ... ... . ... 64

5 Microstructure Development During Hardening Treatment of the Bainitic Route

Containing 0.85 wt.% C 71
5.1 Introduction. . . . .. ... . . .. . ... e 72
5.2 Material and Experimental Methods . . . . . ... ... ............ 73
5.2.1 Initial Microstructure . . . . . . ... .. ... ... ... ........ 74
5.2.2 Experimental Procedure . ......................... 75
5.23 DICTRASimulations. . . . . ... ... ...... ... ....... 76
53 Results . . .. .. ... . .. e 77
5.3.1 Microstructure Characterization of the Solute-Lean Region (Dark
EtchingRegion) . . . . .. .. ... ... .. ... .. .. ... ... 78
5.3.2 Microstructure Characterization of the Solute-Rich Region (Light
EtchingRegion) . . . . . . ... ... .. .. .. ... .. .. ... ... 79
5.3.3 Summary of the Hardened Microstructure . . . ... ......... 80
5.4 Discussion . . . . . . . ... e 81
5.4.1 Prior Austenite Grain Size Variations in the Hardened Microstruc-
TUFe . . . . . e e e e 82
5.4.2 Heterogeneous Phase Distribution in the Hardened Microstructure 85
55 Conclusions . . . . .. . . ... e 92
Characterization of the Hardened Microstructure from the Pearlitic Route Con-
taining 0.85 wt.%C 99
6.1 Introduction. . . .. . ... ... . . ... .. 100
6.2 Material and Experimental Methods . . . . .. .. ... ............ 101
6.2.1 Experimental Procedure ... ....................... 101
6.3 Results . . .. ... . . ... 103

6.3.1 Microstructure Characterization of the Solute-Rich Region (LER) . 104
6.3.2 Microstructure Characterization of the Solute-Lean region (DER) . 105

6.4 Discussion . . .. .. ... . .. .. 106
6.4.1 Thermodynamic Insight into the Initial Microstructure: Carbide
Distribution and Composition. . . . . . .. ... ............ 107

6.4.2 Implications of Initial Microstructure on Hardened Microstructure 109
6.5 Conclusions . . . . .. .. ... . .. 111



CONTENTS Vil

7 Tempered Microstructures: Bainitic and Pearlitic Routes (0.85 wt.% C) 117
7.1 Introduction. . . . . . . . . . .. ... .. e e 118
7.2 Material and Experimental Methods . . . . ... ... ............. 119
7.3 Results . . .. ... . .. . . e 121

7.3.1 Microstructural Characterization: BainiticRoute . . . . . . ... .. 121

7.3.2 Microstructural Characterization: PearliticRoute . . . . . . ... .. 125

7.4 Discussion . . . . . . . . .. ... e 128

7.4.1 Microstructural Effects on Hardness Variations . . .. ... ... .. 128
7.4.2 Potential Microstructural Weak Links:

Implications on Overall Material Performance . . . . . ... .. ... 130

75 Conclusions . . . . . ... .. . ... . .. e 134

8 Conclusions and Recommendations 141
8.1 GeneralConclusions. ... ... ... ..... ... . ... . ... . .c..... 142
8.2 Recommendations for FutureWork . . . . . ... ... ............. 143

About the Author 149

List of Publications 151






SUMMARY

IND turbines play a crucial role in the global transition towards a sustainable
Wenergy future. Maximizing energy production and ensuring a reliable operation
is essential to harnessing the full potential of wind energy. Among the critical
components, the main shaft bearings have for several years been a focal point
due to their significant downtime. In this context, a tribochemical treatment called
case-carburization has gained notable attention for enhancing the microstructure of
these bearings, to improve their reliability. Case-carburization is a surface treatment
technique capable of modifying steel to exhibit a combination of properties such as
high fatigue strength, toughness, and wear resistance, that are essential for these
bearings as they operate in high-load-bearing environments. In a multi-stage heat
treatment process involving case-carburization as the initial stage, the microstructure
development at each stage is affected by the final microstructure of the preceding
stage. Therefore, a comprehensive understanding of the microstructure at every
stage is crucial for assessing its impact on the final microstructure and its properties.
This Ph.D. research investigates the microstructure evolution throughout a four-stage
heat treatment: carburization, sub-critical isothermal treatment, hardening, and
tempering. The second stage is where the sole difference lies with regard to the heat
treatment parameters, and is performed along two different routes, also in industrial
practise, called the "bainitic route” and "pearlitic route™. One of the primary goals of
this research is to understand the microstructure development during the different
stages of the two heat treatment routes and to provide an understanding of the
microstructural features that can potentially affect the properties/performance of
bearings. Additionally, this research also aims to identify the specific stage at which
these features form and to provide insight into their formation mechanisms to
explore strategies to rectify or mitigate the formation of detrimental features in the
microstructure.

All stages of the industrially applied heat treatment were experimentally replicated
on a bearing that was previously exposed to full-scale testing in a test rig. The
upstream stages involved in the production of these bearings do not include a
homogenization treatment due to practical reasons related to the viability of holding
these components at very high temperatures (above 1200 ~C) for several days.
Consequently, the bearings contain segregation bands of Ni, Cr, Mn, Mo, and Si.
Samples were cut from a depth within the bearing that was devoid of carburization-
induced carbon concentration gradients and deformation-induced microstructural
alterations. To achieve the purposes of this research, the carburization and
sub-critical isothermal treatment stages were performed on the as-received blocks of
steel in a furnace, while the hardening and tempering treatments were performed
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in a dilatometer on smaller specimens from the blocks of steel that underwent
the furnace treatments. Of specific interest in this project is to understand the
microstructure developments occurring at a depth of 1 mm from the carburized
surface, which was identified as a critical failure zone in a previous study.

Microstructure developments induced by the case-carburization treatment (60
h at 970 ~C), specifically the carbon concentration gradient and the size of the
prior-austenite grains, are quantified in Chapter 2. After the carburization treatment,
it is observed that the carbon content varies from 1 wt.% at the surface to 0.16
wt.% in the bulk of the steel. The case depth, defined as the distance from the
carburized surface at which the carbon content is 0.3 wt.% C, is quantified to be
5 mm. This result indicates that a sufficiently deep carbon-rich layer is produced,
which upon subsequent heat treatments can result in a martensitic microstructure
with sufficient hardness and strength within the load-bearing region. The austenite
grains are observed to be coarse with an average prior-austenite grain size of 80
&m (at a depth of 1 mm from the carburized surface), which, despite the chemical
segregation, exhibits no bimodal characteristics in its distribution.

The microstructures obtained via the bainitic route, employing transformation
treatment at 320 “C for 30 h, from a depth of 1 mm (0.85 wt.% C), called the
case region, and 9 mm from the carburized surface (0.16 wt.% C), called the
core region, are investigated in Chapter 3. The chemical segregation which is
inherently present in the steel is observed to significantly influence the kinetics of
bainite formation in the case region. Through characterization studies involving
microscopy, X-ray diffraction (XRD), Electron Backscatter Diffraction (EBSD), and
Electron Probe Microanalysis (EPMA), it is revealed that the extent of bainite
formation is less than 50% in the course of 30 h, and is predominantly distributed in
the solute-lean regions. The solute-rich regions remain in the metastable austenitic
state at 320 ~C, resulting in a room-temperature microstructure that is martensite
intermixed with retained austenite. The overall microstructure in this case region
exhibits microstructural bands consisting of bainite and martensite/austenite. The
microstructure in the core region is a mixture of martensite and bainite, which
does not exhibit distinctive microstructural band formation, unlike the case region.
Additionally, within the chemical bands of the core region, the alloy-rich regions
have a fraction of martensite-austenite (MA) islands that is twice the fraction in
alloy-lean regions.

The microstructures obtained via the pearlitic route, employing a transformation
treatment at 600 “C for 20 h, at 1 mm (0.9 wt.% C), 5 mm (0.3 wt.% C), and 9
mm (0.16 wt.% C) depth from the carburized surface are investigated in Chapter
4. It is observed that the kinetics of pearlite formation is faster at higher carbon
contents. At a depth of 1 mm, a fully pearlitic microstructure comprising both
cementite and My3Cg as pearlitic and grain-boundary carbides are characterized
using optical microscopy, scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). At the depth of 5 mm from the carburized surface (0.3
wt.% C) pearlite formation is only 40% complete. The microstructure at this depth is
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pearlite containing only M»3Cg carbides, and martensite. Grain boundary carbides
are not observed in this microstructure. The absence of grain boundary carbides
is attributed to the eutectoid alloy composition, which was determined through
equilibrium calculations. Pearlite is not observed at a depth of 9 mm from the
carburized surface (0.16 wt.% C), and the microstructure is instead a mixture of
martensite and ferrite, with a fraction of ferrite well below the equilibrium fraction.
Ferrite formation in this region is restricted due to the redistribution of primarily
Ni, Mn, and Cr, leading to a solute drag effect on the austenite/ferrite interface.
This interpretation is made from simulation employing a general mixed-mode Gibbs
energy balance model for the austenite to ferrite transformation at 600 ~C for the
alloy containing 0.16 wt.% C.

The austenite formation mechanism, microstructure developments during the
hardening treatment (840 ~C for 2 h), and the characteristics of the hardened
microstructure developed from the microstructure consisting of bainite and
martensite/austenite bands, discussed in Chapter 3, are investigated in Chapter
5. With the aid of in situ X-ray diffraction experiments, it is deduced that
austenite formation from bainite (solute-lean regions) involves nucleation and
growth processes. On the other hand, austenite formation from martensite/austenite
(solute-rich regions) occurs by the growth of austenite without nucleation. This
behavior is attributed to the presence of 20% austenite retained from the initial
microstructure up to the A.; temperature. Furthermore, the hardened microstructure,
characterized using SEM and EBSD, exhibits carbide-dense bands, a bimodal size
distribution of prior-austenite grains, and significant heterogeneity in the spatial
distribution of retained austenite. The solute-rich regions display a heterogeneous
distribution of carbides, coarse prior-austenite grains, and a higher fraction of
retained austenite in comparison to the solute-lean regions, which exhibit a
homogeneous carbide distribution in martensite, formed within fine prior-austenite
grains.

The hardened microstructure from the pearlitic route for a carbon composition of
0.85 wt.% is studied in Chapter 6. This microstructure is characterized by solute-rich
light-etching and solute-lean dark-etching regions. The differential etching contrast
of the microstructure is observed to be influenced by the combined effects of
the number density of cementite particles and the spatial distribution of retained
austenite. Unlike the hardened microstructure from the bainitic route, the hardened
microstructure obtained via pearlite as the initial microstructure does not exhibit
carbide-dense bands or a bimodal prior-austenite grain size distribution.

A comparison of the tempered microstructures from the bainitic and pearlitic
routes (0.85 wt.% C) is presented in Chapter 7. The tempering treatment is performed
in a dilatometer at 200 ~C for 4 h. The tempered microstructures from both routes
exhibit hardness values in the range of 130-200 HV lower than their corresponding
hardened microstructures. This difference in hardness is attributed to the concurrent
microstructural changes occurring during the tempering treatment, which include
tempering of martensite, precipitation of transition carbides, relaxation of thermal
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stresses, and the annihilation of dislocations. Additionally, a critical analysis of
the potential microstructural weak links in the tempered microstructures from both
routes is provided based on established principles in metallurgy and from a detailed
literature survey. From these analyses, the relationship between microstructure and
performance of bearings is elucidated.

General conclusions and recommendations for future studies are provided in
Chapter 8. Through a thorough characterization of microstructures from both routes
after every stage of heat treatment, a comprehensive understanding of the evolution
of microstructural features and their influence on the mechanical properties of
bearings is gained through this research. Insights obtained from this study can
be utilized to optimize heat treatment parameters and explore alternative process
routes that can mitigate microstructural heterogeneities, which will enhance the
performance and reliability of bearings.



SAMENVATTING

INDturbines spelen een cruciale rol in de mondiale transitie naar een

duurzame energietoekomst. Het maximaliseren van de energieproductie en
het garanderen van een betrouwbare werking zijn essentieel om het volledige
potentieel van windenergie te benutten. Van de kritische componenten vormen de
lagers van de hoofdas al enkele jaren een aandachtspunt vanwege hun significante
uitval. In deze context heeft de tribo-chemische behandeling carboneren veel
aandacht gekregen bij het verbeteren van de microstructuur van deze lagers, om hun
betrouwbaarheid te vergroten. Carboneren is een oppervlaktebehandelingstechniek
die staal kan modificeren om een combinatie van eigenschappen te vertonen, zoals
hoge vermoeiingssterkte, taaiheid en slijtvastheid, die essentieel zijn voor deze lagers,
omdat ze in omgevingen met hoge belasting werken. In een uit meerdere fasen
bestaand warmtebehandelingsproces, waarbij carboneren de eerste fase is, wordt
de ontwikkeling van de microstructuur in elke fase beinvioed door de uiteindelijke
microstructuur van de voorgaande fase. Daarom is een uitgebreid begrip van
de microstructuur in iedere fase van het proces cruciaal voor het beoordelen
van de impact ervan op de uiteindelijke microstructuur en zijn eigenschappen.
Dit promotieonderzoek bestudeert de evolutie van de microstructuur tijdens een
warmtebehandeling in vier fasen: carboneren, gloeien, harden en ontlaten. In de
gloeifase ligt de enige variatie met betrekking tot de warmtebehandelingsparameters.
Deze fase wordt uitgevoerd langs twee verschillende routes, ook in de industriéle
praktijk: de "bainitische route” en de "perlitische route”. Een van de belangrijkste
doelstellingen van dit onderzoek is het begrijpen van de ontwikkeling van de
microstructuur tijdens de verschillende fasen van de twee warmtebehandelingsroutes
en het verschaffen van inzicht in de microstructurele kenmerken die mogelijk de
eigenschappen en prestaties van lagers kunnen beinvioeden. Daarnaast heeft dit
onderzoek ook tot doel de specifieke fase te identificeren waarin deze kenmerken
zich vormen en inzicht te verschaffen in hun vormingsmechanismen om strategieén
te onderzoeken om de vorming van schadelijke kenmerken in de microstructuur te
corrigeren of tegen te gaan.

Alle fasen van de industrieel toegepaste warmtebehandeling werden experimenteel
gereproduceerd op lagermateriaal dat eerder was blootgesteld aan tests op volledige
schaal in een testopstelling. De eerder uitgevoerde fasen bij de productie van deze
lagers omvatten geen homogeniseringsbehandeling vanwege praktische redenen die
verband houden met de haalbaarheid van het gedurende meerdere dagen op zeer
hoge temperaturen (boven 1200 “C) houden van deze componenten. Bijgevolg
bevatten de lagers segregatiebanden van Ni, Cr, Mn, Mo en Si. Monsters werden
genomen op een diepte in het lager waar geen door carboneren geinduceerde

X1
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gradiénten in de koolstofconcentratie aanwezig waren, noch door vervorming
geinduceerde microstructurele veranderingen. Om de doeleinden van dit onderzoek
te bereiken, werden de carboneer- en gloeifasen uitgevoerd op de ontvangen blokken
staal in een oven, terwijl de hardings- en ontlaatbehandelingen werden uitgevoerd
in een dilatometer op kleinere monsters van de blokken staal die de behandelingen
in de oven ondergingen. Van specifiek belang in dit project is het begrijpen van
de microstructuurontwikkelingen die plaatsvinden op een diepte van 1 mm van het
gecarboneerde oppervlak, dat in een eerdere studie werd geidentificeerd als een
kritieke faalzone.

Microstructuurontwikkelingen geinduceerd door de carboneerbehandeling (60 uur
bij 970 ~C), met name de koolstofconcentratiegradiént en de grootte van de
voormalige austenietkorrels, worden gekwantificeerd in Hoofdstuk 2. Na de
carboneerbehandeling wordt waargenomen dat het koolstofgehalte varieert van 1
gew.% aan het oppervlak tot 0,16 gew.% in de bulk van het staal. De schildiepte,
gedefinieerd als de afstand tot het gecarboneerde oppervlak van het materiaal waar
het koolstofgehalte 0,3 gew.% C bedraagt, wordt gekwantificeerd op 5 mm. Dit
resultaat geeft aan dat er een voldoende diepe koolstofrijke laag wordt geproduceerd,
die bij daaropvolgende warmtebehandelingen kan resulteren in een martensitische
microstructuur met voldoende hardheid en sterkte binnen het materiaal dat de
hoogste belasting ondergaat. Er wordt waargenomen dat de austenietkorrels grof
zijn met een gemiddelde grootte van 80 &m (op een diepte van 1 mm van het
gecarboneerde oppervlak). De korrelgrootteverdeling is, ondanks de chemische
segregatie, bimodaal.

De microstructuren verkregen via de bainitische route, waarbij een gloeibehandeling
bij 320 ~C) gedurende 30 uur werd toegepast, vanaf een diepte van 1 mm (0,85
wt.% C), in de zogenaamde gecarboneerde schil, tot 9 mm van het gecarboneerde
opperviak (0,16 gew.% C), de kern genoemd, worden onderzocht in Hoofdstuk
3. Er wordt waargenomen dat de chemische segregatie, die inherent aanwezig
is in het staal, de kinetiek van bainietvorming in de schil aanzienlijk beinvloedt.
Door karakterisering met microscopie, rontgendiffractie (XRD), Electron Backscatter
Diffraction (EBSD) en Electron Probe Microanalysis (EPMA) is gebleken dat de
gevormde fractie bainiet minder dan 50% bedraagt in de loop van 30 uur, en dat
de bainiet voornamelijk aanwezig is in de regio’s met lage concentraties van de
legeringselementen in oplossing. De gebieden die rijk zijn aan legeringselementen
blijven in de metastabiele austenitische toestand bij 320 ~C, hetgeen resulteert in
een microstructuur op kamertemperatuur die bestaat uit martensiet vermengd met
restausteniet. De algehele microstructuur vertoont in dit geval microstructurele
banden bestaande uit bainiet en martensiet/austeniet. De microstructuur in de kern
is een mengsel van martensiet en bainiet, dat geen significante microstructurele
bandvorming vertoont in tegenstelling tot de schil. Bovendien hebben de
legeringsrijke gebieden binnen de chemische banden van de kern een fractie
martensiet-austeniet (MA) eilanden die tweemaal zo groot is als de fractie in
legeringsarme gebieden.
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De microstructuren verkregen via de perlitische route, waarbij een gloeibehandeling
van 20 uur bij 600 ~C, bij 1 mm (0,9 gew.% C), 5 mm (0,3 gew.% C) en een diepte
van 9 mm (0,16 wt.% C) vanaf het gecarboneerde oppervlak wordt onderzocht in
Hoofdstuk 4. Er wordt waargenomen dat de kinetiek van perlietvorming sneller is
bij hogere koolstofgehaltes. Op een diepte van 1 mm wordt een volledig perlitische
microstructuur gevonden, met zowel cementiet als My3Cg als carbiden in de perliet
en aan de korrelgrenzen, gekarakteriseerd met behulp van optische microscopie,
scanning-elektronenmicroscopie (SEM) en transmissie-elektronenmicroscopie (TEM).
Op een diepte van 5 mm vanaf het gecarboneerde oppervlak (0,3 gew.% C) is de
perlietvorming slechts voor 40% voltooid. De microstructuur bestaat op deze diepte
uit perliet met alleen M»3Cg carbiden en martensiet. Korrelgrenscarbiden worden
in deze microstructuur niet waargenomen. De afwezigheid van korrelgrenscarbiden
wordt toegeschreven aan de samenstelling van de eutectoide legering, die werd
bepaald door middel van evenwichtsberekeningen. Perliet wordt niet waargenomen
op een diepte van 9 mm van het gecarboneerde opperviak (0,16 gew.% C). De
microstructuur is daarentegen een mengsel van martensiet en ferriet, met een fractie
ferriet ruim onder de evenwichtsfractie. Ferrietvorming in dit gebied wordt beperkt
als gevolg van de herverdeling van voornamelijk Ni, Mn en Cr, hetgeen leidt tot
een solute drag effect van opgeloste legeringselementen op het grensvlak tussen
austeniet en ferriet. Deze interpretatie is gemaakt op basis van simulaties waarbij
gebruik wordt gemaakt van een algemeen mixed-mode Gibbs-energiebalansmodel
voor de transformatie van austeniet naar ferriet bij 600 “C voor een legering met
0,16 wt.% C.

Het mechanisme van austenietvorming, de microstructuurontwikkelingen tijdens
de hardingsbehandeling (840 “C gedurende 2 uur) en de karakteristieken van de
geharde microstructuur ontstaan vanuit de microstructuur bestaande uit bainiet
en martensiet/austenietbanden, besproken in Hoofdstuk 3 , worden onderzocht
in Hoofdstuk 5. Met behulp van in situ rontgendiffractie-experimenten wordt
afgeleid dat de vorming van austeniet uit bainiet (gebieden met lage concentraties
van opgeloste legeringselementen) bestaat uit kiemvorming- en groeiprocessen.
Aan de andere kant vindt austenietvorming uit martensiet/austeniet (gebieden die
rijk zijn aan opgeloste legeringselementen) plaats door de groei van austeniet
zonder kiemvorming. Dit gedrag wordt toegeschreven aan de aanwezigheid van
20% restausteniet in de initiéle microstructuur, die metastabiel is tot aan de
Ac1-temperatuur. Bovendien vertoont de geharde microstructuur, gekarakteriseerd
met behulp van SEM en EBSD, microstructurele banden met een hoge dichtheid
aan carbides, een bimodale grootteverdeling van voormalige austenietkorrels en
significante heterogeniteit in de ruimtelijke verdeling van restausteniet. De gebieden
die rijk zijn aan opgeloste legeringselementen vertonen een heterogene verdeling
van carbiden, grove voormalig-austenietkorrels en een hogere fractie restausteniet
in vergelijking met de gebieden die arm zijn aan opgeloste legeringselementen,
die een homogene carbideverdeling vertonen in martensiet, gevormd in fijne
voormalig-austenietkorrels.
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De geharde microstructuur van de perlitische route voor een koolstofsamenstelling
van 0,85 gew.% wordt bestudeerd in Hoofdstuk 6. Deze microstructuur wordt geken-
merkt door gebieden met hoge concentraties van opgeloste legeringselementen, die
licht aanetsen en gebieden met lage concentraties van opgeloste legeringselementen,
die donker aanetsen. Er wordt waargenomen dat het differentiéle etscontrast
van de microstructuur wordt beinvioed door de gecombineerde effecten van de
dichtheid van cementietdeeltjes en de ruimtelijke verdeling van restausteniet. In
tegenstelling tot de geharde microstructuur van de bainitische route vertoont de
geharde microstructuur verkregen via perliet als de initiéle microstructuur geen
banden met hoge carbide-dichtheid of een bimodale korrelgrootteverdeling van
voormaligausteniet.

Een vergelijking van de ontlaten microstructuren van de bainitische en perlitische
routes (0,85 wt.% C) wordt gepresenteerd in Hoofdstuk 7. De ontlaatbehandeling
wordt uitgevoerd in een dilatometer bij 200 "C gedurende 4 uur. De ontlaten
microstructuren van beide routes vertonen hardheidswaarden van 130 tot 200
HV lager dan hun overeenkomstige geharde microstructuren. Dit verschil in
hardheid wordt toegeschreven aan de gelijktijdige microstructurele veranderingen
die optreden tijdens de ontlaatbehandeling, waaronder het ontlaten van martensiet,
de precipitatie van overgangscarbiden, het verminderen van thermische spanningen
en de annihilatie van dislocaties. Bovendien wordt een kritische analyse gegeven
van de potentiéle microstructurele zwakke plekken in de ontlaten microstructuren
van beide routes, gebaseerd op gevestigde metaalkundige principes en op basis
van gedetailleerd literatuuronderzoek. Uit deze analyses wordt de relatie tussen
microstructuur en prestatie van lagers significant duidelijker.

Algemene conclusies en aanbevelingen voor toekomstige studies worden gegeven
in Hoofdstuk 8. Door een grondige karakterisering van microstructuren van beide
routes na elke fase van de warmtebehandeling wordt een uitgebreid inzicht verkregen
in de evolutie van microstructurele kenmerken en hun invioed op de mechanische
eigenschappen van lagers. dit onderzoek. Inzicht verkregen uit dit onderzoek
kan worden gebruikt om de warmtebehandelingsparameters te optimaliseren en
alternatieve procesroutes te verkennen die microstructurele inhomogeniteit kunnen
verminderen, hetgeen de prestaties en betrouwbaarheid van lagers zal verbeteren.
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INTRODUCTION

IND energy is one of the fastest-growing sources of renewable energy, offering
Wa sustainable alternative to conventional sources of energy such as fossil fuels
(coal, oil, and natural gas) and nuclear power. As global energy demands continue
to rise, wind energy has become a crucial component of the energy mix, especially
in the European Union (EU). In July 2021, the EU established ambitious targets to
increase the share of renewable energy in the energy mix to 40% by 2030 [1], as
part of its efforts to reduce greenhouse gas emissions and mitigate climate change.
This figure was further increased to 45% in 2022 to reduce Europe’s dependence on
Russian natural gas imports and to increase energy security in the face of potential
supply disruptions and geopolitical tensions [1]. These rising energy demands have
continued the trend of the past decades towards larger wind turbines to take
advantage of economies of scale and improved efficiency.

Wind turbines are classified into direct-drive and geared, based on the design
configuration of their generators. The prominent difference between the two is
the absence of a gearbox in the direct-drive design, which is the configuration of
interest in this thesis. The structure of a direct-drive wind turbine involves various
components, such as the rotor assembly, main shaft bearing, nacelle, generator, and
tower. A schematic of the location of these components in a direct-drive wind
turbine is shown in Fig. 1.1(a). Among these, the main shaft bearing is one of the
most critical components. These bearings typically weigh several tonnes and have
a diameter exceeding 2 meters. Fig. 1.1(b) illustrates the scale of these bearings.
They support the weight of the rotor assembly and enable it to rotate with minimal
friction, which is essential for efficient power generation. In any given wind turbine
system, the length of rotor blades determines the amount of wind energy that the
system can capture. The longer the rotor blades, the larger the area swept through
the air, and consequently, more wind energy can be harnessed. The evolution
of wind turbines towards larger and more efficient designs can be traced through
a historical comparison of rotor blade lengths. For instance, the rotor diameter
(diameter of the circular area swept by the rotor blades) of the oldest wind turbine is
approximately ten times smaller than the rotor diameter of the largest wind turbine
in existence today (242 m), highlighting the continuous improvement in power
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generation efficiency [2, 3]. As wind turbines continue to increase in size, the main
shaft bearings are subjected to increasing mechanical loads and stresses. As a result,
main shaft bearings have seen a significant increase in failure rates [4], which has
piqued research interest in this critical component.

Figure 1.1: (a) Illustration showing the various critical components in a direct-drive wind turbine. (b)
An example of a wind turbine main shaft bearing (courtesy of Dr. Karl Martin Pedersen).

The main shaft bearing, like several other components in a wind energy system, is
capital-intensive. Considering the high capital investments, international standards
dictate a minimum acceptable calculated life of 20 years for the main shaft bearings
[5]. The calculated life, also called "Lig life", is a statistical estimate of the number
of hours that 90% of a group of bearings will operate without failing due to fatigue.
It is typically considered that a bearing that is properly mounted, loaded, lubricated,
and kept free from foreign contaminants fails by spalling, which is a phenomenon
instigated by classical rolling contact fatigue (RCF). RCF-induced failures, such as
spalling, occur well beyond the L;q life [6]. However, premature failures characterized
by surface spalling and associated with the formation of white etching cracks
(WECs) within the subsurface regions of the material, develop within 6-24 months
of bearing operation [7, 8]. This form of premature failure associated with WECs
cannot be predicted by the existing bearing life theories, which inevitably impels
the wind turbine industry to incur substantial maintenance (lubrication, inspections,
monitoring, etc.) and bearing replacement costs.

WECs are one of the most severe forms of premature failure in wind turbine
main shaft bearings. WECs are networks of internal cracks surrounded by the
so-called white etching areas (WEAs): areas that appear white when etched and
viewed under an optical microscope. An example of WECs is shown in Fig. 1.2. The
formation of WECs in main shaft bearings of wind turbines has been attributed
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to various external factors (inadequate lubrication, bearing current, operational
stresses), environmental factors (contamination, corrosion, etc.), and material-related
factors (steel cleanliness, production route) [8, 9]. The occurrence of WECs in
various applications, types of bearings, bearing components, bearing steel, and
microstructures, makes it difficult to understand its formation mechanism, which is
still an area of ongoing research [8, 10-12].

Figure 1.2: Cross-section of a case-carburized bearing showing white etching areas (WEAs) and
networks of internal cracks (WECs) under an optical microscope.

1.1. RESEARCH BACKGROUND

The material used for the main shaft bearings investigated in this project is steel, of
initial chemical composition as shown in Table 1.1.

Table 1.1: Initial composition of the investigated steel.

Elements C Ni Cr Mo Si Mn P S Fe

Wt.% 016 33 14 02 04 055 0.007 0.003 Bal.

The steel underwent several upstream manufacturing stages such as casting,
remelting, rolling, forging, etc., the exact specifics of which are not known. The final
products of these stages were subjected to two distinct thermal treatment routes,
each comprising four stages: carburization, isothermal transformation treatment,
hardening, and tempering. A schematic diagram illustrating the two heat treatment
routes and their associated parameters is presented in Fig. 1.3. In the carburization
stage, the initial carbon composition of the steel is altered by dissolving carbon from
a carbon-rich atmosphere into the surface layers of the steel. The diffusion of carbon
occurring during this stage creates a carbon gradient of decreasing concentration
from the surface to the bulk of the steel. Following the carburization stage, the
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steel is transformed either at 600 “C, a temperature range associated with pearlite
formation in steel, or at 320 “C, a temperature range linked to bainite formation in
steel. This isothermal transformation treatment serves the purpose of establishing
a base microstructure that can refine any coarse austenite grains that may have
formed during carburization, as these grains are detrimental to the bearing’s fatigue
properties. Additionally, these transformation treatments also ensure the effusion
of hydrogen that might have dissolved in the microstructure in the preceding stage
from the carburizing atmosphere. In the subsequent stage called hardening, the
isothermally transformed microstructure is re-austenitized and quenched to obtain
a martensitic microstructure. This microstructure is then tempered to enhance
toughness, and to relieve the internal stresses developed during the preceding stage.
The sole variation between the two routes lies in the isothermal transformation
stage, with the "pearlitic" route treated at 600 “C and the "bainitic" route treated at
320 ~C.

Figure 1.3: Schematic diagram illustrating the two heat treatment routes applied on the main shaft
bearings and their associated heat treatment parameters.

An analysis of failure data of case-carburized main shaft bearings collected over
several years by Siemens Gamesa Renewable Energy revealed a correlation between
the production route and the bearing failure rate. To further investigate this
correlation, Highly Accelerated Life Tests (HALT) were performed. HALT is a popular
method for analyzing failure modes. By designing tests that control or remove
potentially influential factors and investigating their relative importance, the HALT
approach can identify important factors that contribute to premature failure. HALT
tests were conducted on case-carburized main shaft bearings from the two different
production routes to systematically examine the influence of various external and
environmental factors on the formation of irWECs'. The experimental design and the

INote that HALT-tests were performed also on induction-hardened bearings. However, as the focus of
this thesis is on case-carburized bearings, the results of induction-hardened experiments are not
included.
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analyses of the results presented in this section are the work of Rasmus Frandsen,
M.Sc, (Siemens Gamesa Renewable Energy) and Steffen Sgrensen, M.Sc. The aim of
the different HALT tests are shown in Table. 1.2. The tests were conducted using
contact pressures that, according to conventional knowledge of fatigue strength,
should not result in failure. Further details regarding the testing conditions are
confidential and cannot be disclosed in this thesis.

Table 1.2: The purpose of various HALT tests.

Test no: ‘ Purpose
1 Investigate if substantial irWECs observed in
field bearings can be reproduced
’ Verify if black oxidized coating and better
surface roughness eliminates the subsurface failures
3 \ Investigate the influence of bearing current
4 Verify if lower contact stress and different cage
solution will eliminate irWECs
5 \ Verify if burnished bearing eliminates the failure mode
6/7 ‘ Verify if the failure mode was related to environmental factors

The HALT test results are presented in Table. 1.3. These tests included deliberate
variations in experimental parameters, such as misalignment, load, and voltage, to
replicate the practical operating conditions experienced by bearings. The degree
of misalignment was modulated to manipulate the contact pressure, while the
voltage levels applied in these tests emulated the electrical stresses commonly
encountered in wind turbine environments. Irregular white etching cracks (irWECSs)
were replicated in all test simulations, and the depths at which these cracks formed
ranged from 0.3 to 1.3 mm below the raceway surface. The observation of irWECs
was classified based on their potency as either "Yes™: a clear observation of branched
crack networks, "Small": small cracks with very limited branching, or "Very small™:
incipient hairline cracks. It was found that case-carburized bearings from the bainitic
route were more prone to form irWECs in comparison with the pearlitic route,
despite the benefits of black oxidized coatings’, burnishing®, and the absence of
detrimental environmental factors. Overall, the HALT tests revealed a variation in
material properties related to the production route and confirmed the importance of
identifying and addressing the microstructural aspects related to bearing failures.

2Black oxide coatings are reported to protect bearings from tribochemical attacks of additives and
lubricants, increase film thickness, and reduce the risk of standstill corrosion [13].

3Burnishing enhances the running-in and wear properties of the bearing and provides protection
against environmental factors [14].
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Table 1.3: Results of highly accelerated lifetime testing (HALT) testing.

Test no:  Route Misalignment  Contact pressure (GPa) Voltage irWECs

1 Bainitic High 17 + Yes

2 Bainitic High 1.7 + Yes

3 Pearlitic High 1.7 0 Small

4 Pearlitic Medium 1.6 + Very small
5 Bainitic High 1.65 + Yes

6 Bainitic 0 1.8 0 Yes

7 Pearlitic 0 1.8 0 Very small

1.2. RESEARCH OBJECTIVES

The main objective of this Ph.D. thesis is to study the microstructure development
during each stage of the heat treatment process shown in Fig. 1.3, with particular
attention on the bainitic route. This Ph.D. thesis also focuses on uncovering crucial
microstructural parameters that are directly associated with the fatigue failure of
main shaft bearings through in-depth quantitative investigations.

Significant emphasis is placed on scrutinizing the microstructure evolution
specifically at a depth of 1 mm from the raceway surface, which is within the range
of observed crack depths and is a known damage-prone area. Nevertheless, analyses
from other depths are also included as necessary to provide a comprehensive and
thorough technical analysis of the material, going beyond the sole investigation
of bearing failure. To establish a profound understanding of the microstructure-
performance relationship, this research employs rigorous characterization studies
and in-depth metallurgical analyses. The scientific understanding gained from the
systematic analyses of microstructure development is utilized to propose future
recommendations.

1.3. THESIS OUTLINE

This Ph.D. thesis consists of eight chapters, with the contents arranged according
to the order of the heat treatment stages shown in Fig. 1.3. Chapter 2 provides
a comprehensive overview of the microstructural changes induced during the
carburization stage, including the development of carbon concentration gradient
and austenite grain growth. Chapter 3 is related to the bainitic transformation
stage and explores the formation of bainite in a case-carburized steel. The
influence of chemical segregation present in the as-received bearings on isothermal
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bainite formation is presented in detail in this chapter. Chapter 4 is related
to the pearlite formation and investigates the microstructure development during
isothermal pearlitic heat treatment. The influence of carbon concentration gradient
on the kinetics of pearlite formation is examined. Chapters 5 and 6 focus on the
hardening stage, where austenite formation from the microstructures discussed in
Chapters 3 and 4, respectively, is presented. While both chapters involve extensive
microstructural characterizations, Chapter 5 delves deeper into the mechanisms
of austenite formation using in situ studies. The final microstructures from the
bainitic and pearlitic routes (see Fig. 1.3), after the tempering stage, are analyzed
and compared in Chapter 7. Specifically, the microstructural features that have
been identified in the literature as detrimental to bearing performance are discussed
in detail and evaluated based on the results obtained from the microstructural
characterization. The final chapter of this thesis, Chapter 8, provides a summary
of the main findings and conclusions of the research presented in this work.
Additionally, recommendations for future work and potential avenues for further
research are discussed.
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CARBURIZATION-INDUCED
MICROSTRUCTURAL CHANGES

HE first of the four stages in the heat treatment sequence, as shown in Fig.

1.3, is carburization. In this stage, a carbon concentration gradient is induced
in steel, which allows the subsequent heat treatments to impart specific properties
such as hardness, wear resistance, and load-bearing capacity. Additionally, the
carburization process affects the size of the austenite grains, which has an indirect
impact on the strength and toughness of steel. Therefore, it is essential to evaluate
the microstructural changes occurring during the carburization process. This chapter
describes the experimental methods used to study the carburization stage, and the
results obtained; the carbon concentration gradient, and the size of the austenite
grains. The implications of these results for the overall heat treatment process are
also discussed.

2.1. CASE-CARBURIZATION AND ITS IMPORTANCE

Case-carburization is a thermal treatment in which carbon is diffused into steel by
heating it in a carbon-rich environment at a temperature that is sufficiently high
to render the steel austenitic. The diffusion of carbon from the environment into
steel is driven by a chemical-potential difference. The extent of subsequent carbon
diffusion in the steel and the concentration of carbon developed at the surface
depends on several parameters such as temperature, time, and carbon potential
(Cp) of the atmosphere, which is a dimensionless number that represents the
ability of a furnace to influence the carbon content in steel during heat treatment
[1]. When the steel is quenched after carburization, the carbon concentration
gradient within it produces a hard, wear-resistant outer layer called the "case"; in
combination with a tough, ductile inner region called the "core". Additionally,
the sequence of phase transformations occurring during quenching can generate
beneficial compressive residual stresses in the surface and near-surface regions,
contributing to the material’s fatigue resistance [2]. The unique properties of
the microstructures produced by case-carburization make it a beneficial thermal

11
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treatment for wind turbine main shaft bearings.

Given the high-loading environment in which these bearings operate, the
development of a case depth exceeding 3 cm is essential to mitigate rolling contact
fatigue and sub-surface microstructural damage. To achieve this case depth, the
steel is heated to high temperatures, typically above 900 ~C [3], and isothermally
held for an extended period to ensure sufficient diffusion of carbon into steel to
form a thick layer of high-carbon martensite upon subsequent quenching. However,
prolonged exposure to high temperatures employed for case-carburization results in
the formation of large austenite grains, which can negatively impact the properties
of the steel and compromise the effectiveness of the achieved case depth. Therefore,
a detailed examination of the microstructure after the carburization stage is essential
to evaluate the effect of the carbon concentration gradient and to quantify the size
of the austenite grains developed during this stage.

2.2. MATERIAL AND EXPERIMENTAL METHODS

The investigated bearing material in this thesis is a Ni and Cr containing steel,
with the specific chemical composition shown in Table 2.1. The as-received sample,
of dimensions 28£21£13 mm?, was cut from a carburized inner ring (upwind) of
a wind turbine main bearing. The bearing had been running in a test rig and
had no visible damage after testing. The sample was cut from a depth of 15
mm below the raceway surface of the carburized ring, where there was neither a
carburization-induced carbon gradient nor loading-induced structural alterations.

Table 2.1: Chemical composition of the as-received steel.

Elements C Ni Cr Mo Si Mn P S Fe
Wt.% 016 33 14 02 04 055 0.007 0.003 Bal.

2.2.1. HEAT TREATMENT

The as-received sample was carburized for 60 h in an atmosphere of endothermic
gas that was enriched by a methane addition, employing a boost-diffuse phase. In
the boost phase, the sample was carburized at 980 “C for 40 h at a Cp of 1.2.
During the remaining duration of 20 h at 970 ~C, called the diffuse phase, Cp was
maintained at 0.8. The applied treatment is schematically shown in Fig. 2.1. To allow
carbon diffusion from a single side, 5 of the 6 sides of the sample were painted with
a Cu stop-off paint prior to the carburization treatment, as illustrated in the inset of
Fig. 2.1. The painting with Cu will prevent carbon uptake, and result in a diffusion
of carbon only in the z-direction. The sample was quenched in hot water at 60 ~C
after the carburization treatment.
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Figure 2.1: A schematic diagram of the case-carburization treatment process applied in this study,
with the inset showing the application of stop-off paint to the as-received sample.

2.2.2. SPECIMEN SAMPLING

The carburized sample was cut using electrical discharge machining to obtain
cross-sectional and lateral specimens as schematically shown in Fig. 2.2. The
cross-section specimen was taken from the x-z plane and used to measure the
carbon concentration gradient. Lateral specimens were taken from various depths
beneath the carburized surface. These specimens were used to quantify prior
austenite grain sizes by investigating in the x-y plane, which represents a plane of
uniform carbon content. The dimensions of cross-sectional and lateral specimens
are 4£2£13 mm? (xEy£z) and 10£4£2 mm?® (xEy£z), respectively.

Figure 2.2: Schematic of the specimen sampling after case-carburization.
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2.2.3. EXPERIMENTAL PROCEDURE

The carbon concentrations at various depths were measured on the cross-sectional
specimen using electron probe microanalysis (EPMA). The measurements were made
with a JEOL JXA 8900R microprobe employing wavelength dispersive spectroscopy
using an electron beam energy of 10 keV and a beam current of 100 nA. The carbon
concentrations at each depth were quantified from the average of 30 measurements
along a line of 300 &m with points separated by a distance of 10 &m. The
composition at the location of analysis was determined using the X-ray intensities of
the constituent elements after background correction relative to the corresponding
intensities of reference materials. The obtained intensity ratios were processed using
the matrix correction program CITZAF to account for absorption, fluorescence, and
matrix effects, ensuring precise and reliable quantitative analysis of the elemental
composition [4]. The suppression of the deposition of carbonaceous substances on
the sample surface and the removal of surface-adsorbed species that can interfere
with the measurement accuracy was ensured by applying an air jet during the
measurement. Consequently, a high-precision carbon concentration measurement is
made, with a low counting error of 0.02 wt.% for the spectral line of carbon.

Prior austenite grain boundaries were revealed by etching the specimens in picric
acid mixed with hydrochloric acid and sodium dodecylbenzenesulfonate at 85 ~C for
2-3 minutes. Quantification of the prior austenite grain size was made on a Keyence
VHX-6000 optical microscope using the linear intercept method by counting at least
385 grains.

2.3. QUANTIFICATION OF CARBON CONCENTRATION
GRADIENT

The carbon concentration developed at various depths during case-carburization,
quantified using EPMA measurements is shown in Fig. 2.3. The concentration
of carbon ranges from 1 wt% at the surface to 0.16 wt.% in the bulk regions
with the resulting carbon profile exhibiting a gradual decrease. The case region
is specified in this study, according to the definition in [5] as the depth range
beneath the carburized surface to the location where the carbon concentration
decreases to 0.3 wt.%. Accordingly, the case region extends up to a depth of 5
mm and the regions below the case are referred to as the core. The concentration
value for carbon in the surface region shows an associated error bar of 80.1 wt.%.
This significant uncertainty in the EPMA measurements for the region close to the
surface is attributed to the charging effects caused by the conductive resin used to
mount the specimen. These charging effects may alter the path of the incident
electrons, leading to inaccurate measurements. The results also indicate that the
carbon concentration in regions beyond 8 mm remains constant at the nominal
steel composition of 0.16 wt.%, implying that the depth of carbon diffusion during
the 60-hour carburization treatment is approximately 8 mm.
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Figure 2.3: carbon gradients from the case to core measured using EPMA. Note that for most data
the error bar is smaller than the symbol size.

2.4. QUANTIFICATION OF PRIOR AUSTENITE GRAIN SIZE

The average prior austenite grain sizes measured using mean lineal intercept method
at depths of 1, 2, 3, and 4 mm from the carburized surface, corresponding to carbon
contents of 0.90, 0.78, 0.62, and 0.45 wt.%, respectively, are summarized in Table 2.2.
The austenite grain size at each depth is calculated from a sample size that provides
a representative value. The uncertainty in the measurement (E.) is given by:

Ya

L

EL™ 131: £ (2.1)
N

where N is the number of measured intercepts, % is the standard deviation of the
lineal intercepts, and L is the mean. The results from Table 2.2 show that the average
prior austenite grain sizes at all investigated depths are in the range of 75-80 &m.
For case-carburized steel grades, a grain size of ASTM No. 5 (grain size of 64 &m)
or finer is specified [3]. The obtained results show that the average sizes of the
austenite grains at all investigated depths are coarser than the recommended value.
Furthermore, it is worth noting that despite the differences in carbon concentrations,
the average grain sizes appear similar across these depths.
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Table 2.2: Average prior austenite sizes quantified from various depths of the carburized
and quenched microstructure, along with the corresponding measurement
uncertainties and standard deviation.

Distance from the C content  Lineal intercepts, Average prior austenite Std. deviation, %
carburized surface (mm) (Wt.%) N grain size, L (&m) (&m)
1 0.90 § 0.01 550 80 § 0.023 40
2 0.78 § 0.01 640 79 8 0.022 46
3 0.62 § 0.01 529 77 § 0.025 46
4 0.45 § 0.01 618 76 § 0.023 44

Taking into consideration the importance of the microstructure from the damage-
prone region as mentioned in section 1.2, further analysis was performed on the
microstructure at a depth of 1 mm (0.9 wt.% C) from the carburized surface. The
optical micrograph showing the prior austenite grain boundaries from this depth
and a histogram constructed to provide a quantitative assessment of the intercept
distribution are shown in Fig. 2.4. Fig. 2.4(b) shows that .. 32% of the grain
intercepts fall within the size range of 40-60 &m. The intercept distribution has an
average value of 80 &m with a measurement uncertainty of § 0.023 &m, based on
a total intercept count (N) of 550 (see Table 2.2). Additionally, this analysis using
a histogram with different grain size bins reveals the absence of any discernible
bimodal grain size distribution.

Figure 2.4: (a) Prior austenite grain boundaries of the carburized and quenched specimen from
a depth of 1 mm from the surface. (b) Histogram showing the distribution of prior
austenite grain sizes.
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2.5. SUMMARY

The applied case-carburization treatment achieved a desirable carbon profile,
exhibiting a smooth decrease from the case to the core and resulting in a case
depth of 5 mm. Specifically, the surface layers attained a carbon concentration
of 1 wt.% and the core regions measured 0.16 wt.%. The achieved case-depth is,
from the literature and industrial practices, considered sufficient for providing the
necessary properties together with other microstructural aspects in the intended
application. Additionally, the smooth carbon profile indicates a reduced likelihood
of sharp microstructural changes during subsequent heat treatments, as the carbon
content plays a crucial role in determining the kinetics of phase transformations
and the resulting products. However, the development of coarse prior austenite
grains (.. 80 &m) is a trade-off observed in achieving a deep case (5 mm case
depth). Large austenite grains have been associated with lower strength, reduced
cleavage fracture resistance of the resulting martensite, and impaired rolling contact
fatigue life. Therefore, it is important to refine the prior austenite grains in the
subsequent stages of heat treatment to enhance the overall properties and optimize
the performance of the material.
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MICROSTRUCTURESINA
CARBURIZED STEEL AFTER
ISOTHERMAL BAINITIC TREATMENT

Abstract

Bainite to austenite reversal is one of the grain refinement techniques employed
in carburized steels. However, chemical segregation influences the homogeneity
of the bainitic structure, which is seminal to exploiting the advantages associated
with austenite reversal. It is therefore important to understand the influence of
chemical segregation on bainite formation, which is investigated in this work.
Characterizations were performed on the microstructures obtained from the case
and core regions of a carburized steel after 30 h of bainite treatment at 320
~C for two carbon compositions: 0.85 wt.% C (Zcase) and 0.16 wt.% C (Zcore)-
The microstructure of z.as is shown to contain bands with bainite in alloy-lean
regions and martensite/austenite in alloy-rich regions. For zcore, although the
chemical bands are not composed of different phases, the alloy-rich regions have a
fraction of martensite-austenite (MA) islands that is twice the fraction in alloy-lean
regions. Despite this difference, the austenite phase fractions in the chemical bands
of zgore are low and almost similar, indicating that the MA islands are mostly
martensite. From experimental results and thermodynamic and kinetic simulations,
it is elucidated that a different rate of phase transformation in the chemical bands is
the cause of the observed microstructural inhomogeneities.

This chapter is based on the scientific article "Influence of chemical segregation on bainitic
microstructures in a carburized bearing steel” by J. Abraham Mathews, J. Sietsma, R.H. Petrov, and
M.J. Santofimia published in Materials & Design (2022), Vol. 223, 111232.
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3.1. INTRODUCTION

N the wind energy industry, a range of large-size bearings is used, of which one
I of the most prominent is the main shaft bearing. It performs the critical task
of carrying the rotor blades, which in modern wind turbines can span a diameter
exceeding 100 m. The direct interaction of these bearings with the rotor blades
induces very high dynamic loads [1, 2]. To enhance the load-carrying capacity and
to endure shock loading, main shaft bearings are often case-carburized [3].

The magnitude and nature of loading undergone by main shaft bearings are
very complex. To withstand heavy loads and to avoid sub-surface microstructural
damage, case-carburized main shaft bearings possess large case depths (more than
3 mm). The heat treatments employed to attain deep “cases” are long and involve
multiple thermal stages. Depending on the case depth requirement, the duration of
carburization may vary from hours to days at temperatures typically above 920 ~C.
Such prolonged holding at high temperatures often results in coarse austenite grains.

The austenite grain size influences the grain size of the transformation products
[4]. For high-temperature transformation products (ferrite and pearlite), new
grains nucleate along austenite grain boundaries, thereby replacing each austenite
grain with multiple grains of the transformation product. As for diffusionless
transformation that produces martensite, the austenite grain size at the onset of the
quench determines the maximum volume within which martensite laths or plates
form. For optimal properties, it is critical to have a fine and uniform distribution
of austenite grains as it is an influential microstructural feature that affects ductility,
residual stress distribution, tensile strength, fatigue strength, and impact strength
[4-6]. It is also widely accepted in the wind energy industry that austenite grain size
has a pronounced effect on rolling contact fatigue properties. A review by Irwin et al.
suggests that the prior austenite grain size should be of ASTM No. 8 (grain diameter
of ... 22 &m) or finer and that individual grains should not be coarser than ASTM No.
5 (grain diameter of ... 64 &m) [7]. One of the industrially followed practices to avoid
coarse grains in the final microstructure of a carburized and hardened component
is to perform an isothermal transformation treatment in the temperature range of
bainite formation after carburization. Subsequent reversal to austenite from bainite
is an effective method for austenite grain refinement [8, 9].

Bainite formation in carburized steels follows a complicated sequence of
transformation events due to the presence of carbon concentration gradients and
thermal gradients from surface to bulk. In the absence of thermal gradients,
transformation begins in the low-C core and proceeds to the high-C case regions.
If the isothermal holding period is sufficient for the complete decomposition
of austenite, a bainitic ferrite matrix with carbides can be obtained, containing
morphologies of cementite that vary as a function of carbon concentration. On
the other hand, an incomplete transformation into bainite will yield a mixture
of martensite, retained austenite, and bainite, which is, in principle, an ideal
combination, provided that these structural constituents do not lead to anisotropic
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properties. However, the presence of chemical segregation can lead to the banding
of the transformation products [10, 11], which imparts anisotropic properties and
imposes constraints on achieving a homogeneous bainite structure even within
planes of uniform carbon content. Such inhomogeneities will affect the local heat
treatment response. This may result in bimodal grain size distributions, dimensional
anisotropy during phase transformation, and carbide banding in the subsequent
austenitization treatment [11-13].

In most of the previous studies, the investigated specimens were either
homogenized or cast in the laboratory such that the chemical segregation during
the solidification process did not have a substantial influence on the resultant
microstructure after prolonged bainitic treatment [14-19]. Microstructure evolution
during rolling contact fatigue of such carburized bearings having bainitic and
tempered martensitic structures has been studied previously [20-22]. However, the
scope of these studies did not embrace the microstructure evolution occurring
during the applied heat treatments, which has a crucial influence on the final
microstructure and its operational performance. In large-size components like the
main-shaft bearings in wind turbines investigated in this work, chemical bands
are usually present as a high degree of homogenization requires impractically long
thermal soaking at elevated temperatures. In the presence of chemical bands,
the microstructure development during the subsequent heat treatment stages gives
rise to heterogeneities in the final microstructure, which negatively influence the
rolling contact fatigue performance of bearings [23-25]. The influence of such
heterogeneities, arising from chemical segregation, on intermediate heat treatment
stages, is not well studied in the literature, which is explored in this work.

In this study, the microstructures after isothermal bainitic treatment in a Ni,
Cr-containing carburized steel are investigated. Note that this study pertains to the
microstructure development during the second stage of the bainitic heat treatment
route shown in Fig. 1.3. The influence of the inherently present chemical segregation
on bainite formation is examined, and the inhomogeneities prevailing in these
microstructures after 30 h of bainitic treatment are characterized using various
microscopy techniques. Furthermore, the rationale behind these observations is
elucidated with the aid of dilatometry tests and thermodynamic calculations.

3.2. MATERIAL AND EXPERIMENTAL METHODS

The investigated alloy is a steel of chemical composition as shown in Table 3.1,
which is the same as studied in Chapter 2. The as-received sample, of dimensions
28£21£13 mm?, was cut from a carburized inner ring (upwind) of a wind turbine
main bearing. The bearing had been running in a test rig and had no visible damage
after testing. The sample was cut from a depth of 15 mm below the raceway surface
of the carburized ring, where there was neither a carburization-induced carbon
gradient nor loading-induced structural alterations.
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Table 3.1: Chemical composition of the investigated steel.

Elements C Ni Cr Mo Si Mn P S Fe
Wt.% 016 33 14 02 04 055 0.007 0.003 Bal

3.2.1. HEAT TREATMENT

The as-received sample was heat treated in two stages: carburization treatment
(CT) followed by an isothermal bainitic treatment (IBT). The applied treatment is
schematically shown in Fig. 3.1. To allow carbon diffusion from the required side,
5 of the 6 sides of the sample were painted with a Cu stop-off paint before CT, as
illustrated in the inset of Fig. 3.1. The painting with Cu will prevent carbon uptake,
and result in a diffusion of carbon only in the z-direction.

CT was performed in an atmosphere of endothermic gas that was enriched by a
methane addition for 60 h, employing a boost-diffuse phase. In the boost phase, the
sample was carburized at 980 ~C for 40 h at a carbon potential (Cp) of 1.2. The
remaining duration of 20 h at 970 ~C, called the diffuse phase, was maintained at
Cp =0.8.

After the CT, unlike the sample in Chapter 2, which was immediately quenched,
the current sample was transferred into a furnace stabilized at 320 ~C in a protective
N, atmosphere, and isothermally treated for 30 h. This treatment is referred to as
isothermal bainitic treatment (IBT). The time of transfer from the first to the second
furnace was ... 120 s, and the cooling rate from 970 ~C to 320 ~C is estimated as 0.5
~C/s. After the IBT, the sample was quenched in hot water (60 ~C).

Figure 3.1: schematic diagram of the thermal treatment applied on the steel sample. The inset shows
the schematic illustration of the application of stop-off paint on the as-received sample.



3.2. MATERIAL AND EXPERIMENTAL METHODS 25

3.2.2. SPECIMEN SAMPLING

The heat-treated sample was cut using electrical discharge machining to obtain
lateral, cross-sectional, and dilatometry specimens as schematically shown in Fig.
3.2. For this work, lateral specimens from the "case" (1 mm from the carburized
surface) and the "core" (9 mm from the carburized surface) after CT + IBT are
investigated on its x-y plane (plane of uniform C content). It is worth noting
that the depth of 9 mm from the carburized surface is known as the core from
Fig. 2.3. These specimens are referred to as zgase and ZzZcore, respectively. They
are of dimensions 10£3£1 mm?® (x£y£z) and are cut from the block indicated as
"case/core". Cross-sectional and dilatometry specimens used in this study have
dimensions of 3£1£13 mm?® (xEy£z) and 10£3£2 mm? (xEy£z), respectively.

Figure 3.2: Schematic of the specimen sampling after the heat treatments.

3.2.3. EXPERIMENTAL PROCEDURE

Microstructural analyses were made using optical and electron microscopes. Optical
microscopy (OM) was performed using a Keyence VHX-6000 enabled with 2D
stitching function. Wide-area optical micrographs were obtained by capturing
multiple images of the specimen while moving the specimen via the stage in a
serpentine motion. Scanning electron micrographs (SEM) were captured using a
JEOL JSM-6500F field-emission gun scanning electron microscope (FEG-SEM) at an
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accelerating voltage of 15 kV. Microstructural analyses were performed after grinding,
polishing, and etching with 5% Nital. Chemical segregation was revealed after
etching 3 to 10 s in Oberhoffer’s reagent, which is a solution of 500 ml distilled water,
500 ml ethanol (96%), 50 ml hydrochloric acid (32%), 30 g ferric chloride and 1 g
stannous chloride [26]. Transmission electron microscopy (TEM) was performed on
a JEM-2200FS transmission electron microscope equipped with an energy dispersive
spectrometer (EDS) system. TEM specimens were mechanically thinned to 100 nm
and further prepared on electropolishing disks with a diameter of 3 mm in a twin-jet
electropolisher using 10% perchloric acid and 90% ethanol as electrolyte.

Vickers hardness measurements were made on a Struers DuraScan-70 hardness
tester applying a load of 9.8 N for a dwell time of 10 s. At least 10 measurements
were made to calculate the average hardness values.

The volume fractions of the phases were quantified by X-ray diffraction (XRD)
experiments using a Bruker D8-Advance diffractometer. Cu K® radiation was used in
the 2 scan from 30~ to 150~ with a counting time per step of 2 s and a step size of
0.04 2u. A collimator was used to attain a beam size of 0.5 mm. Data evaluation
was performed using Bruker’s DiffracSuite EVA software (version 5.2), Profex/BGMN.
Rietveld refinement was used for the quantification of the detected phases. During
the Rietveld fitting of the diffraction pattern of z;5s, ferrite (BCC) and martensite
(BCT) phases were included, and the best fit was used to determine the volume
fractions of ferrite and martensite.

Electron backscatter diffraction (EBSD) patterns were acquired on a JEOL
JSM-6500F FEG-SEM using HKL Flamenco software from Oxford Instruments. The
specimens were mechanically polished in an oxide polishing suspension (OPS).
EBSD analyses were made under the following operational conditions: acceleration
voltage of 20 kV, working distance of 25 mm, tilt angle of 707, and a step size of 50
nm on a square scan grid. Correlative scanning electron microscopy on the EBSD
scanned area was performed after careful polishing using OPS for 40 to 60 s. The
orientation data was post-processed without any cleanup using TSL OIM Analysis
7.0 software to obtain phase and image quality maps.

Chemical segregation was quantified using electron probe microanalysis (EPMA).
The measurements were made with a JEOL JXA 8900R microprobe employing
wavelength dispersive spectroscopy. An electron beam energy of 15 keV and a beam
current of 50 nA were employed to measure the chemical segregation of Ni, Cr, Mn,
Si, and Mo. The points of analysis were located along a line of ... 800 &m long with
points 5 &m apart. Segregation of carbon was quantified separately, but along the
same line of length ... 800 &m with the points separated by a distance of 5 &m. An
electron beam energy of 10 keV and a beam current of 100 nA were used for the
carbon analysis.

Dilatometry experiments were performed in a Bahr 805A quench dilatometer on
flat specimens of dimensions 10£3£2 mm?® (x£y£z). Note that the dilatometer
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specimen is 1 mm thicker than the lateral specimen. The top 1 mm of the
dilatometry-treated specimen was coarse ground to a dimension of 10£3£1 mm?®
(xEy£z), and subsequently fine ground, polished, and etched for microstructural
analysis on its x-y plane with 0.85 wt.% C.

3.3. RESULTS

The resultant microstructure after the IBT is presented in the following sections.
Due to the case-carburization treatment, the microstructure after the IBT varies
as a function of carbon concentration along the depth. An overview of this
gradient microstructure is provided, followed by an analysis of the microstructures
of specimens from the depth of 1 mm (Z¢ase) and 9 mm (Zcore)-

3.3.1. CROSS-SECTIONAL ANALYSIS AFTER ISOTHERMAL BAINITIC
TREATMENT (IBT)

The sample was analyzed in its cross-sectional plane (x-z plane) to observe the
microstructural and hardness gradients after the IBT. The optical micrograph in Fig.
3.3 shows the microstructural variation, which can be divided into three regions:
“case”, “transition zone”, and “core”. Case region, as previously defined in Chapter
2 (see Fig. 2.3), is the depth from the carburized surface to the carbon content
attaining 0.3 wt.%, and this depth is determined from EPMA analysis as 5 mm.
Case region is characterized by structural banding consisting of martensite/austenite,
etched light, and bainite, etched dark. The presence of microstructural banding is
also reflected in the standard deviation of hardness measurements made in the case
region, where differences in values exceeding 100 HV were obtained. The “transition
zone” marks the beginning of the core microstructure. It is a zone at a depth of 5
to 8 mm from the carburized surface marked by a gradual reduction in hardness.
Beyond the transition zone is the core region. This region is not affected by carbon
enrichment during the carburization process and hence has the nominal carbon
composition. The hardness values in the core region are found to be constant.

It is emphasized with reference to Fig. 3.3 that specimen z.gse is cut from the
block called the “case” region and z;.re from the “core” region. The average carbon
content in the investigated x-y plane of the specimens, z¢ase and zgore, are 0.85 wt.%
and 0.16 wt.%, respectively, measured using EPMA.
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Figure 3.3: Optical micrograph of the sample (after CT + IBT) in the cross-sectional plane. On the
right part of this micrograph, the average hardness value at the corresponding distance
from the carburized surface is exemplarily shown along with the standard deviation.
Schematics of the locations of specimens z¢ase and zcore are also provided.

3.3.2. MICROSTRUCTURAL ANALYSIS OF SPECIMEN Z;gse

Optical micrograph of zgase shows light and dark etching areas, Fig. 3.4(a). The
areas etched light are martensite/retained austenite, and the darker etched areas are
bainite. These structural constituents appear in the form of bands. The orientation
of the bands in the case region seen in Fig. 3.3 is different from Fig. 3.4(a) due to a
different plane of observation.

A SEM micrograph from a bainitic region of specimen zgsse is shown in Fig.
3.4(b). The structure is a mixture of bainitic ferrite and acicular cementite plates of
apparent thickness ranging from 0.08 to 0.25 &m. The length of these plates is in the
range of 0.1 to 3 &m. Bainitic ferrite is darker and etched deeper, while the acicular
morphology corresponding to cementite has a higher surface relief. Small blocks of
martensite/austenite (MA) islands are also found as structural constituents in the
vicinity of prior austenite grain boundaries, indicated with a white dashed line. Fig.
3.4(c) shows martensite/austenite regions in specimen z.sse. This region is observed
to have MA islands and is devoid of carbides.

Quantification of the phases present in specimen z.ase using XRD analysis shows
43 + 2 vol. % BCC, 31 + 4 vol. % FCC, 23 + 5 vol. % BCT, and 3 + 1 vol. % cementite.
Fig. 3.4(d) shows the diffractogram of specimen z.yse with the identified peaks of
austenite, ferrite (BCC), and martensite (BCT). Note that the diffractogram contains
cementite peaks but these are obscured by the higher peak intensities of austenite,



3.3. RESULTS 29

ferrite, and martensite. The inset in this figure shows a part of the diffractogram
from 39~ to 53~ 2u. This figure shows that the tetragonal martensite (BCT) peaks,
indicated as My, are clearly distinguishable from the ferrite (BCC).

Figure 3.4: (a) Wide-area optical micrograph of specimen zcase. (b) Micrograph from a region that is
etched dark (bainite) in the optical micrograph. (c) Micrograph from a region showing
martensite/austenite areas. B: bainite, F: bainitic ferrite, MA: martensite/austenite, and C:
cementite. (d) X-ray diffractogram showing martensite, austenite, and ferrite peaks. Peaks
that are due to martensite tetragonality are indicated as Mt. The inset shows a distinct
(101) peak of martensite, while the (110) martensite peak overlaps with the (110) ferrite
peak. The planes corresponding to the various peak positions can be found in [27].

To elucidate the spatial distribution of the phases, EBSD analysis was performed
on specimen Zg;se in an area that includes both bainite and MA regions. The
image quality (IQ) map superimposed with the phase map (PM) is shown in Fig.
3.5(a). Red, green, and yellow indicate BCC, FCC, and cementite, respectively. A
considerable area fraction in this map appears black, which corresponds to the
points that were not indexed. These regions are martensite and were not indexed
due to the high lattice distortion and dislocation density of martensite. A reliable
indexation of the cementite phase was not obtained, and the regions that were
indexed are seen to distribute as isolated pixels. BCC is the crystal structure that
is predominantly indexed, with an inhomogeneous FCC (austenite) distribution.
Austenite is seen only in the martensitic areas, which can be distinguished from
bainite since martensite appears black.

To further investigate the distribution of retained austenite, a correlative technique
employing SEM and EBSD was used to acquire structural and crystallographic data
from the inset shown in Fig. 3.5(a). The EBSD phase map from the inset is shown in
Fig. 3.5(b) and the corresponding SEM micrograph in Fig. 3.5(c). Localized analysis
from Fig. 3.5(b, ¢) shows “blocky” retained austenite that is discretely present as
islands within martensite.
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Figure 3.5: (@ 1Q + PM with inset of the area selected for correlative electron microscopy of
specimen zcase (b) zoomed-in view of the inset (c) corresponding microstructure of the
inset as viewed in SEM.

Thin lamellae features present in the bainitic region in Fig. 3.5(c) are indexed
as fully BCC, despite the presence of cementite. This is most likely due to the
overlapping patterns of BCC and cementite and because the size of the thin
cementite lamellae features is below the step size used in the measurement. An
unambiguous inference of this structural constituent as cementite cannot be made
from EBSD as high-C bearing steels with a bainitic structure have previously been
reported with film-type austenite [28]. Therefore, advanced characterization of these
lamellae structures was performed using selected area electron diffraction (SAED) in
a TEM. Fig. 3.6 shows the TEM bright field image of two lamellae. Micro-diffraction
patterns taken from the lamella named "SAED1" confirmed the needle-like structures
to be cementite, with zone axis [1 4 2], and the region within the two lamellae
named "SAED2" as Fe-BCC (bainitic ferrite), with zone axis [0 0 1].

Figure 3.6: TEM bright field image showing two cementite lamellae separated by bainitic ferrite and
their corresponding micro-diffraction patterns.
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The banded structure observed in specimen zgsse indicates the presence of
chemical segregation of substitutional alloying elements formed during alloy
solidification. Quantitative information of alloy segregation (in wt.%) is shown
in Fig. 3.7(a) with the composition of Ni plotted on the primary vertical axis
and the remaining elements on the secondary vertical axis. The backscattered
electron (BSE) micrograph presented at the top of the plot shows the bainitic and
martensitic regions across which the measurements were made. A total of 151
measurements were made along the indicated line. For each element, the average
of 151 measurements is taken as its corresponding nominal composition, which is
indicated as dashed lines. The alloy-rich regions with elemental segregation profile
lying above the nominal composition are hereafter referred to as positively segregated
regions (PSR), and the alloy-lean regions with elemental segregation profile below
the nominal composition as negatively segregated regions (NSR).

The EPMA results show that there is a distinct segregation of all analysed alloying
elements. Ni exhibits the strongest segregation. The obtained data indicate that the
Ni concentration in PSR can reach up to 26% higher than the nominal composition
and by a similar percentage lower than the nominal composition in the NSR. Mn, Cr,
and Mo concentrations can reach up to 10% higher than the nominal composition
in the PSR, and Si 6%. While there are variations in the segregation susceptibility
of these elements, the trend in the segregation profile of individual elements shows
correspondence. Analysing the segregation profile in conjunction with the BSE
micrograph reveals that the PSR has mainly transformed into martensite and the
NSR into bainite.

Segregation of substitutional alloying elements can influence the segregation
of carbon by an alteration of carbon activity. Therefore, an additional EPMA
measurement to investigate the segregation of carbon was performed along the same
line indicated in Fig. 3.7(a) after careful polishing to remove contamination from
the previous measurement. The concentration of carbon along the measurement
points is shown in Fig. 3.7(b). The carbon profile is distributed very close to
its nominal composition (dashed line) in the PSR, which is martensitic. However,
the carbon content in the NSR, of bainitic nature, is seen to fluctuate about its
nominal composition. This compositional variation of carbon in the bainitic region
arises from the differences in the carbon content of bainitic ferrite and cementite
constituting the bainite. The average carbon composition in the PSR and NSR are
0.83 wt.% and 0.86 wt.%, respectively. These values are very close to the nominal
carbon composition of 0.85 wt.%. It can therefore be deduced that there is no
significant solute-induced segregation of carbon in specimen Zzgase. Any variations
in the concentrations of carbon seen in Fig. 3.7(b) are due to phase transformation,
whereas, the substitutional solute segregation seen in Fig. 3.7(a) stems from alloy
solidification during casting.
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Figure 3.7: Segregation profile of (a) Ni, Cr, Mn, Si, and Mo (b) C in specimen zcase measured using
EPMA.

3.3.3. MICROSTRUCTURAL ANALYSIS OF SPECIMEN Z;re

The average carbon concentration of z¢ore is 0.16 wt.%, which is significantly lower
than the carbon concentration in zcase. The Mg temperature of zgore is predicted
as 412 ~C from Andrews equation [29]. Using this empirically calculated value of
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M;s in the Koistinen-Marburger (KM) equation with rate parameter, ®,, = 0.011 ~Ci?
[30], a martensite volume fraction of 0.64 is predicted to be present at the start of
isothermal holding at 320 “C in specimen z;ore. The optical micrograph of this
specimen is shown in Fig. 3.8(a). A seemingly uniform etching response is observed,
and the microstructure is presumed to be a mixture of tempered martensite and
bainite.

The chemical inhomogeneity was revealed using Oberhoffer’s reagent. This reagent
is well established for the macroetching of steels to identify chemical segregation of
P, As, and Ni [31]. The etching response of specimen z;qre to Oberhoffer’s reagent is
shown in Fig. 3.8(b). The differential response of the specimen to the etchant stems
mainly from chemical heterogeneity. The regions appearing lighter are those that
have higher Ni concentrations (PSR). It can be qualitatively inferred that specimen
Zcore IS inherently heterogeneous with respect to its chemical distribution.

Figure 3.8: (a) Optical micrograph of specimen zcore after etching with 5% Nital. (b) Optical
micrograph showing the chemical segregation present in specimen Zzcore, revealed by
Oberhoffer’s reagent.

A SEM micrograph of specimen zgore is shown in Fig. 3.9(a). A mixed
microstructure of tempered martensite (TM) and bainite (B) is observed with MA
islands present at the proximity of prior austenite grain boundaries and within
the grains. TM indicated in this micrograph is the initial product of austenite
decomposition during the cooling phase, which is tempered during the IBT. Bainite,
which is the isothermal decomposition product of austenite during IBT, is seen with
irregular boundaries at the vicinity of austenite grain boundaries (marked in dotted
blue lines). The morphology of these microstructural features is seen to be in
accordance with the description of the bainitic nature of austenite decomposition
product below Mg reported by Navarro-Lopez et al. [32]. The overall microstructure
is mostly devoid of carbides but instead intermixed with MA islands. The total
volume of the phases present in specimen z.ore quantified using XRD are 92 + 3
vol.% of BCC and 8 + 3 vol% of FCC. Due to the low carbon content in z.ge,
martensite is identified as BCC and cannot be distinguished from bainitic ferrite by
XRD. No carbide peaks were detected. The corresponding XRD pattern is shown in
Fig. 3.9(b).
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Figure 3.9: (@) SEM micrograph of specimen zcore showing the various microstructural constituents.
TM: tempered martensite, B: bainite, and MA: martensite/austenite islands. (b) XRD
patterns of specimen z¢ore.

3.4. DISCUSSION

3.4.1. MICROSTRUCTURE FORMATION IN SPECIMEN Zcgsc

The microstructure of specimen zqzse is composed of bainite and martensite with
high fractions of retained austenite, aligned spatially in the form of alternating bands.
While bainite was an intended product, martensite was unsolicited and observed to
form in the PSR. To investigate the progress of transformation events that take place
in specimen z:4se, the isothermal bainitic treatment was replicated in a dilatometer
after a short austenitization treatment.

The dilatometric treatment of specimen zg4se is schematically shown in Fig. 3.10.
The specimen was heated to 970 "C at 10 “C/s and held for 10 min in vacuum.
Thereafter, the specimen was cooled at a rate of 0.43 “C/s in vacuum to 320 ~C,
and isothermally treated for 30 h. After 30 h, the specimen was quenched to room
temperature in helium at a cooling rate of 50 ~C/s.
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Figure 3.10: Schematic representation of the dilatometric treatment applied on specimen zcase.

The change in length recorded during the entire heat treatment scheme is shown
in Fig. 3.11(a). Isothermal holding at 970 ~C renders a completely austenitic
microstructure. The contraction observed during holding at 970 ~C is considered
an instrumental artifact, probably due to the influence of the force exerted by the
push-rod on a thin specimen at high temperature. The dilatation curve is essentially
linear in the cooling stage to IBT, indicating an absence of phase transformations.
The stability of austenite from decomposing to pearlitic/bainitic constituents during
continuous cooling despite a very low cooling rate is due to the high alloy contents
of mainly Ni, Cr, and C, which shifts the transformation start kinetics to lower
cooling rates. Bainite formation is seen as an isothermal line marked by an increase
in specimen length. The final stage of quenching to room temperature is seen to
display a change in slope, associated with martensite formation.

The evolution of bainite with time is shown in Fig. 3.11(b). The overall appearance
of this transformation curve is sigmoidal, although not reaching an asymptotic limit.
The curve does not display smooth and monotonous growth kinetics initially (until
.. 7 h). The exact metallurgical character of this dilatation is not clear based on the
experimental evidence of the present study.

The inset in Fig. 3.11(b) shows that the transformation begins with a volume
contraction, which is observed to persist for almost 25 min after the start of the
holding period. Such contractions at the start of the isothermal holding period
have previously been reported as an artifact arising from the change in atmospheric
conditions inside a dilatometer [10], or due to thermal gradients as a result of
fast cooling. In the present scenario, the cooling phase to the IBT and the
subsequent holding did not involve a change in the atmospheric conditions inside
the dilatometer. Moreover, the effect of thermal gradients can also be neglected
due to a very slow cooling rate. The observed volume contraction, which perhaps
initiates the formation of bainite can hence be perceived as a phase transformation,
possibly cementite precipitation from austenite. A similar volumetric contraction has
been reported by Kannan et al. [33] on an Fe-0.84C-1Cr-1Mn (wt.%) steel at the
start of an isothermal hold at 500 “C. They attributed the volume contraction to
the reduction in the lattice parameter of austenite during its carbon depletion when
cementite forms. Although the transformation temperature in [33] was significantly
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higher than in the current work, a similar mechanism might be operating at initial
transformation times. Nevertheless, regardless of the mechanism behind this initial
volume contraction, it is clear that the formation of bainite takes place at a
slow kinetics and it remains incomplete after 30 h of isothermal treatment. The
isothermal transformation curve does not end with a zero slope indicating that the
transformation is incomplete. Austenite remains present in the microstructure at the
onset of cooling and partially transforms to martensite during the quench, as can be
seen in Fig. 3.11(a).

Figure 3.11: (a) Dilatation change for the entire heat treatment scheme of specimen z¢ase (b) Bainite
formation curve during the isothermal holding at 320 ~C.

The optical micrograph of the dilatometer-treated z:55¢ Specimen is shown
in Fig. 3.12. This microstructure has a noticeable similarity with the starting
microstructure in Fig. 3.4(a): structural bands. Combining the microstructural
and dilatational observations, it can be interpreted that the martensite formation
observed during the final quenching occurs in the high segregation regions. The
dilatometry experiment demonstrates that the kinetics of bainite formation are
governed by solute segregation present in the starting microstructure.

Figure 3.12; Optical micrograph of the dilatometer-treated zcase specimen. Note the presence of
microstructural banding. B = bainite and MA = martensite/austenite regions
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Chemical segregation, as observed in Fig. 3.7, can cause local variations in bainite
start temperature (Bs). Therefore, it is necessary to confirm if the IBT temperature
was conducive to the formation of bainite, for which the Bs profile was plotted along
the segregation profile measured using EPMA. The following empirical equation,
proposed by van Bohemen [34], was used to determine Bs as its validity falls within
the range of the chemical composition of the investigated alloy;

X
Bs(CC)™ Poi PixiiRu[liexp(iRaxe)] (3.1)

where, i :d\/ln, Si, Cr, Ni, and Mo, x is the concentration of the elements in wt.%, Pg
=839 "C, ; Pixj =86xmn *+ 23Xsj + 67Xcr + 33XNi + 75Xmo, R1 = 270 °C, and R; =
1.33 (wt.%)il.

Fig. 3.13 shows the variation of B; along the measured points. All calculated Bg
values lie well above the IBT temperature of 320 ~C, which indicates that there was
sufficient undercooling below Bg in both PSR and NSR. However, the sensitivity of
Bs to the local differences in chemical composition is noteworthy. According to the
results, the degree of undercooling in the NSR is 30 to 40 “C more than in the PSR.

Figure 3.13: Vvariation of bainite start temperatures along the EPMA measurement line.

Undercooling determines the driving force for bainite nucleation [35]. The higher
undercooling in the NSR provides a greater driving force for bainite formation. This
is further investigated by calculating the Ty temperature for the extreme values of
the alloy composition in the PSR and NSR taken from the EPMA analysis: Fe-
0.85C-3.5Ni-1.5Cr-0.25M0-0.6Mn-0.4Si and Fe-0.85C-3.1Ni-1.3Cr-0.12Mo0-0.5Mn-0.3Si
(in wt.%), respectively. The locus of Ty temperature as a function of carbon content
for the two compositions is shown in Fig. 3.14(a), calculated using the TCFE10
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database of ThermoCalc. In the entire relevant temperature range, a higher carbon
content can be noted for the Ty curve of the composition corresponding to the NSR
than for the PSR. This is a clear indication that the degree of bainite transformation
is higher in the region that exhibits negative segregation.

An additional influence of microsegregation is on the transformation kinetics.
The segregated elements have different tendencies to stabilize austenite which
engenders local differences in the austenite decomposition rate. Time-Temperature-
Transformation (TTT) diagrams are used to elucidate the kinetics of bainite formation
in PSR and NSR for the same compositions as used to plot Fig. 3.14(a). TTT diagram
for the formation of 1% bainite in PSR and NSR is shown in Fig. 3.14(b), plotted
using the model proposed by Li et al. [36]. The model predicts a very long incubation
time (more than 30 h) for bainite formation at 320 “C for both regions. This
incubation time is an order of magnitude higher for the PSR. The kinetic delay for
the formation of bainite is in the range of 108-107 s in the PSR, and 10°-10° s in the
NSR. In addition to carbon, a difference of an order of magnitude for the incubation
period observed from the TTT curve in the PSR may be attributed substantially to
the segregation of Ni, which reduces the free energy difference between ferrite and
austenite. The time predicted by the TTT model for the start of bainite formation
is more than the IBT duration, implying that the austenite decomposition is not
expected during IBT. However, the experimental results from XRD analysis show
about 46% bainite formation. Although the transformation kinetics predicted by the
model implies an underestimation of the experimental observation, it indicates that
there is a greater probability for bainite formation in the NSR than in the PSR.

Figure 3.14: (a) To profile for PSR and NSR as a function of carbon concentration. (b) TTT diagram
plotted for the formation of 1% bainite in PSR and NSR using the model proposed by
Li et al. [36]. The horizontal dashed line indicates the temperature of IBT (320 ~C).
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3.4.2. MICROSTRUCTURE FORMATION IN SPECIMEN Zcore

The transformation products and their kinetics in specimen z.qe are very different
from those in specimen z.yse due to the lower carbon content. The structural
constituents observed in specimen z;ore are elucidated in this section with the aid
of a dilatometry measurement, the same as the one applied on specimen z.se (refer
to Fig. 3.10).

The dilatogram recorded for the entire heat treatment scheme of specimen zgqre
is shown in Fig. 3.15(a). The microstructure of specimen zgore iS completely
austenitic at temperatures above 800 ~C. During the isothermal dwell at 970 ~C, a
volume contraction is observed due to instrumental reasons as assumed in section
3.4.1. As the specimen is cooled further to 320 “C, an austenite volume fraction
of about 0.5 is transformed into martensite. The microstructure at the start of
isothermal holding at 320 ~C is, therefore, a mixture of martensite and austenite.
During the subsequent holding period, the following reactions are expected to occur
simultaneously; (a) transformation of austenite to bainite and (b) tempering of the
martensite formed during cooling. The dilatation associated with these reactions is
shown in Fig. 3.15(b). The transformation curve at the end of 30 h has a zero slope
indicating the completion of microstructural processes. The cooling curve to room
temperature (indicated as “final quench” in Fig. 3.15(a), indicates no significant
martensite formation.

Figure 3.15: (a) Dilatogram of specimen zgore for the entire heat treatment. (b) Dilatational change
recorded during the holding period of 30 h at 320 ~C.

Chemical heterogeneities play a vital role in imparting microstructural variations by
affecting the local phase transformation properties. These microstructural variations
were investigated by distinguishing the chemical bands with the aid of Oberhoffer
etchant and performing site-specific microscopic analyses on the dilatometry-treated
specimen zqcore. SEM micrographs of this specimen from PSR and NSR are shown in
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Fig. 3.16(a) and Fig. 3.16(b), respectively. These microstructures are highly tempered
due to a prolonged isothermal holding period beyond the maximum extent of phase
transformation (see Fig. 3.15(b)). The microstructural constituents in Fig. 3.16(a) and
Fig. 3.16(b) are identified as bainite (B), tempered martensite (TM), and MA islands.
Carbides are not observed in the PSR (Fig. 3.16(a)) but can be seen in the NSR as
indicated by the arrows in Fig. 3.16(b). A perceptible difference between the two
microstructures is the fraction of the irregular-shaped MA islands. Quantification
of MA islands in these microstructures was performed using the image analysis
software Imagel. The results show that the area fraction of MA islands in the PSR
is 0.26 while it is 0.13 in the NSR. From dilatogram observations, it is evident that
martensite is formed only during the initial cooling stage. EBSD measurements
were made to evaluate the austenite fraction in the PSR and NSR. Quantification of
austenite from the combined image quality and phase maps shown in Fig. 3.16(c, d)
indicates 2% in PSR and 1% in NSR. Despite a higher area fraction of MA islands
in the PSR, the austenite fractions in the chemical bands do not show a significant
difference. This indicates that the MA constituents present in both regions are
mainly martensite. From these observations, the origin of the difference in the
fraction of MA islands can be traced to the phase transformations occurring during
cooling and the subsequent isothermal holding stage.

Figure 3.16: SEM micrographs of specimen zgore from (a) PSR, (b) NSR showing the different
microstructural constituents, where B: bainite, TM: tempered martensite, MA:
martensite/austenite islands. Combined phase and image quality maps of specimen
Zcore from (c) PSR (d) NSR.
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The possible variations in the Mg temperature of PSR and NSR cannot be
derived from the dilatogram. However, the experimentally observed Mg of 405 ~C
corresponds to a carbon concentration of ... 0.1 wt.%, from the empirical equation
proposed by Andrews [29]. The higher martensite fraction in the PSR (quantified
from Fig. 3.16) indicates that its formation begins in the PSR, followed by martensite
formation in the NSR. As the average carbon concentration in the specimen is 0.16
wt.%, the carbon concentration in the NSR can be approximated as 0.2 wt.%. The
corresponding Mg temperature of NSR is 363 “C. The volume fraction of martensite
present in the PSR and NSR at the start of the isothermal holding temperature (320
~C) can be quantified using the Koistinen and Marburger (KM) model as [37]:

£~ 1 i exp[i®n(Ms i T)] (32)

where £ is the volume fraction of martensite present at temperature T (320 ~C),
M is the theoretical martensite start temperature, and ®,, is the rate parameter,
the value of which is taken as 0.011 “Ci! [30]. From Equation (3.2), the martensite
fraction at the start of the isothermal holding at 320 C in PSR and NSR is 0.60
and 0.30, respectively. The average volume fraction of martensite in specimen zcgre
calculated using the KM model is therefore 0.45, which is in good agreement with
the experimentally approximated martensite fraction of 0.50.

The final fraction of MA islands in Fig. 3.16 in both regions is lower by a factor of
2.3 in comparison with the calculated fractions at the start of the isothermal holding.
The difference in the area fraction of MA islands in the chemical bands can be due
to the difference in the initial fraction of martensite formed during cooling and to
the differences in the tempering behavior arising from compositional differences.
This distinction cannot be made on the basis of the present experimental evidence.

3.5. CONCLUSIONS

The influence of microsegregation on the final microstructure obtained after 30 h
of bainitic treatment in a carburized bearing steel was investigated. The following
conclusions are drawn from this study:

» Microsegregation induces local differences in the driving force and the kinetics
of isothermal bainite formation. Significant co-segregation of carbon is absent
despite high solute segregation, which however does not prevent a different
rate of bainite formation in the segregation bands.

< In the alloy-rich regions of the case, the higher concentrations of Ni, Cr,
Mn, Si, and Mo (compared to the alloy-lean regions) stabilize the austenite
phase to a degree that significantly slows down its decomposition into bainite.
The incomplete bainite formation due to microsegregation leads to bands of
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bainite and martensite-retained austenite.

< In the core region, bainite formation below Ms is prone to microstructural
heterogeneities. This is due to the cumulative effect of the differences in the
initial fraction of martensite formed in the chemical bands and the tempering
behavior due to compositional differences.

The results of the current study show that resorting to a bainitic structure for
grain refinement upon austenite reversal in microsegregated steels requires careful
attention to the choice of heat treatment parameters that are vital to obtaining a
fully bainitic structure. Nevertheless, the obtained bainitic microstructure will be
heterogeneous if chemical bands are inherited from the upstream processing stages.
These structural heterogeneities should be foreseen to persistently affect subsequent
heat treatments.
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MICROSTRUCTURESINA
CARBURIZED STEEL AFTER
ISOTHERMAL PEARLITIC
TREATMENT

Abstract

The influence of carbon concentration variations on pearlite formation (20 h
at 600 ~C) in case-carburized steel is investigated. The resultant microstructure
shows three distinct regions: a carburized case, a transition region, and the original
core. The microstructural transition from the case to the core regions is observed
to be relatively sharp. The investigated region of the carburized case (0.9 wt.%
C) contains two types of pearlite: ferrite + cementite and ferrite + M»3Cg, Where
the pearlitic aggregate with M»3Cgs shows faster formation kinetics. The kinetics of
pearlite formation in the transition region (0.3 wt.% C) is very slow and only M33Cg
formation is observed. Only around 40% austenite decomposes into pearlite in the
transition region, which, in comparison to the carburized case region of 0.9 wt.% C,
is a fraction that is lower by a factor of two. Pearlite is absent in the investigated core
region (0.16 wt.% C). The microstructure in this region is predominantly martensite
and pro-eutectoid ferrite, with a fraction of ferrite well below the equilibrium
fraction. Ferrite formation in this region is limited by the redistribution of mainly Ni,
Mn, and Cr, and their resulting solute drag effect on the austenite/ferrite interface. A
thermodynamic and kinetic argumentation of these observations is provided with the
help of thermodynamic data, precipitation simulations, and a general mixed-mode
Gibbs energy balance model.

This chapter is based on the scientific article "Microstructures in a carburized steel after isothermal
pearlitic treatment” by J. Abraham Mathews, H. Farahani, J. Sietsma, R.H. Petrov, M.G. Mecozzi, and
MJJ. Santofimia, published in Journal of Materials Science & Technology (2023), Vol. 160, 66-75.
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4.1. INTRODUCTION

ASE carburization is a widely applied heat treatment on steel components that
Coperate in fatigue-prone environments. The carburization process induces a
concentration gradient of carbon, with higher carbon content at the surface gradually
decreasing towards the depth of the steel. Appropriate post-carburization treatment
results in a hard case and a ductile core. Additionally, carburized components are
characterized by significant compressive residual stresses at the surface and high
fractions of retained austenite in the case regions [1-3]. These factors have been
reported to enhance the fatigue properties and hence the service life of carburized
parts [1, 2, 4, 5].

For large-sized components such as the main-shaft bearings of wind turbines,
a martensitic matrix with case depths exceeding 3 mm is required to sustain the
high service stresses and to avoid sub-surface microstructural damage. However,
carburization treatments to obtain such deep cases require prolonged holding at
high temperatures, which often results in coarse austenite. Martensite formed from
coarse-grained austenite, in comparison to that formed from fine-grained austenite,
has been reported to exhibit lower strength and lower cleavage fracture resistance
[6, 7]. Furthermore, reduction in rolling contact fatigue life of bearing steels due to
coarse prior austenite grains is well documented in literature [8-11]. Therefore, the
conventional post-carburization procedure of quenching followed by tempering is
not adequate, in most cases, for components with large case depth requirements.

One of the heat treatment strategies to eliminate the coarse austenite formed
during the carburization treatment is to apply a subsequent pearlitic treatment
before re-austenitization and hardening (see Fig. 1.3). The pearlitic microstructure
provides a high density of interfaces that act as favorable austenite nucleation
sites [12] during the subsequent re-austenitization treatment. This leads to the
refinement of austenite, which, on quenching, transforms into a fine martensitic
microstructure. This is an alternative grain refinement strategy to the bainitic
transformation treatment. This alternative grain refinement strategy is discussed in
Chapter 6, in which the microstructural analysis of the steel subjected to isothermal
pearlitic treatment, followed by hardening, is presented.

To achieve optimal properties in carburized components involving several heat
treatment stages, it is important to understand the microstructure development in
each of these stages. The current study focuses on the microstructure formed
during the isothermal pearlitic treatment after carburization. The characterization
of microstructure developing in the pearlitic treatment is not only of fundamental
interest but also has significant practical implications due to the following reasons:

1. During re-austenitization, the characteristics of the austenite matrix, developed
from the microstructure obtained during the pearlitic treatment, contribute
to the final properties of the heat-treated steel. As austenite formation is a
structure-sensitive process [13, 14], the microstructure from which it forms
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plays an important role in determining the kinetics, grain size, morphology,
and the homogeneity of alloy distribution in austenite.

2. Due to economic and environmental reasons, it is preferred to apply the
shortest carburizing time to achieve the required case depth. This comes with
the risk of under-designing with respect to case depth specifications. Under
such instances, microstructure analysis of the intermediate stages of heat
treatment, like the pearlitic treatment investigated in this study, is useful to
ascertain the reliability of the applied carburization process parameters.

3. For steels that undergo intermediate heat treatments after carburization,
the presence of carbon gradients dictates the kinetics of subsequent phase
transformations.  Since the driving force for phase transformation varies
with depth below the carburized surface, different decomposition products
of austenite can be obtained along this depth. In the instance of a sharp
microstructural transition, the surrounding regions will be subjected to stress
concentration. If such sharp microstructural transitions occur within a
load-bearing region and are not eliminated in subsequent heat treatment
stages, they can have a detrimental impact on the performance of carburized
components. Therefore, the microstructure analysis after pearlitic treatment
is needed to detect and rectify any unforeseen anomalous microstructure
development.

The present work explores the microstructure development during the isothermal
pearlitic treatment of a case-carburized steel, which is the second stage of the
pearlitic heat treatment route shown in Fig. 1.3. Microstructures corresponding
to various carbon concentrations in the case, transition, and core regions are
experimentally investigated. The rationale behind the experimental observations is
elucidated with the help of equilibrium phase calculations, precipitation simulations,
and a general mixed-mode Gibbs energy balance (GEB) model [15].

4.2. MATERIAL AND EXPERIMENTAL METHODS

The investigated alloy is a steel of the same chemical composition as discussed in
Chapter 2, the specific composition of which is shown in Table 4.1.

Table 4.1: Nominal composition of the investigated steel.

Elements C Ni Cr Mo Si Mn P S Fe
Wt.% 016 33 14 02 04 055 0.007 0.003 Bal.
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4.2.1. HEAT TREATMENT

The as-received sample was of dimensions 28£21£13 mm?3. Further details regarding
the sampling procedure of the as-received sample are the same as provided in
section 3.2. In this study, the as-received sample was case-carburized and then
subjected to an isothermal pearlitic treatment (IPT). The applied heat treatment is
schematically shown in Fig. 4.1. A copper stop-off paint was applied on 5 of the 6
sides of the sample prior to the heat treatment to allow carbon diffusion into the
required side only. The sides painted with copper will not uptake carbon. This is
illustrated in the inset in Fig. 4.1. Carburization treatment (CT) was carried out
employing a boost & diffuse treatment in an atmosphere of endogas and methane
for 60 h. In the boost phase, the sample was carburized at a carbon potential (Cp) of
1.2 at 980 ~C for 40 h. Thereafter, the temperature was reduced to 970 “C and a lower
Cp. 0.8, was applied for the remaining 20 h of the carburization treatment, called the
diffuse phase. After the carburization treatment, the sample was transferred into a
furnace that was stabilized at 600 ~C in a protective N, atmosphere, and isothermally
treated for 20 h. This treatment is referred to as isothermal pearlitic treatment (IPT),
after which the sample was quenched in hot water (60 ~C). The estimated time to
transfer the carburized sample into the second furnace is 120 s, and the cooling rate
from 970 ~C to 600 ~C is approximately 0.5 ~C/s.

Figure 4.1: Schematic representation of the heat treatment applied on the as-received sample. The
inset illustrates the sides painted with the copper stop-off paint prior to the heat
treatments.
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4.2.2. SPECIMEN SAMPLING

The heat-treated sample was cut using electrical discharge machining to obtain
cross-sectional and lateral specimens as schematically shown in Fig. 4.2. The
cross-sectional specimen, of dimensions 8£1£13 mm?® (x£y£z), contains the entire
carbon gradient arising from the carburization treatment z-direction. Lateral
specimens of dimensions 10£3£1 mm?® (x£y£z) were cut from different depths, 1
mm, 5 mm, and 9 mm from the carburized surface, and were investigated in the x-y
plane (plane of uniform carbon content).

Figure 4.2: Schematic of the specimen sampling after the heat treatments.

4.2.3. EXPERIMENTAL PROCEDURE

The specimens for microstructural analyses were metallographically prepared and
etched in 5% Nital solution. Microstructural analyses were made using optical and
electron microscopes. Optical microscopy (OM) was performed using a Keyence
VHX-6000 microscope enabled with a 2D stitching function. Wide-area optical
micrographs were obtained by capturing multiple images of the specimen while
moving the specimen via the stage in a serpentine motion. Scanning electron
microscopy (SEM) images were captured using a JEOL JSM-6500F field emission gun
scanning electron microscope at an accelerating voltage of 15 kV.

For transmission electron microscopy (TEM) analysis, the specimens were
mechanically thinned to 20 &m and further prepared to electron transparency
using Ar ion milling. TEM was performed on a spherical-aberration corrected
FEI Titan microscope operating under 300 kV voltage, and equipped with Thermo
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Scientific CetaTM 16M camera for acquiring high-resolution electron transmission
microscope (HRTEM) lattice images. Elemental composition maps were obtained
from energy dispersive X-ray spectroscopy (EDX) collected for each beam position
in a scanning transmission electron microscopy (STEM) image using the super-X
ChemiSTEM™™ detectors. The crystal structure information was obtained from the
resulting Fourier transforms of HREM images and selected area diffraction patterns
(SADP).

The volume fractions of the phases were determined from X-ray diffraction (XRD)
experiments using a Bruker D8-Advance diffractometer. Co K® radiation was used in
the 2p scan from 35~ to 130~ with a counting time per step of 2 s and a step size
of 0.035 ~2u. The volume fractions of the phases were calculated using the Rietveld
refinement technique.

The carbon concentrations at various depths were measured on the cross-sectional
specimen using an electron probe microanalyser (EPMA). The measurements
were made with a JEOL JXA 8900R microprobe employing wavelength dispersive
spectroscopy using an electron beam energy of 10 keV and a beam current
of 100 nA. The carbon concentrations at each depth are quantified from the
measurements along a line of 850mm with points separated by a distance of
5mm. The composition at the location of analysis was determined using the
X-ray intensities of the constituent elements after background correction relative
to the corresponding intensities of the reference materials. The intensity ratios
thus obtained were processed with a matrix correction program CITZAF [16]. The
suppression of the deposition of carbonaceous substances on the sample surface and
the removal of surface-adsorbed species that can interfere with the measurement
accuracy was ensured by applying an air jet during the measurement.Consequently,
a high-precision carbon measurement is made, with a low counting error of 0.02
wt.% for the spectral line of carbon.

Vickers hardness measurements were made on a Dura-scan 70 (Struers) hardness
tester applying a load of 9.8 N for a dwell time of 10 s. At least 10 measurements
were made to calculate the average hardness.

4.3. RESULTS

The resulting microstructures vary as a function of carbon concentration from the
carburized surface to the bulk. An overview of these microstructures is provided
in section 4.3.1 by analysing the cross-sectional specimen, followed by the analyses
of the microstructures of lateral specimens containing 0.9 wt.% C (1 mm depth),
0.3 wt% C (5 mm depth), and 0.16 wt.% C (9 mm depth), refer to Fig. 4.2.
These specimens are hereafter called z¢ase, Ztran, and zcore, respectively. The
microstructural analyses of these specimens are provided in section 4.3.2.
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4.3.1. CROSS-SECTIONAL ANALYSIS OF THE MICROSTRUCTURE

Microstructure, hardness, and carbon gradients in the cross-sectional plane after IPT
are shown in Fig. 4.3. Three regions are distinguished: case, transition, and core.
Case region is specified in this study, according to the definition in [17], as the region
from the carburized surface to the carbon content attaining 0.3 wt.%. Accordingly,
the case region extends up to a depth of 5 mm. The carbon concentration in the
case, measured by EPMA, ranges from 1 wt.% to 0.3 wt.%. The case microstructure
is pearlitic, and its hardness values are observed to decrease as a function of carbon
concentration from 350 8 8 HV at 1 wt.% C to 235 8 10 HV at 0.3 wt.% C. The
transition region, defined according to the microstructure, is a narrow zone (.. 0.5
mm) at 5 mm from the carburized surface and has a carbon content of around 0.3
wt.%. The microstructure in this region is a mixture of pearlite and martensite. This
region is indicated within the dashed lines in Fig. 4.3. Its hardness is 235 8 10 HV.
Below the transition region is the core. The carbon concentration in the core varies
from ... 0.3 wt.% to 0.16 wt.%. The core microstructure is predominantly martensitic
with pro-eutectoid ferrite bands (for instance within the rectangle in the micrograph
of Fig. 4.3). The hardness just below the transition region is .. 250 HV higher
than in the transition region. A gradual decrease in hardness is observed within the
core region until ... 8 mm, below which the carbon concentration and the hardness
values do not vary significantly. The high hardness of the core region stems from
the martensitic microstructure.

The carbon contents of the lateral specimens used in this study are quantified
from the EPMA measurements made on the cross-sectional specimen. A schematic
of the specimens Z¢ase, Ztran, and Zgore is shown in Fig. 4.3. The thickness of these
specimens is 1 mm, and they are cut from a depth of 1 mm, 5 mm, and 9 mm,
respectively, from the carburized surface. It is emphasized that carbon redistribution
may occur during the 20 h of isothermal treatment. Assuming a negligible
carbon redistribution during cooling from carburization, a comparison of the carbon
gradient quantified using EPMA after the carburization treatment in Chapter 2
(refer Fig. 2.3) with the carbon gradient quantified after the isothermal pearlitic
treatment in this chapter (refer Fig. 4.3), shows that the carbon redistribution was
not significant, falling within the experimental errors.
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Figure 4.3: Microstructural, hardness, and carbon gradients from the case to the core regions after
IPT, viewed in the cross-sectional plane. Schematics of the locations of specimens z¢ase,
Ztran, and Zcore are also provided. The shaded regions of these lateral specimens
represent the plane of investigation.

4.3.2. MICROSTRUCTURAL ANALYSES OF LATERAL SECTIONS

The analyses and the quantification of the various phases for 0.9 wt.% C, 0.3 wt.% C,
and 0.16 wt.% C are performed by investigating the lateral specimens Zcase, Ztran.
and zqqre (dark surfaces indicated in Fig. 4.3), respectively. The results are discussed
in this section.

SPECIMEN Zcgase

The quantification of phases present in specimen z.zse Using XRD analysis shows
86 8 1 vol.% of BCC that represents ferrite (®), 8 8 1 vol.% of M3Cs, and 6 8 1
vol.% of cementite (g). A comparison of the measured and equilibrium volume of
phases (at 600 ~C) is shown in Fig. 4.4(a). The measured volume of M»3Cg and q
are significantly different from the equilibrium values calculated using Thermo-Calc:
13% g and 1% M33Cg, in which the equilibrium distribution of metal atoms, 'M’, in
the sublattice sites are predominantly Fe and Cr. Additionally, Thermo-Calc predicts
3 % austenite (°) at 600 “C. However, FCC peaks that represent ° were not detected
in the diffraction analyses. This indicates either its complete absence or a volume
that is below the X-ray detection limit (... 1 vol.%). The martensite start temperature
(M) for the equilibrium composition of ° in specimen zgyse is 64 ~C, predicted
from Andrew’s equation [18]. Therefore, the room-temperature microstructure may
contain martensite. However, peaks of martensite (distinguishable from ferrite
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because of the tetragonality in the lattice structure due to a high carbon content
[19]) were not observed in the XRD patterns.

Microstructure characterization of specimen z.ase USing optical microscopy shows
pearlite with a few regions of martensite (1% area). The prior austenite grain
boundaries are decorated with carbides. These microstructural constituents are
indicated in Fig. 4.4(b). The morphology of pearlite is shown in Fig. 4.4(c). Various
pearlite colonies with orientation differences in the alternate lamellae of ® and
carbide can be observed. Although XRD analysis reveals the presence of p and M,3Cg
in specimen z:5¢e, differentiation between the two types of carbides cannot be made
from these microscopy analyses.

Figure 4.4: Microstructural characterization of specimen zcase. (a) A comparison of the measured
(XRD analysis) and equilibrium phase volume (using Thermo-Calc at 600 ~C). The volume
of the phases measured using XRD have an error of 8 1 vol.%. (b) Optical and
(c) scanning electron micrographs showing the various microstructural constituents. P:
pearlite, M: martensite, and C: carbide.

The identification of the type of carbides present in pearlite was made using TEM
by obtaining the crystal structure information from the selected area diffraction
patterns. The carbides present at the prior austenite grain boundaries were
characterized by taking the Fast Fourier transforms (FFT) from the high-resolution
transmission electron microscope (HRTEM) images. The results, Fig. 4.5, show that
the pearlitic carbide structure of specimen z.35¢ is @ mixture of g4 and M»3Cg. Both
these carbides are also present at the prior austenite grain boundaries. The encircled
regions in the TEM micrographs in Fig. 4.5 (a-d) are the regions from which the
crystal structures of the carbides were characterized. Diffraction patterns of the
pearlitic carbides from regions 1 (Fig. 4.5(a)) and 2 (Fig. 4.5(b)) are shown in Fig.
4.5(e) and 4.5(f), respectively. Inevitably, diffraction patterns of the surrounding
matrix were collected at the same time. The reflections marked in yellow are
from ®-Fe planes and the weak reflections (marked in white) are from the carbide
lamellae. From the diffraction analyses, it is inferred that the pearlitic carbide in
region 1 has a cubic structure pertaining to M»3Cg (zone axis [110]), whereas that
from region 2 has an orthorhombic structure pertaining to p (zone axis [350]).
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Regions 3 and 4 in Fig. 4.5(c) and (d) show the carbides that were characterized
from the prior austenite grain boundaries. The FFT of HRTEM images from these
locations is shown in Fig. 4.5(g) and Fig. 4.5(h). The FFT from region 3 fits M»3Cg
carbide (zone axis [9 5 12]), whereas that from region 4 fits p (zone axis [201]).

Figure 4.5: TEM characterization of the carbides present in specimen zcase. (8) HRTEM and (b)
bright field image of the pearlitic carbides, indicated as 1 and 2. The diffraction patterns
collected from the encircled regions 1 and 2 are shown in (e), identified as My3Cg, and
(f), identified as cementite, respectively. (c) and (d) show the bright field images, where
3 and 4 show the carbides at the prior austenite grain boundaries. The FFT of the
HRTEM images taken from regions 3 and 4 are shown in (g), identified as M23Cg, and
(h), identified as cementite.

SPECIMEN Zitran

The microstructure of specimen zi 4n, from the transition region (0.3 wt.% C), is
a mixture of pearlite and martensite, as shown in Fig. 4.6(a-c). The area fraction
of pearlite was measured from Fig. 4.6(a) as 0.4 using image analysis with the
software Imagel. The remaining fraction, which is martensite, does not have a
spatial distribution resembling microstructural bands (pearlite-martensite) despite
the inherently present chemical segregation bands (width ... 400 &m) of Ni, Cr, Mn,
Mo, and Si. The results related to chemical segregation were presented in Chapter
3 (see Fig. 3.7) and are applicable to the alloy investigated in the current study
as the initial block of steel before carburization was the same in both cases. The
prior-austenite grain boundaries are devoid of pro-eutectoid products as shown in
Fig. 4.6(b). Pearlite that has grown from the austenite grain boundaries into the
grain can be observed, as indicated by the arrow in Fig. 4.6(b). The SEM micrograph
shown in Fig. 4.6(c) shows the morphology of the pearlite in specimen ziran. The
morphology of the carbides is different from those observed in specimen z.ase (refer
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to Fig. 4.4(c)): fragmented, discrete, and having a larger interlamellar spacing. XRD
analysis shows 98 8 1 vol.% of BCC and 2 8 1 vol.% of M»3Cg. Note that due
to the low carbon content in specimen zian, a distinction between the pearlitic
ferrite (BCC) and martensite (BCT) was not made from the XRD analysis, as the
lack of tetragonality in the martensite crystal lattice resulted in overlapping peaks
with ferrite. During the Rietveld fitting of the diffraction pattern of specimen
Ztran, Martensite (BCT) was therefore excluded in the determination of the volume
fractions. Peaks corresponding to °-FCC or cementite are not detected, indicating
a volume below 1 vol.%. From the XRD analysis, it is interpreted that the carbides
present in pearlite in specimen ziran, Fig. 4.6(c), are M23Cs.

Figure 4.6: (a, b) Optical and (c) scanning electron micrographs of specimen ziran showing the
various microstructural constituents. P: pearlite, M: martensite, and GB: prior austenite
grain boundary.
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SPECIMEN Z.qre

The microstructure of specimen z¢ore is predominantly martensite. Ferrite is present
at the prior-austenite grain boundaries, appearing in the form of non-continuous
bands as indicated by arrows in Fig. 4.7(a). The area fraction of ferrite was calculated
from Fig. 4.7(a) as 0.07 using Imagel. The width of ferrite grains is less than ..
20mm, inferred from Fig. 4.7(b). XRD analysis of specimen z;ore shows a fully BCC
structure with no detectable peaks of °-FCC, M»3Cg, Or cementite. The tetragonality
of martensite in this microstructure, like in specimen z,an, is too low to be detected.
Hence, martensite peaks are not distinguishable from ferrite.

Figure 4.7: (a) and (b) are the optical micrographs of specimen zcore. F: ferrite and M: martensite.

4.4. DISCUSSION

4.4.1. MICROSTRUCTURE FORMATION IN THE CASE REGION

Phase transformations preferentially begin at the austenite grain boundaries due to
the grain boundary energy being annihilated during nucleation [20]. The observation
of cementite and My3Cg (Fe-Cr-rich carbide according to equilibrium calculations)
at the prior austenite grain boundaries in specimen z.5s. indicates that they are the
primary products of austenite decomposition. These carbides are precipitated either
during the cooling stage from the carburization treatment or during the isothermal
treatment [21, 22]. The thermodynamic possibility for the precipitation of carbides
from austenite during cooling is evaluated based on their driving force. The driving
force (¢gy) for the formation of cementite and M»3Cgs from austenite is calculated
separately from the property model of Thermo-Calc (TCFE10 database) and is shown
as a function of temperature in Fig. 4.8. Driving force, represented on the y-axis in
Fig. 4.8, is a non-dimensional parameter as it is normalized with RET, where R is the
universal gas constant and T is the absolute temperature. A positive value for ¢gy
means that the nucleation of carbide is thermodynamically favorable, defined as:

¢ 9y —¢ gvparent i¢ gVproduct (4.1)
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The simulation results show that cementite can precipitate at temperatures below
... 880 ~C, while M23Cg can precipitate at temperatures below ... 840 “C. Cementite
has a slightly higher driving force for nucleation than M»3Cg up to 720 ~C. As the
temperature decreases continuously, the thermodynamic stability of both carbides
increases, where below 720 “C, M23Cs emerges as the carbide with a higher driving
force. These results show the thermodynamic possibility that cementite and M»3Cgq
are both present at the prior austenite grain boundaries at the onset of isothermal
holding at 600 ~C.

Figure 4.8: Normalized driving force for the nucleation of cementite and M»3Cg from austenite as a
function of temperature for specimen z¢ase.

Despite the positive driving forces, TC-PRISMA calculations indicate that the
volume fractions of cementite and My3Cg are infinitesimally small (on the order of
magnitude of 2*10i% and lower) at the start of isothermal holding. Therefore, the
observable microstructural changes in specimen z:5sc are expected to occur during
the isothermal treatment. In conventional steels, pearlite formation is due to the
cooperative growth of ® and cementite. In addition to ® and cementite, ° and
M23Cg are also stable phases at 600 ~C in specimen zgase (see Fig. 4.4(a)), according
to Thermo-Calc. This implies that °, ®, cementite, and M»3Cg coexist in equilibrium
at the isothermal pearlitic treatment temperature. From a thermodynamic point of
view, it is, therefore, possible for ° to decompose by two separate eutectoid reactions;
(a) ° into ® + cementite, and (b) ° into ® + M»3Cg, forming two different pearlitic
aggregates. This argument is supported by the TEM results (see Fig. 4.5) which show
that both cementite and M,3Cg are present as pearlitic carbides in specimen zggse.

A mixture of cementite and M»3Cg as pearlitic carbides was previously reported by
Cheng et al. in high Mn-Al steel [23, 24]. However, in those studies, the volume
fractions of the two carbides were not quantified due to the weak carbide signals
in the XRD analysis. In the present study, the volume fractions of the carbides
are quantifiable due to an almost complete isothermal austenite decomposition,
unlike in [23, 24]. The measured volume fractions show a deviation from the
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equilibrium of a factor of eight for M,3Cg and a factor of two for cementite (see Fig.
4.4(a)). This high deviation in the carbide fractions can be rationalized by evaluating
the activation energy for nucleation (¢&7). The activation energy for nucleation
according to the classical nucleation theory can be written as [25]:

¢G~ ~A/¢g2 (4.2)

where A is a factor that contains information about the shape of the nucleus and
interfacial energy (%;), and ¢gy is the driving force for nucleation.

The driving force for nucleation (¢g,) is a thermodynamic quantity that can
be readily calculated from Thermo-Calc. The calculated values of ¢g, for the
nucleation of My3Cg, cementite, and ® from ° at 600 “C are 0.55 RT, 0.41 RT,
and 0.04 RT, respectively. The positive values of ¢g, show that their nucleation is
thermodynamically possible. M»3Cg has a higher driving force than cementite, which
suggests that M»3Cg has a higher nucleation potential (see also Fig. 4.8).

Additional parameters that influence the activation energy for nucleation are
the interface energies (%), which are contained in the term A of Equation (4.2).
Interfacial energy values are difficult to determine experimentally and are mostly
deduced as a model fit parameter [26, 27]. A first approximation of the interfacial
energy values of the matrix and carbide phases is obtained using the property
model calculator in Thermo-Calc with the TCFE10 database. The calculations in
the approximation model are based on Becker’s bond energy approach [28]. The
interfacial energy of ® and My3Cs (%>M2Cs) is 0.15 J/m?, while that for ® and
cementite (¥%>") is 0.20 J/m?. The calculated values of %*M2Cs and > are in
agreement with the values reported in the literature for a similar temperature range;
0.10 J/m? for %4*M23Ce [29] and 0.24 J/m? for %>/ [30].

The formation of pearlitic carbides also involves the interfacial energy contributions
from the °/® and °/carbide interfaces. The °/® interfaces are coherent or semi-
coherent and are likely not rate-determining for pearlite nucleation [25]. However,
the interfacial energy contribution of °/carbide interfaces strongly affects the
nucleation rate of the carbides, depending on their crystal structure and chemical
composition [31]. The calculated interfacial energy values for °/Mjy3Cs and °/u
interfaces are 0.06 J/m? and 0.07 J/m?, respectively. These values differ significantly
from that reported by Schneider et al. [32], which is 0.4 J/m?2. However, in [32], the
interfacial energy value was merely a postulation based on the assumption that the
carbides represent incoherent precipitates, for which ¥%; is typically higher than 0.3
J/m? [26]. A clear basis for the selection of °/carbide interfacial energy was not
stated in [32]. From the experimental data on M»3Cg size distribution and mean
radius, Xiong et al. [27] obtained an interfacial energy of 0.024 J/m?, which is in
agreement with the value reported in this study (0.06 J/m?). The quantitative values
of the interface energy calculation, therefore, provide a good approximation to the
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transformation event and point in the direction of the nucleation of M»3Cg having a
kinetic advantage over cementite.

These calculations show that the contribution of interfacial energy and driving
force to the nucleation barrier for My3Cg and cementite is different. The calculated
values show that the nucleation barrier for M,3Cg is synergetically reduced by its
higher driving force and lower interfacial energy compared to cementite. The faster
nucleation kinetics of M23Cg results in a significantly higher volume fraction than
cementite.

4.4.2. MICROSTRUCTURE FORMATION IN THE TRANSITION REGION

The austenite decomposition products in specimen zir 5, are pearlite and martensite,
as shown in Fig. 4.6. Pearlite formed in this specimen is not preceded by the
formation of pro-eutectoid products at the austenite grain boundaries. The absence
of pro-eutectoid phases (ferrite or cementite) is usually associated with the austenite
transformation into pearlite within a range of carbon composition close to the
eutectoid carbon content of the steel [33]. The possible absence of pro-eutectoid
phases in specimen zian is investigated by plotting the isopleth phase diagram,
which is shown in Fig. 4.9. Fig. 4.9 shows that ° is a stable phase in all ranges of
the plotted temperatures and carbon compositions. The eutectoid composition of
the alloy is observed at 0.28 wt.% C, as indicated by the vertical dashed line, which
is very close to the carbon content in specimen Zziran (0.3 wt.%). This is a very
modest deviation and falls well inside the experimental and simulation uncertainties.
Therefore, the absence of pro-eutectoid products in specimen z¢an is ascribed to its
nearly eutectoid alloy composition.

Figure 4.9: Fe-C-3.3Ni-1.4Cr-0.55Mn-0.3Si-0.2Mo (wt.%) isopleth phase diagram.
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The pearlitic microstructure of specimen Zziran is a mixture of ® and Mj3Cg.
The presence of cementite as a microstructural constituent was not experimentally
detected, unlike in specimen z;5s.. However, the phase equilibrium calculations give
cementite as a stable phase at 600 ~C along with ®, M23Cg, and ° (see Fig. 4.9). The
volume fractions of these phases are shown in Table 4.2. The thermodynamic driving
forces for the formation of various phases from ° at 600 “C and their interfacial
energies are calculated using the property model in Thermo-Calc with the TCFE10
database. It can be noted from Table 4.2 that the driving force for the formation of
M23Cs is higher than for cementite by a factor of three. Additionally, M23Cs has a
lower interfacial energy value than cementite. This implies that the formation of
pearlite favors the precipitation of M,3Cg. However, the calculations shown in Table
4.2) do not explain a complete absence/experimentally undetectable volume fraction
of cementite in specimen zi4n, as cementite has a positive driving force for the
formation and the calculated interfacial energy value with ® is similar to that of
M23Cs. Therefore, it is likely that the kinetics of cementite formation have a more
dominant influence. However, there is no experimental evidence in the present study
that describes the associated governing mechanisms delaying or inhibiting cementite
formation.

Table 4.2: Equilibrium fraction of the phases at 600 ~C, driving force for nucleation, and
interfacial energies in specimen zan calculated using Thermo-Calc.

Volume of Driving force (¢ gy) Interfacial energy (3%3)
phases (vol.%) (RT units) (J/m?)
®=92 ° to ® = 0.08
p=3 ° top = 0.12 v = 024
Mo3Cg = 2 ° to My3Cg = 0.38 yMesCe = 0.21
° =3

In contrast to an almost complete austenite decomposition in the span of 20
h at 600 “C for specimen zgsse, Only 40% of austenite transforms to pearlite in
specimen zyran (Fig. 4.6). This is a clear indication of the remarkable influence of
carbon, concomitantly with the other alloying elements, on the pearlite formation
kinetics. These observations are consistent with the results from an earlier study on
a case-carburized Cr-Mo steel, where Nakajima et al. [34] reported an acceleration
in the pearlite transformation with increasing carbon content due to pro-eutectoid
carbide, which is a more effective nucleation site than pro-eutectoid ferrite.
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4.4.3. MICROSTRUCTURE FORMATION IN THE CORE REGION

The microstructure of specimen zgore is predominantly martensite with ferrite (6
to 7%) at the austenite grain boundaries, as shown in section 4.3.2. The fraction
of ferrite is much lower than the equilibrium ferrite fraction at 600 ~C, which is
94% as simulated by the Thermo-Calc software. This significant difference between
the experimentally observed and equilibrium fractions of ferrite can be explained
by considering the solute drag effect of substitutional alloying elements on the
migration rate of the °/® interface. The general mixed-mode Gibbs energy balance
(GEB) model [15] is applied to simulate the isothermal austenite to ferrite phase
transformation at 600 ~C. In the GEB model, the interface velocity is calculated by
balancing the molar chemical driving force for phase transformation (¢G,,) and
the total energy dissipation caused by interfacial segregation of each substitutional
alloying element (¢G§n, i = Mn, Si, Cr, Ni, Mo), as well as the limited interface
mobility, caused by the so-called interface friction (¢ G,fn) [35]. The GEB model
considers the effect of ferrite width (formed along °/° grain boundaries) on carbon
redistribution ahead of the °/® interface [36] and can explain the stasis in the ferrite
formation with respect to changes in the available chemical driving force for the
transformation. The details on the calculation of chemical driving force, dissipation
of Gibbs energy, and consequently interface velocity with respect to ferrite width are
extensively described in reference [15].

The observed ferrite in the microstructure is mainly grain-boundary ferrite with
limited thickness, between 10 to 20 &m, after 20 h of isothermal holding at 600 ~C
(Fig. 4.7). In Fig. 4.10, the calculated energy dissipation is plotted together with
the available chemical driving force at different widths () of the ferrite layer (and
consequently different compositions ahead of the ®/° interface) for the isothermal
austenite to ferrite transformation at 600 “C in specimen Zzge. In this graph,
the intersection point between the curves of the chemical driving force and total
dissipation specifies the actual interface velocity (v). The binding energies of the
elements at the interface (Eg) for these calculations are set to EgM" = 5 kJ/mol [37],
EoS' = 12.3 ki/mol [38], EoN' = 5 ki/mol [35], and EoM® = 30.3 ki/mol [39]. The
binding energy of Cr is fitted as Eq®" = 9 ki/mol since this parameter is not available
in the literature for this model [40]. When the width of the ferrite is very low, * =
0.1 &m (the degree of transformation is very small), the intersection point between
the total dissipation and chemical driving force curves occurs at v = 0.15 &m/s.
Under these conditions, there is minor dissipation of Gibbs energy by diffusion of
substitutional elements inside the moving interface, and the interface velocity is
limited mainly by the interface mobility (¢ G:n) and carbon diffusion. With increasing
width of the ferrite layer, to £+ = 10 &m or 20 &m, the available chemical driving
force decreases and the curve of chemical driving force intersects the curve of total
dissipation at much lower values of interface velocity (below 0.001 &m/s). At these
very low interface velocities, the energy dissipation at the transformation interface
by interfacial diffusion of substitutional alloying elements is relatively high, which
indicates the segregation of these elements to the interface. For more hypothetical
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values of ferrite width (x ** 20 &m), a much lower chemical driving force is available,
and consequently, the growth rate continuously decreases to extremely low values (v
& 10i% &m/s) as it is controlled by the bulk diffusion of the substitutional alloying
elements in austenite, and the transformation practically reaches a stasis.

The GEB model predicts a velocity that can cause a physically realizable migration
of interface (v = 0.001-0.1 &m/s) only for a very low ferrite width (x =~ 10 &m).
This prediction is without considering the effect of the ferrite nucleation rate on
the overall kinetics of isothermal ferrite formation. The regions of the ferrite phase
observed in the final microstructure (Fig. 4.7) formed at different times of isothermal
holding at 600 ~C. The predictions by the GEB model are based on the solute drag
effect of substitutional alloying elements on the austenite/ferrite interface and are
consistent with the observed ferrite width when the ferrite grain nucleated at the
austenite grain boundaries grows into both neighboring austenite grains.

Figure 4.10: Energy dissipation and chemical driving force versus interface velocity at different widths
of ferrite layer (+) for the case of isothermal austenite to ferrite phase transformation at
T = 600 ~C calculated by the GEB model in the Fe-0.16C-0.55Mn-0.4Si-1.4Cr-3.3Ni-0.2Mo
(in wt.%).

4.5. CONCLUSIONS

This work presents the influence of carbon concentration ranges arising from case-
carburization on the microstructures obtained after 20 h of isothermal treatment at
600 ~C. The applied heat treatment results in a microstructure that is pearlitic in the
high-carbon regions (case) and predominantly martensitic in the low-carbon areas
(core). The case and core regions are separated by a sharp transition zone, where
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the microstructure is a mixture of pearlite and martensite. From microstructural
analyses of specimens Zcase, Ztran, and zZcore Of carbon compositions 0.9 wt.%, 0.3
wt.%, and 0.16 wt.%, respectively, the following conclusions are drawn:

* The formation of pearlite in the case (z¢ase) is preceded by the precipitation of
two pro-eutectoid carbides at the prior austenite grain boundaries, cementite
and My3Cg. The final microstructure shows the co-existence of two different
pearlite aggregates: ferrite + cementite and ferrite + M»3Cg. The pearlitic
aggregate with M»3Cg carbides has faster nucleation kinetics due to its lower
interfacial energy with ferrite, and higher driving force for formation, compared
to cementite.

< A clear transition in the case to core microstructures is observed at the eutectoid
composition of the alloy, which corresponds to the carbon composition in
specimen Ziran (0.3 wt.% C). The microstructure in the transition region
is 60% martensite and 40% pearlite. The pearlitic carbide in this region
is M23Cg. Although cementite precipitation is not experimentally detected
using XRD analysis, an assertion of its complete absence cannot be made
from the present study. An experimentally undetectable volume fraction of
cementite is surmised from the equilibrium phase predictions, in which case
the competitive nucleation and growth of cementite and M»3Cg favors the
precipitation of the latter.

* The kinetics of pearlite formation slows down with the carbon concentration
up to the eutectoid composition of the steel. Below the eutectoid composition,
the pro-eutectoid ferrite formed during cooling presumably results in the
redistribution of the alloying elements at the °/® boundary. This alloy
redistribution exerts a solute-drag effect which significantly reduces the °/®
interface migration rate to such an extent that it limits the fraction of ferrite to
well below the equilibrium fraction.
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MICROSTRUCTURE DEVELOPMENT
DURING HARDENING TREATMENT
OF THE BAINITIC ROUTE
CONTAINING 0.85WT.% C

Abstract

In many commercial steel processing routes, steel microstructures are reverted
to an austenitic condition prior to the final processing steps. Understanding the
microstructure development during austenitization is crucial for improving the
performance and reliability of the microstructure that forms from austenite. In
this work, austenite formation in a high-C steel (0.85 wt.%) from a microstructure
containing martensite/austenite and bainite bands is investigated. It is shown that
austenite formation from bainite results in a refined austenite grain structure, and
the martensite matrix thus obtained on quenching has a homogeneous distribution
of carbides with a relatively low fraction of retained austenite (0.24). On the other
hand, a coarser austenite microstructure is obtained when austenite forms from a
mixture of martensite and retained austenite. The reason for the coarse austenite
grains is argued to be a memory effect, which is substantiated by in situ X-ray
diffraction analysis. After quenching, an inhomogeneous carbide distribution and
a higher retained austenite fraction (0.30) are observed in the regions that were
initially martensite/austenite. The global microstructure, hence, has a bimodal size
distribution of prior austenite grains and carbide-dense bands. The causes for
these heterogeneities are discussed with the help of interrupted-quench experiments,
equilibrium phase calculations, and DICTRA simulations.

This chapter is based on the scientific article "Austenite formation from a steel microstructure
containing martensite/austenite and bainite bands" by J. Abraham Mathews, J. Sietsma, R.H. Petroy,
and M.J. Santofimia, published in Journal of Materials Research & Technology (2023), Vol. 160, 66-75.
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5.1. INTRODUCTION

ANY steel components used in industrial applications undergo a heat treatment

that reverses their microstructure to austenite for grain refinement [1-3]. This
heat treatment is called hardening, and typically involves isothermal holding at an
austenite formation temperature, followed by quenching to obtain martensite. The
formation of martensite is confined within each parent austenite grain and results in
a high density of lath, block, and packet boundaries [4, 5]. These sub-structures act
as barriers to dislocation motion, which increases the strength of martensite [6]. The
density of these sub-structures is well-known to be affected by the prior-austenite
grain size [5, 6]. A hardened microstructure of fine-grained martensite has several
advantages over coarse-grained martensite in terms of mechanical properties, such
as tensile strength [7, 8], fatigue strength [9, 10], and toughness [11, 12], which is the
motivation for creating a fine austenite microstructure.

Therefore, the properties of martensite are governed by the microstructural
changes occurring during austenite formation; partitioning of carbon and other
alloying elements, carbide precipitation, dissolution of secondary phases, austenite
grain size development, etc. These changes accompanying austenite formation
have been reported in the literature to depend on the heating rate [13-15], initial
microstructure [15, 16], and the holding time and temperature. In conventional
hardening treatments, the heating rates are such that the initial microstructure
and its decomposition products formed during continuous heating are eventually
austenitic at the hardening temperature due to the rapid kinetics of austenite
formation. However, solubility and diffusivity differences for the alloying elements
in different microstructural constituents engender different durations for these
elements to homogeneously distribute in austenite. Consequently, the compositional
homogeneity of the austenite matrix can be to different degrees, which makes
austenite formation during hardening sensitive to the initial microstructure.

Austenite formation from bainitic or martensitic microstructures has been reported
to exhibit two distinct morphologies: "globular" and "acicular" [17-21]. Globular
austenite grains form at the prior austenite grain boundaries while the acicular
austenite grains form at bainite or martensite lath boundaries [20]. In certain cases,
recovery of the shape, size, and orientation of the prior austenite grains occurs when
a bainitic or martensitic microstructure is reheated into the austenitic region. This
phenomenon is called the "austenite memory effect” and transpires by the growth of
acicular austenite [18, 21, 22]. At least three different mechanisms for the memory
effect are proposed in the literature: diffusionless shear mechanism [23], growth and
coalescence of retained austenite [18, 22], and variant restriction between reversed
austenite, cementite, and martensitic laths [24]. A common aspect in these studies
is that the nucleation and growth of the more dominant form of nuclei (globular or
acicular) depend on the heating rate and the initial presence of retained austenite.

In addition to the austenite grain size, the composition of the austenite matrix
developed during the hardening treatment is vital in determining the properties of
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martensite. It is a general practice in the hardening treatment to eliminate ferrite
and carbides in medium-C steels, but cementite often remains undissolved in high-C
steels. Fine and uniform distribution of cementite in the hardened microstructure
is beneficial for applications that demand high wear resistance [25]. However, an
inhomogeneous distribution of carbides in the form of bands is detrimental as
it drastically reduces fatigue and wear resistance [26]. There is only very sparse
literature on carbide banding in high-carbon steels [27-31], which is of specific
interest in this study. Despite the limited literature, there is a general agreement
that the reason for carbide-band formation is related to chemical inhomogeneities
stemming from solidification segregation.

Austenite formation is reported in the literature mostly for low-carbon steels
with elements that either stabilize austenite (Ni/Mn) or tend to form carbides
(Cr). However, certain steels used in demanding load-bearing applications require
a combination of strength, toughness, and wear resistance. A combination
of these properties requires high-alloy steels, often containing high Ni and Cr
concentrations, to produce a martensitic matrix (for strength) with a homogeneous
distribution of retained austenite (for toughness) and carbides (for wear resistance).
Sub-critical transformation treatments, for instance, isothermal bainitic treatment
before hardening, on these high-alloy steels, produces microstructures containing
martensite/austenite and bainite bands, as shown in Chapter 3. Austenite formation
from such banded microstructures is poorly understood. The present work
investigates the hardening treatment from an initial microstructure consisting of
bainite and martensite/austenite bands in Ni, Cr-containing high-C steel. The
hardened microstructure is observed to have a bimodal austenite grain size
distribution, carbide-dense bands, and heterogeneous distribution of retained
austenite. The rationale behind the experimental observations is elucidated by
studying the microstructure development during the heat treatment with the help of
in situ X-ray diffraction experiments, interrupted-quench experiments, equilibrium
phase calculations, and diffusion simulations.

5.2. MATERIAL AND EXPERIMENTAL METHODS

The investigated specimen is a high-carbon steel containing Ni and Cr, with the
specific composition as shown in Table 5.1. It is worth noting that this specimen is
identical to what was referred to as "zqas¢" in Chapter 3.

Table 5.1: Composition of the investigated steel.
Elements C Ni Cr Mo Si Mn P S Fe
Wt.% 08 33 15 02 04 055 0.007 0.003 Bal
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5.2.1. INITIAL MICROSTRUCTURE

The initial microstructure used in this study is shown in Fig. 5.1'. The steel
has chemical segregation bands, with solute-lean and solute-rich regions of Ni,
Cr, Mn, Mo, and Si. Due to chemical segregation, the applied heat treatment
(see Fig. 3.1) resulted in a banded microstructure consisting of bainite bands and
martensite/austenite bands, as shown in Fig. 5.1(a). The formation of these bands
was investigated in Chapter 3. The volume fraction of the phases present in this
microstructure was quantified using XRD analysis. The results show 43 + 2 vol%
BCC (bainitic ferrite), 31 + 4 vol% FCC (austenite), 23 + 5 vol% BCT (martensite),
and 3 = 1 vol% cementite. The fractions of bainitic ferrite and cementite belong
to the solute-lean region, while the fractions of martensite and austenite belong to
the solute-rich region. Scanning electron microscopy (SEM) micrographs from the
solute-lean (bainite) and solute-rich (martensite/austenite) regions are shown in Fig.
5.1(b) and (c), respectively.

Figure 5.1: Initial microstructure used in this study, obtained after 30 h of isothermal treatment at
320 ~C, followed by quenching to room temperature. (a) Optical micrograph showing
bainite (dark) and martensite/austenite (light) bands. (b) and (c) are SEM micrographs
from the bainite and martensite/austenite regions, respectively. The white dashed line
in (b) indicates a prior austenite grain boundary. B: bainite, F: bainitic ferrite, MA:
martensite/austenite, and C: cementite.

1The initial microstructure used in this study is obtained from the isothermal bainitic treatment
discussed as "specimen zcase" in Chapter 3, and serves the purpose of studying microstructure
evolution during the hardening treatment; the third stage of the bainitic heat treatment route,
shown in Fig. 1.3.
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5.2.2. EXPERIMENTAL PROCEDURE

Heat treatments were performed in a Bahr 805A quench dilatometer on specimens
of dimensions 10£3£1 mm?® (xEy£z). For the hardening treatment, the specimen
was heated to 840 ~C at a heating rate of 0.5 “C/s and isothermally held for 7200 s.
After the isothermal holding period, the specimen was cooled in He at a cooling rate
of 50 “C/s. To understand the microstructure evolution at the hardening temperature
(840 ~C), interrupted-quench experiments were made at 10, 300, and 3600 s using
the same heat treatment parameters as employed for the hardening treatment. A
schematic of the applied heat treatments is shown in Fig. 5.2.

Figure 5.2: Schematic representation of the applied heat treatments.

The metallographically prepared specimens were etched in 5% Nital solution
for microstructural investigations using optical and scanning electron microscopes.
Optical micrographs (OM) were captured using a Keyence VHX-6000 microscope.
SEM micrographs were taken using a JEOL JSM-6500F field emission gun scanning
electron microscope operated at an accelerating voltage of 15 kV. Electron backscatter
diffraction (EBSD) experiments were made on an FEI Quanta 450 scanning electron
microscope. The EBSD patterns were acquired using OIM data collection software
under the following operational parameters: acceleration voltage of 20 kV, specimen
tilt angle of 707, and a step size of 50 nm on a hexagonal scan grid. TSL OIM
Analysis 7.0 was used for the post-processing of the EBSD data.

Elemental segregation (Ni, Cr, Mn, Si, and Mo) was quantified using a JEOL JXA
8900R microprobe employing wavelength dispersive spectroscopy. The measurements
were made with a step size of 2 &m along a line of ... 600 &m at an electron beam
energy of 15 keV and a beam current of 50 nA.
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The volume fractions of the phases were determined using X-ray diffraction (XRD)
experiments. A Bruker D8-Advance diffractometer with CoK®-radiation was used to
scan a 2p range of 40 to 130~. The counting time per step was 4 s with a step
size of 0.035~ 2u. The volume fractions of austenite (FCC) and martensite (BCC)
were calculated from the net integral intensities of five FCC peaks ({111}, {200},
{220}, {311}, and {222}) and four BCC peaks ({110}, {200}, {211}, and {220}). The
evaluation of data was made using Bruker’s DiffracSuite EVA software (version 6.0),
Profex/BGMN, employing Rietveld refinement for the quantification of the detected
phases. The error in the volume of the phases measured by XRD analysis is 8 1
vol.%.

In situ XRD experiments were performed on a Bruker D8 diffractometer equipped
with a Vantec-500 2D area detector. A specimen of dimensions 20£4£1 mm?® (x£y£z)
was clamped to an Anton Paar DHS1100 heating stage, and heated to 850 ~C at a
heating rate of 0.5 “C/s. The hardening temperature in the in situ XRD experiment
was calibrated prior to the experiment. A graphite dome was used during the
experiment, into which He gas was circulated to avoid oxidation of the specimen
during the heat treatment. The side of the specimen having a carbon concentration
of 0.85 wt.% was irradiated with CoK®-radiation and diffraction patterns were
acquired every 30 s using a beam with a spot diameter of 1 mm. The XRD patterns
were recorded in the range of 48~ to 105~ 2 in reflection mode. The scans comprise
three austenite (°) peaks: {111}, {200}°, and {220}°.

The hardness measurements were made on a Dura-scan 70 (Struers) hardness
tester using a Vickers indenter. A load of 9.8 N was applied for a dwell time of 10 s,
and at least 10 measurements were used in the calculation of the average hardness
values.

5.2.3. DICTRA SIMULATIONS

The dissolution behavior of cementite and the redistribution of alloying elements
during two hours of isothermal holding at the austenitization temperature (840
~C) is studied by performing DICTRA simulations using the TCFE11 and MOBFE7
databases. The simulation domain is defined as a one-dimensional (1D) space, in
which the widths of the austenite and cementite phases were defined as 3750 nm
and 150 nm, respectively, with a planar interface. The 1D simulation system was
chosen to represent the 3D microstructure in spherical geometry for the defined
phases.

Mo, Si, P, and S were excluded from the simulation for numerical stability reasons.
Austenite and cementite are assumed to have a homogeneous composition profile
for Ni, Mn, and Cr. The values assumed in the simulation are the same as shown
in Table 5.1. The carbon composition in austenite was set to 0.8 wt.%, which
is the equilibrium value for the chosen simulation composition at 840 “C. The
DICTRA simulations were performed under closed boundary conditions in which the
concentration of the diffusing species is maintained constant.
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5.3. RESULTS

The microstructure obtained after the hardening treatment (2 h at 840 ~C) is shown
in Fig. 5.3(a). This optical micrograph shows a martensite matrix with dark etching
regions (DER) and light etching regions (LER). The contrast between the two regions
arises from microstructural inhomogeneities, which are discussed in sections 5.3.1
and 5.3.2. The average hardness of the dark etching regions is 773 8 2 HV, which
is ... 50 HV more than the average hardness of the light etching regions (721 § 2
HV). The volume of the phases quantified from the overall microstructure using XRD
analysis shows 71 8 1 vol.% BCC, 26 8§ 1 vol.% FCC, and 3 & 1 vol.% cementite (q).
The diffraction patterns with the identified phases are shown in Fig. 5.3(b). Note
that the weaker intensity of the cementite peaks compared to BCC and FCC results
in concealing these peaks on this scale, which, however, are present and can be
quantified. An example of the cementite peak is shown in the inset of Fig. 5.3(b).

Figure 5.3: (a) Optical micrograph of the hardened microstructure showing the dark and light etching
regions, DER and LER, respectively. The dotted line shows an indication of the boundary
between these two regions. (b) X-ray diffractogram with the identified phases, where A =
austenite and F = ferrite. The inset in this figure shows an example of a cementite peak.

The distribution of DER and LER is associated with the chemical bands present
in the starting microstructure, which is investigated by quantifying the segregation
profiles of Ni, Cr, Mn, Si, and Mo by EPMA measurements. The results are shown
in Fig. 5.4. The optical micrograph in this figure shows the region across which the
measurements were made. The average of 301 measurements for each element is
taken as its nominal composition, represented by dotted lines. The concentrations
of Cr, Mn, Si, and Mo are plotted on the primary vertical axis and that of Ni on the
secondary vertical axis. Fig. 5.4 shows that the concentrations of Ni, Cr, Mn, and Si
lie predominantly below their nominal concentration in the DER and predominantly
above their nominal concentration in the LER. Therefore, dark etching regions (DER)
are solute-lean, and light etching regions (LER) are solute-rich. The profile for Mo is
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seen to have a high degree of scattering across its nominal value in both regions.
From the EPMA analyses, it is interpreted with reference to Chapter 3 that the
microstructure in the DER is a result of austenite formation from regions that were
previously bainite while LER results from the austenite formation from regions that
were previously a mixture of martensite and retained austenite.

Figure 5.4: Concentration profiles of Ni, Cr, Mn, Si, and Mo in the hardened
microstructure measured using EPMA.

5.3.1. MICROSTRUCTURE CHARACTERIZATION OF THE SOLUTE-LEAN
REGION (DARK ETCHING REGION)

The SEM micrograph from the solute-lean region (DER) is shown in Fig. 5.5(a). The
microstructural constituents in this region are martensite, martensite-austenite (MA)
islands, and cementite. The martensite matrix has a lower surface relief since it
is etched deeper than the MA islands. A homogeneous distribution of cementite
that has mostly a globular morphology is observed in the DER. The distribution
and the morphology of cementite are more noticeable from the contrasted SEM
micrograph shown in Fig. 5.5(b). The area fraction of cementite is quantified as
0.03 using image analysis with Imagel software. The spatial distribution of these
phases in the hardened microstructure is studied by EBSD analysis. The phase map
(PM) superimposed on the image quality (IQ) map from DER is shown in Fig. 5.5(c).
Red and green regions in the phase map correspond to BCC (martensite) and FCC
(austenite) crystal structures, respectively. Non-indexed points in this map are
black. To reduce the possibility of mis-indexation of phases, the diffraction patterns
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of cementite were excluded from the measurement. This is because cementite
can produce weak and diffuse diffraction patterns, which can lead to difficulties
in accurately distinguishing and indexing individual phases. Phase quantification
from EBSD shows 24% austenite in the DER. The inverse pole figure (IPF) map of
austenite from DER is shown in Fig. 5.5(d). Each color in this map corresponds to a
specific crystal orientation of austenite. A cluster of austenite grains with the same
color (same crystal orientation) represents a prior austenite grain. Several clusters of
austenite grains of the same orientation constituting a prior austenite grain can be
seen in the DER.

Figure 5.5: Characterization results of the hardened microstructure from the solute-lean region (DER):
(a) SEM micrograph, (b) contrasted image from the region shown in (a), (c) phase map
combined with image quality map, (d) inverse pole figure map of austenite. M: martensite
and MA: martensite/austenite.

5.3.2. MICROSTRUCTURE CHARACTERIZATION OF THE SOLUTE-RICH
REGION (LIGHT ETCHING REGION)

The SEM micrograph from the solute-rich region (LER) is shown in Fig. 5.6(a).
The microstructural constituents in this region are the same as in the solute-lean
region (DER); martensite, martensite-austenite (MA) islands, and cementite. The
main difference between the two regions is the distribution and morphology of
cementite. Unlike the solute-lean region, where a homogeneous distribution of
cementite is observed (see Fig. 5.5(a, b)), cementite distribution is inhomogeneous
in the solute-rich region. In addition to the globular morphology, the elongated
plate-like morphology of cementite is observed to be grown along the martensite
laths in the LER. The distribution and the morphology of cementite in this region
are shown in the contrasted SEM micrograph, Fig. 5.6(b). The spatial distribution
of the phases in the solute-rich region of the hardened microstructure is shown in
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Fig. 5.6(c). The explanation of the microstructural constituents representing each
color in this IQ + phase map is the same as discussed in section 5.3.1. Local
phase quantification from the phase maps shows that there is a considerably higher
fraction of austenite in the solute-rich region (LER): 30%, compared to 24% in the
solute-lean region (DER). The inverse pole figure (IPF) map of austenite from this
region is shown in Fig. 5.6(d). Unlike the orientation spread observed for the
austenite grains in the solute-lean region (see Fig. 5.5(d)), the scanned area of the
solute-rich region shows primarily only two prior austenite grains. A comparison of
Fig. 5.5(d) and Fig. 5.6(d) reveals that the prior austenite grains are coarser in the
solute-rich regions (LER) in comparison to the solute-lean regions (DER).

Figure 5.6: Characterization results of the hardened microstructure from the solute-rich region (LER):
(@) SEM micrograph, (b) contrasted image from the region shown in (a), (c) phase map
combined with image quality map, (d) inverse pole figure map of austenite. M: martensite
and MA: martensite/austenite.

5.3.3. SUMMARY OF THE HARDENED MICROSTRUCTURE

The hardened microstructure exhibits microstructural variations. Solute-lean regions
(previously bainite) of the hardened microstructure display finer prior austenite
grains, whereas those in the solute-rich regions (previously martensite/austenite)
are coarser. The distribution of carbides and retained austenite are also different
(see Fig. 5.5 and 5.6). The solute-lean regions have a homogeneous distribution of
cementite, which has a globular morphology (see Fig. 5.5(a, b)). On the other hand,
the solute-rich regions have an inhomogeneous distribution of fine globular carbides
and carbides of elongated rod-like morphology. Additionally, these regions have a
higher fraction of retained austenite compared to solute-lean areas. The overall
microstructure, therefore, has "carbide-dense bands” as a result of the variations in
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the distribution, size, and density of the carbide particles. A summary of these
differences is shown in Table 5.2.

Table 5.2: summary of the microstructural differences in the solute-lean and solute-rich regions after

hardening.
Solute-lean region Solute-rich region
(DER) (LER)
. . . martensite and
Prior microstructure bainite } -
retained austenite
Cementite distribution homogeneous inhomogeneous
& morphology globular globular, elongated plate-like
Retained {mstenlte 0.24 0.30
fraction
Hardness 773 + 2 HV 721 + 2 HV
Prior austenite .
fine coarse

grains

5.4. DISCUSSION

The hardened microstructure is heterogeneous in terms of prior austenite grain size,
phase distribution, and carbide morphology and its spatial distribution as is evident
from Table 5.2. A schematic of the differences listed in Table 5.2 is shown in Fig.
5.7. To obtain further insight into the differences in austenite grain size and phase
heterogeneities, microstructural evolution during the hardening treatment is studied
using in situ XRD and interrupted quench experiments.

Figure 5.7: schematics of the initial and hardened microstructures.
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5.4.1. PRIOR AUSTENITE GRAIN SIZE VARIATIONS IN THE HARDENED
MICROSTRUCTURE

The initial microstructure in the solute-lean regions is bainitic, while solute-rich
areas are a mixture of martensite and retained austenite (see Fig. 5.1). The
microstructural changes associated with austenite can be studied by following the
change in its fraction during continuous heating. Trailing the austenite fraction
during heating is critical as the austenite formation mechanism may change from
nucleation-aided to the one transpiring by the growth of existing austenite [22],
if austenite persists as a metastable phase until Ac;. The change in the retained
austenite fraction during heating to the hardening temperature (840 ~C), determined
by in situ XRD, is shown in Fig. 5.8.

Figure 5.8: Change in the fraction of retained austenite (present in the initial microstructure) with
temperature during continuous heating, determined by in situ XRD.

Retained austenite is observed to be stable up to 320 “C from the in situ XRD
analyses shown in Fig. 5.8. Beyond this temperature, austenite decomposes such
that its initial volume of 25 8§ 4 vol.% decreases to 20 8 4 vol.% at 420 “C. The
decomposition products of austenite during heating are generally proposed to be a
mixture of ferrite and cementite [17]. The fraction of austenite in the temperature
range between 420 ~C and 620 ~C does not vary significantly, implying no further
decomposition of austenite beyond 420 ~C. The plateau in the austenite fraction
indicates local variations in the carbon concentrations of retained austenite present
in the starting microstructure. Austenite with higher carbon concentrations possesses
higher thermal stability. Consequently, islands of the austenitic phase that are
more enriched in carbon remain metastable during heating. When the temperature
exceeds the austenite-start temperature, Ac.; (636 ~C), the amount of austenite
increases rapidly and reaches 100% at 763 ~C, which is the A.3 temperature.
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In situ XRD analysis reveals that continuous heating to the hardening temperature
does not eliminate the initially present austenite in the solute-rich regions. Therefore,
the austenite retained in these regions can grow when the temperature is above
Ac1 without the need for nucleation. On the other hand, austenite formation in
the solute-lean regions, devoid of retained austenite, occurs inevitably through the
nucleation and growth of new austenite grains. Numerous studies have shown that
austenite formation from microstructures containing retained austenite can occur
without nucleation and in some cases reconstitute the prior austenitic grains, with
respect to crystallography, size, and shape [18, 22, 23, 32, 33]. This phenomenon
is called the austenite memory effect. Such a "memory effect” restrains grain
refinement [17]. Therefore, it is necessary to evaluate the occurrence of the austenite
memory effect in the investigated steel. This evaluation is performed by comparing
the prior austenite grain sizes of the initial (Fig. 5.1(a)) and the hardened (Fig. 5.3(a))
microstructures.

The prior austenite grains of the initial microstructure (Fig. 5.1(a)) were formed
during the preceding carburization treatment. As bainite and martensite formations
are confined within an austenite grain, etchants that reveal the prior austenite grain
boundaries can be used for grain size quantification [34]. However, cementite
present in this microstructure reacts to the etchant in a way that obscures the
prior austenite grain boundaries and prevents good etching results. Therefore, a
specimen used in Chapter 2 of similar carbon content (0.90 wt.%), which was directly
quenched after the carburization treatment is used for the prior austenite grain
size quantification of the initial microstructure. The optical micrograph of the prior
austenite grain boundaries and a chart of intercept distribution of the corresponding
microstructure are shown in Fig. 5.9°. Grain size quantification was made using
the mean lineal intercept method. Note that this optical micrograph includes the
solute-lean and solute-rich regions as the width of this micrograph is more than
three times the width of the chemical segregation bands, which is less than 300 &m
(see Fig. 5.4). The chart in Fig. 5.9 shows that ... 32% of the grain intercepts fall
within the size range of 40-60 &m. The intercept distribution has an average value of
80 &m with a measurement uncertainty of 8 0.023 &m, based on a total intercept
count (N) of 550 (see Table 2.2). A bimodal distribution of prior austenite grains is
not observed in the histogram, although the optical micrograph qualitatively shows
a small population of "big" grains. As the intercept distribution shown in Fig. 5.9
is representative of the initial microstructure (Fig. 5.1), it is inferred that there is no
bimodal distribution of austenite grains in the initial microstructure.

2Note that Fig. 5.9 is the same as Fig. 2.4, and is re-introduced in this chapter to serve the context of
current discussion.
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Figure 5.9: Optical micrograph showing the prior austenite grain boundaries of the specimen
containing 0.85 wt.% C, heat treated for 60 h at 970 “C. The grain size characteristics of
austenite observed in this figure are representative of the initial microstructure used in
the current study due to the same austenitization conditions.

The prior austenite grains of the hardened microstructure are evaluated by
reconstructing the parent austenite grains from the EBSD data of Fig. 5.5(c) and
5.6(c). The reconstructed austenite grains from the solute-lean (DER) and solute-rich
(LER) regions are shown in Fig. 5.10(a) and (b), respectively. The reconstruction is
based on the Nishiyama-Wasserman orientation relationship between the austenite
(parent) and martensite (child) grains. Each color in Fig. 5.10 represents a specific
orientation of austenite. It is evident from this figure that the density of austenite
grains in the solute-lean regions is considerably higher than in the solute-rich
regions. The prior austenite grain size in the solute-lean regions is in the range of
5-20 &m, while it is at least more than 40 &m in the solute-rich regions based on the
measured area as seen in Fig. 5.10(b). These results indicate a bimodal distribution
of prior austenite grains for the hardened microstructure.

Figure 5.10: Reconstructed EBSD images of the prior austenite grain boundaries in the (a) solute-lean
region (DER) and (b) solute-rich region (LER) of the hardened microstructure.
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The austenite grain size of the hardened microstructure in the solute-lean region
(DER) is smaller by a factor of approximately four than in the initial microstructure.
This shows that austenite formation from bainite (solute-lean regions) results in
grain refinement. The initial bainite microstructure in the solute-lean region has
a dense distribution of thin plates of cementite. The numerous cementite/ferrite
interfaces in bainite are typical austenite nucleation sites [35, 36] as the cementite
provides a high concentration of carbon, which helps the formation of austenite.
Therefore, the nucleation density of austenite is high, which results in a fine-grain
structure.

However, the austenite grain sizes before and after the hardening treatment are
similar when austenite formation is from a martensitic structure containing retained
austenite (solute-rich regions). This similarity indicates the inhibition of grain
refinement. Despite the lack of direct evidence to associate the inhibition of grain
refinement due to the austenite memory effect, available experimental results allude
to their interdependence: (a) a significant fraction of austenite is retained during
continuous heating, and (b) similarities in the austenite grain sizes before and after
the hardening treatment. Conjoining these observations, it is presumed that the
inhibition of grain refinement in the solute-rich regions is due to the growth and
coalescence of the existing austenite, which reconstitutes the coarse prior austenitic
grain structure. Such a growth process is kinetically and energetically more favorable
than the nucleation of new grains as the latter phenomenon requires the creation of
new interfaces which consumes more energy.

5.4.2. HETEROGENEOUS PHASE DISTRIBUTION IN THE HARDENED
MICROSTRUCTURE

The hardening temperature (840 ~C) falls within the austenite-cementite phase field
for the investigated steel according to ThermoCalc calculations (TCFE11 database).
Due to the high carbon content, the martensite-start temperature is low with respect
to room temperature. Therefore, the hardened microstructure should contain not
only martensite and cementite but also retained austenite. However, the uneven
distribution of these phases in the microstructure requires further investigation.

The heat treatment response of the solute-rich and solute-lean regions is different
during the hardening treatment due to the different starting microstructures.
Consequently, it is possible for these regions to transform into different products
at different times during the heat treatment. Composition-induced microstructural
heterogeneities are widely reported in literature [27, 37-39]. To investigate this
phenomenon, the equilibrium fraction of phases at 840 “C was calculated for the
average chemical composition of each of the two regions. The average chemical
composition is quantified from the EPMA results (Fig. 5.4), assuming a constant
carbon content, and is shown in Table 5.3. The equilibrium phase fractions and
the carbon content in austenite (C-) at 840 ~C, calculated using ThermoCalc, and
the martensite-start temperatures (M) for these regions, calculated from Andrews
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equation [40], are also shown in Table 5.3.

Table 5.3: Average chemical composition of the solute-rich and solute-lean regions, and the
corresponding equilibrium phase fractions, the carbon content in austenite (C-) at 840 ~C,
and Mg temperatures.

Elements (wt.%) Phase (%) Co Ms

c Ni Cr Mn Si Mo  Austenite Cementite (Wt%) (°C)

Solute-rich
region (LER)
Solute-lean
region (DER)

08 35 16 06 04 025 98.0 2.0 0.74 125

08 31 14 05 03 018 98.6 1.4 0.78 120

The equilibrium data in Table 5.3 show a higher fraction of cementite and a
lower C. for the solute-rich region in comparison to the solute-lean region. The
corresponding Mg temperatures for the solute-rich and solute-lean regions are 125
~C and 120 ~C, respectively. The expected volume fractions of martensite present in
these regions at room temperature (25 ~C) can be quantified using the Koistinen and
Marburger (KM) model as [41]:

£%~1 i exp[i®n(Ms i T)], (5.1)

where f® is the volume fraction of martensite present at the temperature T
(25 ~C), M; is the theoretical martensite-start temperature, and ®y, is the rate
parameter, taken as 0.011 ~Ci! [42]. From Equation (5.1), the martensite fractions
at room temperature in the solute-rich and solute-lean regions are 0.67 and 0.65,
respectively. The corresponding austenite fractions in the solute-rich and solute-lean
regions, taking into account the cementite fractions from Table 5.3, are 0.31 and
0.33, respectively. These theoretical phase fraction calculations show that the
compositional differences in the chemical segregation bands are not strong enough
to engender severe phase heterogeneities after quenching, as the areas seen in Fig.
5.5 and 5.6.

Nonetheless, it is to be emphasized that both these equilibrium predictions (phase
fractions and C-) are contrary to the experimental observations, which show that
the solute-rich region has a lower cementite fraction, and consequently, a higher
retained austenite fraction due to higher C- at 840 “C. The observed deviation of
the theoretical and experimental fractions of phases indicates a significant impact
of the starting microstructures on the kinetic factors affecting austenite formation.
Therefore, further analysis is required to explain the carbide-dense bands and
differences in the austenite fractions in the chemical bands.
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CARBIDE-DENSE BANDS

One of the heterogeneities observed in the hardened microstructure is the occurrence
of carbide-dense bands, which are characterized by variations in the distribution,
size, and density of carbides in the chemically segregated regions. Microstructures
obtained after various time intervals (10 s, 300 s, 3600 s) at 840 “C are compared to
the one obtained after 7200 s to investigate the origin of the carbide-dense bands.
The SEM micrographs from the solute-lean (DER) and solute-rich (LER) regions
are depicted in Fig. 5.11, which also indicates the corresponding heat treatments.
Note that DER and LER are not separated by visually distinct boundaries. However,
differentiation between the two regions can be made based on the significant
etching contrast observed. Indentations were made, based on the optical microscopy
contrast, as reference points to trace and capture the locations of interest using SEM.

Figure 5.11: SEM micrographs (a-d) solute-lean regions (DER) and (e-h) solute-rich (LER) after the
corresponding holding time at the hardening temperature (840 ~C).

The microstructural constituents in Fig. 5.11 are martensite, retained austenite,
and cementite. A distinction between martensite and austenite is difficult to make
from these micrographs. However, the cementite distribution is readily apparent.
Due to the high cooling rate (50 ~“C/s), cementite is not expected to form as an
austenite decomposition product during quenching. Therefore, the cementite in
these microstructures is concluded to be a product of the microstructural changes
occurring during the heating or the holding stage at 840 ~C. Figs. 5.11 (a, €) show
that cementite is present from the very beginning of the isothermal holding stage in
both regions. Subsequent austenite formation depends on the dissolution kinetics of
cementite [43, 44], which is separately evaluated for each of the two regions.
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Solute-lean region (DER): The morphology and distribution of cementite in the
solute-lean region after 10 s, 300 s, 3600 s, and 7200 s are shown in Fig. 5.11(a-d).
After 10 s (Fig. 5.11(a)), disintegrated traces of the initial cementite morphology
(elongated) are observed, together with globular cementite. The cementite distribution
is homogeneous with an area of 4.20 § 0.03%, quantified using image analysis with
Imagel software. Within 300 s at 840 “C, around 1% of cementite has dissolved,
and the elongated morphology of cementite is no longer visible. Instead, the
microstructure has a high density of fine globular carbides (Fig. 5.11(b)). The
dissolution kinetics of cementite becomes sluggish beyond 300 s. This is derived
from the calculation of its area, which is ... 3.10 8 0.03% after 3600 s (Fig. 5.11(c))
and 3.00 § 0.03% after 7200 s (Fig. 5.11(d)).

Solute-rich region (LER): The morphology and distribution of cementite in the
solute-rich region after 10 s, 300 s, 3600 s, and 7200 s are shown in Fig. 5.11(e-h).
Despite its absence in the initial microstructure of the solute-rich regions, Fig.
5.11(e) shows that cementite is present (2.90 & 0.03%) from a very early stage of
isothermal holding. The cementite particles seen in Fig. 5.11(e) likely formed during
the heating stage due to the supersaturated state of the martensite. The distribution
of cementite is seen to be very inhomogeneous and has a preferential growth along
the martensite block/lath boundaries. The area of cementite after 300, 3600, and
7200 s are 2.50, 2.40, and 2.20%, respectively. The error for these measurements is
0.03%, indicating that the values are precise and reliable within this range.

While cementite distribution is homogeneous in the solute-lean region of the
hardened microstructure, its distribution in the solute-rich area is mainly in the
vicinity of the prior martensite, from which cementite precipitates during heating.
Based on microstructural observations, a reason for the carbide-dense bands is
proposed. The initial microstructure in the solute-lean region is bainitic, in which
the cementite constituents are homogeneously distributed (see Fig. 5.1(b)). As the
temperature reaches Ac;, the bainitic ferrite begins to transform into austenite,
and this transformation is complete at Ac;z. However, cementite is stable in the
entire temperature window of continuous heating. Consequently, a homogeneous
distribution of cementite is observed at the onset of isothermal holding at 840 ~C.
Although around 1% cementite dissolves in the first few minutes of isothermal
holding, the subsequent dissolution of cementite is significantly impeded, resulting
in the preservation of its original spatial arrangement, which remains almost
unchanged even after 2 hours.

On the other hand, the initial microstructure in the solute-rich region is martensite
mixed with austenite. Both these phases are metastable at low temperatures and
have a high driving force for transformation into ferrite and cementite, which can
take place during heating. While cementite precipitates from the supersaturated
martensite with the rise in temperature, the austenite formation is only partial, see
Fig. 5.8. A significant fraction of austenite (20%) remains stable up to Ac;. This
retained fraction of austenite grows without the need for nucleation at temperatures
beyond A.;. Therefore, cementite precipitation is inhibited in regions where austenite
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remained stable during heating. Consequently, at the onset and for the entire
duration of isothermal holding, cementite is observed only in the vicinity of the
prior martensite.

D1SSOLUTION KINETICS OF CEMENTITE DURING ISOTHERMAL HOLDING

The isothermal austenite formation at 840 ~C in the investigated steel occurs in
the presence of cementite, which involves the movement of °/q phase boundaries
into the latter and diffusion of both interstitial and substitutional alloying elements.
The partitioning of the alloying elements plays a role in the transformation kinetics
of phases. In the current scenario, cementite dissolution during the initial stages
of holding is characterized by rapid dissolution, followed by subsequent slower
dissolution. This experimental trend was validated by assessing the dissolution rate
of cementite at 840 ~C, plotted using DICTRA simulations as shown in Fig. 5.12.

Figure 5.12: Transformation rate of cementite during isothermal holding at 840 ~C calculated with
DICTRA.

Fig. 5.12 shows the rate of dissolution of cementite. The initial data points
were excluded due to potential numerical artifacts arising from the discretization
and numerical methods employed in the simulations. The black line represents
diffusion-controlled transformation, where the transformation rate is inversely
proportional to the square root of time (t). It is observed that for time t =~ 5
s, a transition is occurring that deviates from pure diffusion-controlled behavior,
exhibiting some variability. Possible reasons for the observed deviation from pure
diffusion-controlled behavior could include initial transient behavior, numerical
artifacts, or non-ideal simulation conditions. After t ... 5 s, the slope is consistent with
diffusion-controlled transformation, until t ... 400 s, after which the transformation
rate strongly decreases. This simulation result effectively captures the experimental
trend related to the dissolution of cementite.
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In steels containing Mn and Cr, the dissolution kinetics of cementite in austenite is
influenced not only by carbon but also by the partitioning and redistribution of Mn
and Cr within both austenite and cementite. Therefore, the concentration profiles
of C, Cr, and Mn at various time intervals are investigated to gain more insight
into the observed experimental results from interrupted quench experiments. Fig.
5.13(a), (b), and (c) shows the concentration profiles of C, Cr, and Mn, respectively,
in cementite and austenite at various time intervals; 0, 10, 300, 3600, and 7200 s.
Given the rapid diffusion of carbon in austenite, the equilibrium composition of
carbon at 840 C (0.8 wt.%) is used as the initial value for the simulation, while
nominal composition values of 1.5 wt.% for Cr and 0.55 wt.% for Mn are inputted as
the initial compositions of both phases. The g/° interface att = 0 s is at 150 nm,
indicated by the dotted vertical lines.

Figure 5.13: Concentration profiles as a function of holding time at 840 —C for (a) C, (b) Cr, and
(c) Mn calculated using DICTRA. Note that the austenite domain extends to 3750 nm.
Indicated times are in seconds.

Fig. 5.13(a) shows that the concentration profile of carbon becomes flat within
a few seconds due to its fast diffusion, with the actual time likely being even
shorter than the 10 seconds of the shown simulation result. On the other hand, the
concentration profiles of Cr and Mn, depicted in Fig. 5.13(b, c), exhibit significantly
inhomogeneous distributions in cementite and austenite even after 7200 s. During
the early stages of isothermal holding at t = 10 s and t = 300 s, both Cr and
Mn concentration profiles exhibit a spike at the interface between cementite and
austenite. However, the nominal concentration values of Cr and Mn in cementite,
located far from the growing austenite matrix, remain unchanged. The observed
spike in Cr and Mn concentration profiles at the g/° interface att = 10 sand t =
300 s indicates the rapid dissolution of cementite, driven by carbon diffusion, and
limited diffusion of Cr and Mn across the interface. This limited diffusion leads
to insufficient time for complete redistribution and equilibration of Cr and Mn,
resulting in the concentration spike at the interface. With the progress in holding,
at t = 3600 s, cementite is increasingly enriched with Cr and Mn. This enrichment
results from the partitioning of Cr and Mn into cementite from the newly formed
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austenite, which results in gradually reducing the concentration gradients over time.
Although the concentrations of Mn and Cr in cementite are not homogeneous even
after 7200 s, cementite remains stable as can be seen from the negligible growth of
austenite into cementite (see Fig. 5.13(b, c) for t = 3600 s and 7200 s). Therefore,
it is reasonable to conclude that the sluggish dissolution of cementite after 400 s is
primarily caused by its enrichment with Mn and Cr. This conclusion is in agreement
with several previous studies [45-48]. It is to be emphasized that the concentration
spike for Mn at the interface at t = 10 s starts at a value that is slightly higher
than equilibrium (1.01%). The exact reason for this behavior is unknown. However,
it is clear that Mn, like Cr, gradually partitions into cementite over time, thereby
reducing the concentration gradients and contributing to the sluggish dissolution of
cementite.

HETEROGENEOUS DISTRIBUTION OF RETAINED AUSTENITE

The presence of cementite during austenitization reduces the carbon concentration in
austenite, which decreases its resistance to martensite formation. Consequently, the
fractions of these phases in the quenched microstructure are interdependent such
that a higher fraction of cementite will result in a lower retained austenite fraction.
The equilibrium fractions of cementite in the solute-rich and solute-lean regions of
the hardened microstructure are 2.2% and 3.0%, respectively, as discussed in section
5.4.2. The carbon content in austenite (C-) at the onset of quenching in the two
regions can be calculated from the carbon-mass balance given by

(5.2)

where X is the carbon content in the alloy (0.85 wt.%), C,, is the carbon content in
cementite (6.67 wt.%), V- is the volume fraction of austenite, and V|, is the volume
fraction of cementite.

From Equation (5.2), C- for the solute-rich and solute-lean regions are 0.73 and
0.68 wt.%, respectively. These values correspond to Ms temperatures of 130 ~C in
the solute-rich region and 160 ~C in the solute-lean area, calculated from Andrews
equation [40]. The corresponding martensite fractions calculated using Equation
(5.1) are 0.68 for the solute-rich region and 0.77 in the solute-lean region. Taking
into account the cementite fractions in these regions: 0.022 in the solute-rich region
and 0.03 in the solute-lean region, the retained austenite fractions are 0.29 and 0.20,
respectively. These values are in close accordance with experimental observations
(0.30 in solute-rich and 0.24 in solute-lean regions) and explain the heterogeneity for
the phase fractions in the chemical bands.
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5.5. CONCLUSIONS

Austenite formation from a microstructure consisting of bainite (solute-lean region)
and martensite/austenite (solute-rich region) bands in high-C steel containing Ni
and Cr was investigated by in situ XRD analysis, microstructural observations, and
DICTRA simulations. The following conclusions are drawn from this study:

- Differences in the austenite formation mechanisms can result in a bimodal
austenite grain size distribution. Refinement of the prior austenite grains
occurs during austenite formation from bainite, which proceeds by the typical
nucleation and growth process. However, austenite formation from a mixture
of martensite and retained austenite does not lead to grain refinement. The
inhibition of grain refinement is assumed to be a result of a memory effect
resulting from the growth, impingement, and coalescence of existing austenite
during heating, which reconstitutes the prior austenitic structure without the
need for fresh nucleation.

e Carbide-dense bands appear in a hardened microstructure, and are
characterized by variations in the size, density, and distribution of carbides.
Specifically, the solute-lean regions are characterized by the globular
morphology of cementite particles, which exhibit a homogeneous spatial
distribution within the martensitic matrix. In contrast, the cementite particles
in the solute-rich regions exhibit a morphology that is both globular and
elongated plate-like and is characterized by an inhomogeneous distribution
within the martensitic matrix. The formation of such carbide-bands depends
not only on the dissolution kinetics of carbides during austenitization but also
on its initial microstructure-dependent distribution in the austenite matrix at
the onset of holding.

« The dissolution kinetics of cementite predicted using DICTRA simulations
during the isothermal austenitization process shows an initially rapid
dissolution, which however becomes sluggish with the enrichment of Cr and
Mn in cementite.

« The presence of cementite during isothermal austenite formation affects the
carbon content in austenite. A higher fraction of cementite is observed in
the solute-lean region compared to the solute-rich region. From carbon mass
balance calculations, it is shown that a very small difference of 0.05 wt.% C for
the carbon content in austenite at the onset of quenching leads to a 30 ~C
difference in Ms. This difference is significant to engender inhomogeneous
distribution of retained austenite in the hardened microstructure.
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CHARACTERIZATION OF THE
HARDENED MICROSTRUCTURE
FROM THE PEARLITIC ROUTE
CONTAINING 0.85WT.%C

Abstract

The microstructural characteristics of a pearlitic high-C steel after austenitization
and quenching are investigated. The resulting hardened microstructure, despite the
intrinsic presence of chemical segregation bands, does not exhibit microstructural
banding. However, it is characterized by light etching areas in the solute-rich
regions and dark etching areas in the solute-lean regions. The differential etching
contrast of the microstructure is found to be influenced by the cumulative effects
of the number density of cementite particles and the spatial distribution of retained
austenite. Despite the presence of cementite and My3Cg at the grain boundaries of
the initial pearlitic microstructure, remnants of only grain boundary cementite are
observed in the hardened microstructure, specifically in the solute-rich regions. The
absence of grain boundary cementite in the solute-lean regions suggests its complete
dissolution during the austenitization treatment. This observation is intriguing and
is speculated to be a result of the lower concentration of alloy atoms in the grain
boundary cementite present in the initial microstructure of the solute-lean regions,
facilitating its dissolution.
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6.1. INTRODUCTION

ARDENING is a heat treatment process in which the initial microstructure of steel
H is rendered austenitic and subsequently quenched to obtain martensite. It is a
typical heat treatment in the context of case-carburizing steel grades to transform the
high-carbon surface layers obtained from the carburization process into martensite
and to refine coarse prior-austenite grains. The formation of austenite is a precursor
to the transformation that occurs during the hardening treatment, and hence the
characteristics of the austenite microstructure significantly influence the properties
imparted by the resulting martensite structure [1-3]. To tailor these properties such
as strength, wear resistance, and toughness, a comprehensive understanding of the
hardened microstructure is fundamental.

In the applied heat treatment cycle for the pearlitic route, see Fig. 1.3, the
hardening stage involves transforming the pearlite microstructure into austenite.
Pearlite to austenite transformation, specific to this study, is influenced primarily by
the chemical composition of the steel and the heating rate [4-6]. In conventional
hardening treatments, the heating rates are carefully selected to ensure that the
initial microstructure and any decomposition products formed during continuous
heating reach an austenitic state at the hardening temperature. Therefore, the
composition of the initial microstructure, along with factors such as grain size, phase
distribution, and segregation bands, has far-reaching implications on the pearlite to
the austenite transformation process.

Austenite nucleation in pearlitic steels occurs heterogeneously at the junctions
between pearlite colonies despite the relatively large density of interlamellar surfaces
available within the pearlite colonies [7]. The further growth of austenite from
pearlitic aggregates of ferrite and cementite is governed initially by carbon diffusion.
It however becomes sluggish with the partitioning of other solute atoms like Cr
and Mn [8, 9]. Despite the complex mechanisms involved, pearlite to austenite
transformation is a well-understood phenomenon. However, high-alloyed steels can
comprise My3Cg carbides in addition to cementite in the pearlitic matrix [10-12].
The presence of these My3Cg carbides in the initial microstructure introduces
further intricacies into the austenite formation process, as its dissolution behavior
and interaction with the surrounding microstructure can be different from that of
cementite.

The influence of chemical segregation bands on the distribution of carbide types
within the pearlitic microstructure is another significant factor to consider. Chemical
segregation bands can affect the local concentrations of solute atoms, including
those involved in the formation and dissolution of carbides. This variation in
carbide distribution within the microstructure can impact the nucleation and growth
of austenite during the hardening process. Understanding the interplay between
these various carbide phases and their influence on the pearlite to austenite
transformation is crucial for elucidating the microstructural evolution during the
hardening treatment.
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The present work aims to understand the microstructural developments during
the hardening treatment from a pearlitic microstructure of a high-C steel containing
chemical segregation bands. To achieve this, characterization studies were performed
on the hardened microstructure. The microstructural heterogeneities observed in
the hardened microstructure are elucidated with the help of microscopy techniques,
hardness measurements, X-ray diffraction (XRD) analysis, and electron backscatter
diffraction (EBSD) experiments.

6.2. MATERIAL AND EXPERIMENTAL METHODS

In continuation from Chapter 4, which included the investigation of pearlite
microstructure at a depth of 1 mm from the carburized surface in a specimen
referred to as "z.as" Obtained after isothermal pearlitic transformation, the present
study focuses on examining the austenite formation from this microstructure during
the subsequent hardening stage. The chemical composition of the specimen
investigated in the current study is shown in Table 6.1. The initial microstructure
employed in this study is pearlite containing two aggregates: ferrite + cementite and
ferrite + M3Cg. A comprehensive description of this microstructure is presented in
section 4.3.2 under the heading "specimen z¢as¢".

Table 6.1: Composition of the investigated steel.

Elements C Ni Cr Mo Si Mn [ S Fe
Wt.% 08 33 15 0.2 04 055 0.007 0.003 Bal.

6.2.1. EXPERIMENTAL PROCEDURE

The hardening treatment was performed in a Bahr 805A quench dilatometer on a
specimen of dimensions 10£3£1 mm?®. The specimen was heated to 840 ~C at a
heating rate of 0.5 “C/s and isothermally held for 2 h. After the isothermal holding
period, the specimen was cooled in He at a cooling rate of 50 “C/s. A schematic of
the applied heat treatment is shown in Fig. 6.1.
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Figure 6.1: Schematic representation of the applied heat treatment.

The microstructural analysis of the metallographically prepared specimen was
performed using optical and scanning electron microscopes after etching in a 5%
Nital solution. Optical micrographs (OM) were captured with a Keyence VHX-6000
microscope while scanning electron micrographs (SEM) were obtained using a
JEOL JSM-6500F field emission gun scanning electron microscope operating at an
accelerating voltage of 15 kV. EBSD experiments were conducted using an FEI
Quanta 450 scanning electron microscope. The EBSD patterns were acquired with
OIM data collection software, employing the following operational parameters: an
acceleration voltage of 20 kV, a specimen tilt angle of 707, and a step size of 50 nm
on a hexagonal scan grid. TSL OIM Analysis 7.0 was used for the post-processing
of the EBSD data. Elemental segregation of Ni, Cr, Mn, Si, and Mo was quantified
using a JEOL JXA 8900R microprobe employing wavelength dispersive spectroscopy.
The measurements were made with a step size of 5 &m along a line of ... 800 &m at
an electron beam energy of 15 keV and a beam current of 50 nA.

The volume fractions of the phases were determined using XRD experiments. A
Bruker D8-Advance diffractometer with CoK®-radiation was used to scan a 2u range
from 40~ to 130~. The counting time per step was 4 s with a step size of 0.035~
2u. The volume fractions of austenite (FCC) and martensite (BCC) were calculated
from the net integral intensities of five FCC peaks ({111}, {200}, {220}, {311}, and
{222}) and four BCC peaks ({110}, {200}, {211}, and {220}). Note that martensite
present in the hardened microstructure does not exhibit tetragonality, and thus the
BCC peaks are assumed to represent martensite in this context. The evaluation of
data was made using Bruker’s DiffracSuite EVA software (version 6.0), Profex/BGMN,
employing Rietveld refinement for the quantification of the detected phases. The
error in the volume of the phases measured by XRD analysis is 8 1 vol.%.

Hardness measurements were performed using a Vickers indenter on a Dura-scan
70 (Struers) hardness tester. A load of 9.8 N was applied for a dwell time of 10 s. To
ensure accuracy, at least 10 measurements were taken and used in the calculation of
the average hardness values.
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6.3. RESULTS

The volume of the phase constituents in the microstructure obtained after the
hardening treatment is 73 + 1 vol.% BCC, 23 = 1 vol.% FCC, and 4 + 1 vol.%
cementite (g), quantified using XRD analysis. The optical micrograph of the hardened
microstructure, depicted in Fig. 6.2, shows a predominantly martensitic matrix.
Within the microstructure, noticeable differences in the etching behavior reveal light
etching regions (LER) and dark etching regions (DER). However, these regions do
not exhibit a distinct band-like appearance. To illustrate the presence of cementite
particles decorating the prior-austenite grain boundaries, an optical micrograph of
a higher magnification is shown in Fig. 6.2(b), with the white arrows indicating
these cementite particles. The identification of cementite as the type of carbide is
supported by the XRD results. The average hardness values of the light etching
regions and dark etching regions are 756 8 2 HV and 778 8§ 2 HV, respectively.

EPMA measurements were performed to investigate the segregation profiles of Ni,
Cr, Mn, Si, and Mo in the starting microstructure, which are correlated with the
distribution of LER and DER. The results are shown in Fig. 6.2(c). The optical
micrograph in this figure depicts the specific region where the measurements were
made, with a line indicating the path along which the measurements were taken.
The nominal composition of each element is determined by taking the average of 171
measurements, and these values are represented by dotted lines. The concentration
of Ni is plotted on the primary vertical axis, while the concentrations of Cr, Mn,
Si, and Mo are plotted on the secondary vertical axis. Fig. 6.2(c) shows that the
concentrations of Ni, Mn, and Si are predominantly observed to be above the
nominal composition in LER and predominantly below the nominal composition in
DER. The concentrations of Cr and Mo are seen to have a high degree of scattering
across their nominal values. These results show that LER is solute-rich and the DER
is solute-lean.
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Figure 6.2: Optical micrographs of the hardened microstructure showing: (a) the light etching regions
and the dark etching regions, and (b) carbides present at the boundaries of prior
austenite grains. The arrows indicate these carbides. (c) Concentration profiles of Ni, Cr,
Mn, Si, and Mo in the hardened microstructure measured using EPMA.

6.3.1. MICROSTRUCTURE CHARACTERIZATION OF THE SOLUTE-RICH
REGION (LER)

A SEM micrograph from a solute-rich region is shown in Fig. 6.3(a). The
microstructural constituents in this region are martensite, martensite-austenite
islands, and cementite. The distinction between martensite and MA islands in
the SEM micrograph is based on the topological differences arising from the
differential etching rates. Specifically, martensite etches more deeply compared to
the MA islands. In addition to the distribution of fine cementite particles in the
martensitic matrix, coarse cementite particles are observed along the prior-austenite
grain boundaries. The white dashed line in Fig. 6.3(a) indicates a prior-austenite
grain boundary, and the thick white arrows point to grain boundary cementite, as
identified from XRD analysis.

The spatial distribution and local quantification of the phases are studied by
EBSD analysis. The phase map (PM) superimposed on the image quality (1Q) map
from the solute-rich region is shown in Fig. 6.3(b). Red and green regions in the
phase map correspond to BCC (martensite) and FCC (austenite) crystal structures,
respectively. Non-indexed points in this map are black. To minimize the potential
for mis-indexation of phases, the diffraction patterns of cementite were intentionally
omitted from the analysis. This was due to the challenges in accurately distinguishing
and indexing individual phases, given the weak and diffuse diffraction patterns
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associated with cementite. Phase quantification from EBSD shows 29% austenite
in the solute-rich region. The inverse pole figure (IPF) map of austenite from the
solute-rich region is shown in Fig. 6.3(c). Each color in this map corresponds to a
specific crystal orientation of austenite. A cluster of austenite grains with the same
color (same crystal orientation) represents a prior austenite grain. Several clusters of
austenite grains of the same orientation constituting a prior austenite grain can be
seen in the solute-rich region.

Figure 6.3: Characterization results from the solute-rich region (LER): (a) SEM micrograph, where the
white dashed line indicates a prior-austenite grain boundary, thick arrows point to coarse
grain boundary cementite particles, and the thin arrows point to the fine cementite
particles in the matrix (b) phase map combined with image quality map, (c) inverse pole
figure map of austenite. M: martensite and MA: martensite/austenite.

6.3.2. MICROSTRUCTURE CHARACTERIZATION OF THE SOLUTE-LEAN
REGION (DER)

A SEM micrograph from a solute-lean region is shown in Fig. 6.4(a). The
microstructural constituents in this region are the same as in the solute-rich
region; martensite, martensite-austenite islands, and cementite. The main distinction
between the solute-lean and solute-rich regions lies in the absence of a discernible
network of grain boundary cementite in the solute-lean region. Nevertheless, it is
important to note that the absence of such a distinct network does not conclusively
establish the absence of grain boundary cementite in this region.

The quantification of the phases present in the solute-lean region is studied by




106 6. HARDENING TREATMENT: PEARLITIC ROUTE

EBSD analysis. The combined IQ and PM from this region is shown in Fig. 6.4(b).
The interpretation of the microstructural constituents corresponding to each color in
this 1Q + PM aligns with the explanation provided in section 6.3.1. The local phase
quantification based on the phase map reveals an austenite fraction of 27%, which
is not significantly different from the austenite fraction quantified in the solute-rich
region (29%). The IPF map of austenite from this region is shown in Fig. 6.4(c).
Similar to the solute-rich region, an orientation spread of the austenite grains is
observed in the solute-lean region. This is an implicit indication that the austenite
grains belong to several prior austenite grains.

Figure 6.4: Characterization results from the solute-lean region (DER): (a) SEM micrograph, where
the arrows point to the fine cementite particles in the matrix (b) phase map combined
with image quality map, (c) inverse pole figure map of austenite. M: martensite and MA:
martensite/austenite.

6.4. DISCUSSION

The chemical heterogeneity present in the starting microstructure engenders a
discernible influence on the austenite formation kinetics. This can be perceived
from the differences in the spatial phase distributions in LER and DER of the
hardened microstructure (see Fig. 6.3 and 6.4). However, the absence of distinct
band formation suggests that chemical segregation may not be the sole determining
factor in the observed differences between the light etching and dark etching regions,
underscoring the importance of considering the initial microstructure.
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6.4.1. THERMODYNAMIC INSIGHT INTO THE INITIAL
MICROSTRUCTURE: CARBIDE DISTRIBUTION AND COMPOSITION

To reiterate, the initial microstructure of the investigated material is pearlite,
consisting of ferrite + q and ferrite + My3Cg, as depicted in Fig. 4.4(b). The
overall microstructure does not exhibit structural banding despite the presence of
chemical segregation. However, it is important to acknowledge the possibility of
segregation-induced local variations in the distributions of cementite and M,3Cs in
the pearlite matrix. The morphological similarities between cementite and M,3Cg
[10] pose a significant challenge in quantifying the local fractions of these carbides
using conventional optical and scanning electron microscopy techniques. Despite
the potential use of transmission electron microscopy, its localized nature limits the
statistical data for the accurate quantification of carbide fractions in the solute-rich
and solute-lean regions. Therefore, experimental quantification of the local carbide
fractions is not available. Nevertheless, valuable insight can be gained from the
thermodynamic calculations presented in section 4.4.1, where it is shown that the
higher volume fraction of M23Cg, in comparison to cementite, stems mainly from
its faster nucleation kinetics. Considering the higher concentration of solute atoms
such as Cr in the solute-rich regions, it is rational to presume the solute-rich
regions of the initial microstructure may exhibit a higher fraction of My3Cs, a
Cr-rich carbide, compared to the solute-lean regions. Previous studies have shown
evidence supporting this notion [13, 14]. Although solute-lean regions have a lower
concentration of solute atoms, the concentration difference between the two regions
is not potentially significant enough to claim neither cementite nor M,3Cg as the
predominant carbide in the solute-lean region. Additionally, it is expected that the
solute-rich region may exhibit higher concentrations of Cr and Mn within cementite
and My3Cg, contributing to their compositional variations in the chemical bands
[15].

In addition to the pearlitic carbides, the hypereutectoid alloy composition of the
steel gives rise to distinct grain boundary networks in the initial microstructure,
characterized by the presence of coarse carbides, namely cementite and Mj3Cs
(see Fig. 4.5). These grain boundary carbides typically form during cooling from
austenite. However, they can also form during the isothermal holding at 600 ~C; the
transformation temperature employed to obtain the initial microstructure used in
this study. Notably, the isothermal formation of carbides at the prior-austenite grain
boundaries requires activation energies that are approximately three times more
compared to their formation during cooling [16]. This indicates that the potential for
the formation of grain boundary carbides is higher during the cooling phase than
during isothermal holding. Therefore, the current thermodynamic evaluation focuses
solely on the analysis of grain boundary carbide formation during the cooling phase
from austenite.
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The temperature range in which cementite and My3Cg remain stable for the
average chemical compositions of LER and DER, is depicted in Fig. 6.5'. Fig. 6.5 is a
depiction of a section of the isopleth phase diagram showing the temperature range
within which cementite and M»3Cg exist as stable phases together with austenite.
The continuous lines correspond to the phase stability field for the average chemical
composition in the solute-rich region?, while the dotted lines correspond to that
of the solute-lean region®. The vertical line indicates the carbon composition of
the steel used in this study, 0.85 wt.%. Fig. 6.5 shows that during cooling from
a single-phase austenitic field, cementite forms initially in the solute-rich region
(below point A = 882 ~C), followed by its precipitation in the solute-lean region
as the temperature falls below 868 “C (see point B). The precipitation of My3Cg
carbides also begins initially in the solute-rich region (below point A’ = 775 ~C),
requiring an elapse of a temperature window of 40 ~C before which it can precipitate
in the solute-lean region (below point B’ = 735 ~C). Additionally, the solute-lean
region passes through the austenite-cementite phase field for a longer time during
cooling from austenite in comparison to the solute-rich region. Therefore, there is
a thermodynamic potential for cementite to be a more prominent grain-boundary
carbide than My3Cs in both the solute-lean and solute-rich regions of the initial
microstructure.

Figure 6.5: A depiction of the phase stability fields for solute-rich and solute-lean regions, extracted
from a section of the isopleth phase diagram.

1The average chemical compositions are derived from the EPMA results shown in Fig. 6.2(c).
2Fe-0.85C-3.5Ni-1.6Cr-0.55Mn-0.4Mn-0.25Mo
3Fe-0.85C-3.1Ni-1.4Cr-0.5Mn-0.3Mn-0.18Mo
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A qualitative summary of the thermodynamic insight gained into the carbide
distribution and their compositional differences in the initial microstructure is
presented in Table 6.2.

Table 6.2: Predominant pearlitic and grain-boundary carbides in the solute-rich and solute-lean
regions of the initial microstructure, summarized based on qualitative assessments and
inferences from thermodynamic principles.

Phases Predominant Predominant
pearlitic carbide grain-boundary carbide
Solute-rich regions |
(LER) + 1+ M23Cs M23Ce "
Solute-lean regions
(DER) + 1+ M23Ce p or M23Cqg u

6.4.2. IMPLICATIONS OF INITIAL MICROSTRUCTURE ON HARDENED
MICROSTRUCTURE

The hardening treatment temperature of 840 “C corresponds to the region where
austenite (98.5%) and cementite (1.5%) are predicted as the stable phases based
on the equilibrium calculations using the TCFE10 database of Thermo-Calc. This
analysis reveals that M»3Cg present in the initial microstructure is thermodynamically
unstable at 840 ~C, and is expected to completely decompose into austenite during
the hardening treatment. This interpretation based on equilibrium predictions is in
accordance with the experimental findings obtained from XRD analysis, which show
that the hardened microstructure is devoid of My3Cg carbides. For cementite, its
higher fraction (4 vol.%) in comparison to the equilibrium fraction at 840 ~C (1.5%)
indicates that the pearlite to austenite transformation is not only incomplete but
also kinetically hindered. The observed sluggish dissolution kinetics of cementite
can be attributed to the enrichment of Cr and Mn in cementite, which is quantified
in Chapter 5 using ThermoCalc (see Fig. 5.13). This quantification, which employed
the same alloy composition and heat treatment parameters, demonstrates the
applicability of these findings to the present study. These alloying elements (Cr and
Mn), known to influence the dissolution behavior of cementite [17-19], effectively
slow down the kinetics of austenite formation.

A careful examination of the SEM micrographs shown in Fig. 6.3 & 6.4 reveals
a perceivable difference in the number density of cementite particles between the
solute-rich and solute-lean regions. Specifically, the solute-rich region exhibits a
slightly lower number density of cementite particles.This variation in the distribution
of cementite particles may be attributed to the differences in phase fractions and
compositional variances within the chemical bands of the initial microstructure.
On the basis of the rationale outlined in section 6.4.1, the pearlitic matrix of the
initial microstructure in the solute-rich region primarily consists of M»3Cg carbides,
whereas the solute-lean region may contain significant fraction of cementite in
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addition to M»3Cg. As My3Cq is thermodynamically unstable at the hardening
temperature, its dissolution would leave behind a lower number density of carbides
(in this case, cementite), in the solute-rich region compared to the solute-lean
region.

Another microstructural difference between the two regions is the presence of
distinct, coarse cementite particles at the prior austenite grain boundaries in the
solute-rich region. These carbides are the remnants from the initial pearlitic
microstructure, stemming from its incomplete dissolution during the hardening
treatment. However, it is intriguing that grain boundary cementite, which is
expected to be the predominant grain-boundary carbide in both the solute-rich and
solute-lean regions of the initial microstructure (as indicated in Table 6.2), is only
discernible in the solute-rich region after the hardening treatment. Considering the
presence of grain boundary cementite in the solute-rich region of the hardened
microstructure, it is anticipated that residual traces of cementite will be observed
in the solute-lean region. A possible reason for the observed discrepancy may be
attributed to the lower concentration of solute atoms in the solute-lean region,
which results in reduced stability of the grain boundary carbides present in the
initial microstructure. Consequently, the carbides may decompose completely during
austenitization, leaving no remnants in the solute-lean region of the hardened
microstructure. Further investigations with interrupted quench experiments and
advanced characterization techniques may be required to conclusively determine the
underlying factors responsible for this behavior.

The microstructures developed in the chemical bands during the hardening
treatment have a direct influence on the phases retained in the room-temperature
microstructure. The only phase transformation expected during cooling is the
formation of martensite. The high cooling rate (50 “C/s) used during quenching
would prevent the precipitation of cementite by limiting the available time for its
formation and growth, effectively ruling it out as a product under these conditions.
Local phase quantification using EBSD analysis revealed that the solute-rich regions
contain approximately 2% more retained austenite compared to the solute-lean
regions. The perceivable differences in the number density of cementite particles in
the solute-rich and solute-lean regions (see Fig. 6.3 & 6.4) can be correlated to the
observed variations in the distribution of retained austenite. The higher number
density of cementite particles in the solute-lean region depletes the austenite matrix
of more carbon and other solute atoms. Consequently, this region has a lower
resistance to martensite formation and retains a lower fraction of austenite compared
to the solute-rich region.

Based on the microstructural analysis, it is evident that the solute-rich regions
exhibit a higher fraction of retained austenite and a lower number density of
carbides compared to the solute-lean regions. These findings not only provide an
explanation for the slightly lower hardness values observed in the solute-rich region
but also contribute to the understanding of the differential etching contrast, referred
to as light etching in the LER and dark etching in the DER, as defined in this study.
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Overall, the results suggest that the hardened microstructure from the pearlitic route
can effectively achieve a relatively homogeneous distribution of phases and possibly
fine austenitic grain sizes.

6.5. CONCLUSIONS

A pearlitic microstructure of a high-C steel (0.85 wt.%) containing segregation bands
is austenitized and quenched. The hardened microstructure, thus obtained, is
characterized using microscopy techniques, XRD analysis, and EBSD experiments.
The following conclusions are drawn from this study:

- The hardened microstructure exhibits light etching areas in the solute-rich
regions and dark etching areas in the solute-lean regions. The differential
etching contrast is believed to be influenced by the combined effects of
the number density of cementite particles and the distribution of retained
austenite.

< Grain boundary carbides, inferred as cementite from XRD analysis, are observed
only in the solute-rich region of the hardened microstructure. The absence of
grain boundary cementite in the solute-lean region is an intriguing observation
that suggests its complete dissolution during the hardening treatment. This
phenomenon is attributed to the lower stability of these carbides, caused by the
lower concentration of solute atoms within them in the starting microstructure.

 The hardening treatment results in a fairly homogeneous distribution of
retained austenite. The quantified fraction of austenite in the solute-rich
region is only slightly higher (2%) compared to the solute-lean region. This
small difference in fraction can be ascribed to differences in the concentration
of carbon and solute atoms within the austenite matrix.
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TEMPERED MICROSTRUCTURES:
BAINITIC AND PEARLITIC ROUTES
(0.85WT.% C)

Abstract

The microstructural characteristics of a high-C (0.85 wt.%) steel, obtained via
the bainitic and pearlitic routes, after the tempering treatment are investigated.
The tempered microstructures from both routes exhibit distinct light-etching and
dark-etching regions. The observed etching contrast, which reveals these regions,
arises from the local phase heterogeneities present in the segregation bands. A
pronounced difference in hardness is evident within the segregation bands of both
routes, with the dark-etching solute-lean regions exhibiting a significant hardness
variation of approximately 50 HV higher than the light-etching solute-rich regions.
In comparison to the hardened microstructures studied in Chapters 5 and 6, the
microstructural changes induced during tempering have resulted in a hardness
value that is 130-200 HV lower than the hardened microstructures. The rationale
behind these observations is elucidated with the help of characterization studies
employing various microscopy and analytical techniques, X-ray diffraction analysis,
and hardness measurements. Furthermore, to establish the relationship between
microstructure and properties/performance of bearings, potential microstructural
weak links are identified based on metallurgical knowledge and scientific insights
derived from relevant literature. A critical review of these weak links is presented to
offer insight into their possible impact on the performance of the bearings.
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7.1. INTRODUCTION

s-quenched martensite in high-C steel has limited practical applications due

to internal stresses and its inherent brittle characteristics. To overcome these
limitations and enable the use of this steel in a wide range of load-bearing
applications, a heat treatment process called tempering is employed. Tempering
treatments are often designated as low-temperature tempering or high-temperature
tempering. Low-temperature tempering is usually performed in the temperature
range of 150-200 ~C, while high-temperature tempering is performed at temperatures
close to the lower critical temperature, A1, around 600 “C [1]. W.ith increasing
temperature and time of tempering, one or more of the following microstructural
processes occur: segregation of carbon to lattice defects, relaxation of residual
stresses, precipitation of transition carbides, decomposition of retained austenite,
cementite precipitation, recovery and recrystallization of the martensitic structure
[2]. These reactions often overlap and occur at a very fine scale.

Of specific interest to this study is low-temperature tempering (LTT), which
modifies rather than removes the characteristics of the as-quenched microstructure.
As LTT takes place in a temperature range where only carbon atoms are
mobile, the majority of the microstructural features formed during the preceding
high-temperature stage, including prior-austenite grain size, carbide distribution,
and solute distribution, are retained in the tempered microstructure. A significant
microstructural change during LTT is the precipitation of transition carbides, which
typically occurs in the temperature range of 150-200 “C [1]. The composition of
these carbides and the temperature at which they precipitate are governed by the
composition of the steel.

Precipitation of transition carbides is a dominant microstructural transformation
of practical importance. The presence of transition carbides has been found to
inhibit the development of cleavage facets, promote ductile fracture behavior, and
contribute to the strain hardening and strengthening mechanisms of martensitic
crystals [3, 4]. In addition to the precipitation of transition carbides, the
partitioning of carbon atoms is also possible into the adjacent austenite’ [5]. This
is thermodynamically viable as the chemical potential of carbon is lower within
austenite, where its concentration is far less than demanded by equilibrium with
supersaturated ferrite (martensite) [2]. This enrichment of austenite in carbon
enhances its mechanical stability and confers work-hardening capacity due to
deformation-induced martensitic transformation. Furthermore, the decomposition
of austenite into bainite is another notable transformation event that is commonly
observed during LTT [6-8]. This process is accompanied by a volume expansion
and increases the overall hardness of steel. LTT also influences the residual stress
distribution in steel. The internal stresses within the steel are relieved during
low-temperature tempering through the annihilation of defects (dislocations) and
phase transformations, rendering the components dimensionally more stable. In the

Lsignificant fractions of austenite may be retained in the as-quenched microstructure of high-C steel.
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context of wind turbine main shaft bearings, dimensional stability plays a crucial
role in ensuring structural integrity and reliable performance [9].

The overall microstructural changes that occur during the tempering stage are
studied in this chapter for the microstructures corresponding to a carbon content of
0.85 wt.%, obtained via the bainitic and pearlitic routes. It is reiterated that tempering
is the final stage of heat treatment (see Fig. 1.3), and the microstructure thus
obtained is referred to as the "final microstructure”. Characterization studies based
on microscopy, electron backscatter diffraction (EBSD), electron probe microanalysis
(EPMA), and hardness measurements are performed to establish a comprehensive
understanding of the final microstructures of the bearings from both routes. These
microstructures are further related to properties/performance by identifying potential
microstructural weak links, which are evaluated on the basis of established principles
of metallurgy and insight derived from relevant published literature.

7.2. MATERIAL AND EXPERIMENTAL METHODS

The chemical composition of the investigated steel is shown in Table 7.1. Note
that the initial microstructures, prior to hardening and tempering treatments, of the
steels used in this study are the same as shown in Fig. 3.4(a) (corresponding to the
bainitic route) and Fig. 4.4(b) (corresponding to the pearlitic route).

Table 7.1: Nominal composition of the investigated steel.

Elements C Ni Cr Mo Si Mn P S Fe
Wt.% 08 33 14 0.2 04 055 0.007 0.003 Bal.

The hardening and tempering treatments’, see Fig. 7.1, was performed in a Bahr
805A quench dilatometer on specimens of dimensions 10£3£1 mm?. The specimens
were heated to 840 ~C, above A3, at a heating rate of 0.5 ~C/s, followed by an
isothermal hold period of 2 h. Thereafter, the specimens were rapidly cooled using
He at a cooling rate of 50 “C/s. This is the hardening treatment, which was discussed
previously in Chapter 5 for the bainitic route and in Chapter 6 for the pearlitic route.
In the present chapter, the hardened specimens were subsequently tempered by
heating them to 200 ~C at a heating rate of 0.5 “C/s and isothermally holding them
at this temperature for 4 h. After the holding period, the specimens were cooled to
room temperature at 50 “C/s. A schematic of the applied heat treatment is shown in

2This chapter deals specifically with the microstructural analysis after the tempering stage. Due to
the unavailability of freshly hardened specimens, this chapter includes a repetition of the hardening
treatment but does not entail a re-analysis of the hardened microstructure, as it has already been
comprehensively covered in Chapters 5 and 6.




120 7. TEMPERED MICROSTRUCTURES: BAINITIC AND PEARLITIC ROUTES

Fig. 7.1.

Figure 7.1: Schematic representation of the applied heat treatment.

The microstructural analysis was performed using optical and scanning electron
microscopes. The analyses were made after routine metallography preparations,
followed by etching in a 5% Nital solution. Optical micrographs (OM) were captured
using a Keyence VHX-6000 microscope, and the scanning electron micrographs
(SEM) were acquired on a JEOL JSM-6500F field emission gun SEM operating at
an accelerating voltage of 15 kV. EBSD experiments were carried out using an FEI
Quanta 450 scanning electron microscope. The EBSD patterns were obtained using
OIM data collection software, with the following operational settings: an acceleration
voltage of 20 kV, a specimen tilt angle of 707, and a step size of 50 nm on a
hexagonal scan grid. Post-processing of the EBSD data was performed using TSL
OIM Analysis 7.0. The elemental intensity maps of C and Cr were generated using
a JEOL JXA 8900R microprobe employing wavelength dispersive spectroscopy. The
measurements were made with a step size of 1 &m across an area of approximately
70 £ 70 &m? at an electron beam energy of 15 keV and a beam current of 50 nA.

The volume fractions of the phases were determined using XRD experiments. A
Bruker D8-Advance diffractometer with CoKa-radiation was used to scan a 2u range
of 40~ to 130". The counting time per step was 2 s with a step size of 0.04™ 2u. The
evaluation of data was made using Bruker’s DiffracSuite EVA software (version 6.0),
Profex/BGMN, employing Rietveld refinement for the quantification of the detected
phases. The error in the volume of the phases measured by XRD analysis is § 1
vol.%.

Hardness measurements were made using a Dura-scan 70 (Struers) hardness tester
with a Vickers indenter, applying a load of 9.8 N for a dwell time of 10 s. A total
of 10 measurements were taken and used in the calculation of the average hardness
values.
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7.3. RESULTS

7.3.1. MICROSTRUCTURAL CHARACTERIZATION: BAINITIC ROUTE

The tempered microstructure corresponding to a carbon content of 0.85 wt.%,
obtained via the bainitic route, is shown in Fig. 7.2. The optical micrograph in Fig.
7.2(a) exhibits pronounced etching contrast, revealing alternating light-etching and
dark-etching regions, which display a distinctive band-like appearance. Light-etching
regions (LER) are solute rich and dark-etching regions (DER) are solute lean, as
inferred from Chapter 5. The volume of the phases present in this microstructure,
quantified using XRD analysis, are 76 = 1 vol.% BCC, 20 £+ 1 vol.% FCC, and 4 =+ 1
vol.% cementite (g). Furthermore, the average hardness value of the DER (631 § 6
HV) is higher than the LER (583 § 4 HV).

The SEM micrographs from the solute-rich (LER) and solute-lean regions
(DER) are shown in Fig. 7.2(b) and Fig. 7.2(c), respectively. The microstructural
constituents in both regions are the same: tempered martensite (TM) or bainite
(B), martensite-austenite (MA) islands, and cementite particles®, which are indicated
by the white arrows. Tempering of the as-quenched martensite and formation of
bainite are both equally viable microstructural processes that can occur during
the tempering treatment in high-C steels [7, 10, 11], like the one investigated in
this study. An unambiguous distinction between these constituents solely based
on SEM micrographs is impossible. Therefore, they are denoted as TM/B in the
SEM micrographs, to encompass these constituents. A notable difference in the
microstructures shown in Fig. 7.2(b) and (c) is the size of MA islands, which are
coarser in the LER.

Figure 7.2: (a) Optical micrograph of the tempered microstructure showing the light etching regions
(LER) and dark etching regions (DER), and the associated hardness variations. (b) and
(c) are the SEM micrographs from the LER and DER, respectively. The arrows in this
figure indicate the cementite particles. TM/B: tempered martensite/bainite, MA islands:
martensite-austenite islands.

3The observed carbides in the tempered microstructure are the residual products of the preceding
hardening stage and remained undissolved during the tempering process.
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The local distribution of phases in the tempered microstructure from the bainitic
route is studied using EBSD analysis.The phase map shown in Fig. 7.3(a) corresponds
to the solute-rich region (LER) and that in Fig. 7.3(c) corresponds to the solute-lean
region (DER). Red, green, and black regions in the phase maps denote BCC
(martensite), FCC (austenite), and non-indexed points, respectively*. The local
volume of austenite shows a close resemblance, with 26% in the solute-rich region
(LER) and 27% in the solute-lean region (DER). Note that the quantification of
austenite in the tempered microstructure from the bainitic route yielded different
results when employing XRD analysis (20%) and EBSD analysis (... 27%). These
disparities do not allow for definitive conclusions regarding the actual austenite
fraction. Further investigation considering the microstructural heterogeneity or
potential influence of sample preparation methods may be necessary to elucidate
the reasons behind these discrepancies. Nonetheless, it can be surmised that the
volume of austenite in this microstructure is in the range of 20-27%.

The inverse pole figure maps of austenite from the solute-rich and solute-lean
regions are shown in Fig. 7.3(b) and Fig. 7.3(d), respectively. These maps provide the
orientation information of austenite grains, which implicitly indicates the size of the
prior austenite grains. A striking lack of orientation spread for the austenite grains
in the solute-rich region can be observed in Fig. 7.3(b). The scanned area exhibits
only two colors, indicating the presence of just two prior austenite grains. This
observation unveils the presence of coarse prior austenite grains in the tempered
microstructure of the solute-rich region from the bainitic route. Note that these
results are expected and coherent with the observations made on the hardened
microstructure (see sections 5.3.1 and 5.3.1), as tempering at 200 ~C will not affect
the size of the austenite grains developed during the hardening treatment. On
the other hand, the austenite grains appear smaller and more dispersed in the
solute-lean region, Fig. 7.3(d), indicating fine prior austenite grain structure.

4Note that cementite is not included in the measurements for the reasons stated in section 6.3.1



7.3. RESULTS 123

Figure 7.3: EBSD results of the tempered martensitic structure from the bainitic route. (a) Phase
map and (b) inverse pole figure map of austenite from the solute-rich region. (c) and (d)
correspond to these maps from the solute-lean region.

The elemental intensity maps of C and Cr with the objective of examining and
visualizing their distribution within carbides (cementite) were obtained through
EPMA analysis. Fig. 7.4(a) and Fig. 7.4(b) display the C and Cr intensity maps in
the solute-rich regions, while Fig. 7.4(c) and Fig. 7.4(d) depict their concentrations
in the solute-lean regions. The legend displays a color gradient that corresponds
to the varying intensities of the detected element. The color blue represents the
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lowest intensity, while shades of red indicate higher intensities. The analysis reveals
a strong correlation between the presence of C and Cr in the cementite particles
in both regions, implying that they exhibit a notable enrichment of Cr. It is
important to note that the enrichment of Cr in the cementite particles occurred
during the hardening stage, not in the tempering stage. This interpretation can
be made because the diffusivity of substitutional solute atoms is negligible within
the temperature range involved in the tempering stage (200 ~C). This result also
validates the numerical finding presented in Chapter 5, where it was predicted
that the dissolution of cementite during the hardening stage is hindered by its
enrichment with Cr. Furthermore, the area fraction corresponding to intensities of
higher solute concentrations (shades of red) is significantly more in the solute-lean
region. Although the distribution of carbides was not readily visible from the SEM
micrographs in Fig. 7.2, the EPMA results unequivocally validate the presence of
carbide-dense bands formed during the hardening stage, which persistently manifest
in the tempered microstructure.

Figure 7.4: EPMA results of the tempered martensitic structure from the bainitic route. (a) C and (b)
Cr intensity maps from the solute-rich region. (c) and (d) correspond to these maps from
the solute-lean region.
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7.3.2. MICROSTRUCTURAL CHARACTERIZATION: PEARLITIC ROUTE

The tempered microstructure corresponding to a carbon content of 0.85 wt.%,
obtained via the pearlitic route, is shown in Fig. 7.5. The optical micrograph in
Fig. 7.5(a) shows light-etching and dark-etching regions, similar to that observed
in Fig. 7.2(a). However, the etching contrast and the spatial orientation of the
associated microstructural constituents in Fig. 7.5(a) are not as pronounced and
distinctly banded as observed in the tempered microstructure from the bainitic
route (see Fig. 7.2(a)). The volume of the phases present in this microstructure,
quantified using XRD analysis, are 62 + 1 vol.% BCC, 35 + 1 vol.% FCC, and
3 £ 1 vol.% cementite (q). The average hardness values of the solute-rich and
solute-lean regions indicate a significant difference: 573 8 4 HV in LER compared
to 617 8 6 HV in DER. The SEM micrographs from the solute-rich and solute-lean
regions are shown in Fig. 7.5(b) and Fig. 7.5(c), respectively. In both regions, the
microstructural constituents are tempered martensite/bainite, martensite-austenite
islands, and cementite (indicated by the white arrows). The carbides present in
the matrix of the solute-lean region, Fig. 7.5(c), appear to be coarser than those in
the solute-rich region, Fig. 7.5(b), as well as those observed in Fig. 7.5. No further
striking differences in the microstructures of LER and DER are observed from these
SEM micrographs.

Figure 7.5: (a) Optical micrograph of the tempered microstructure, obtained from the pearlitic route,
showing the light etching regions and dark etching regions, and the associated hardness
variations. (b) and (c) are the SEM micrographs from the LER and DER, respectively. The
arrows in this figure indicate the cementite particles. TM/B: tempered martensite/bainite,
MA islands: martensite-austenite islands.

Further insight into the microstructural characteristics, specifically the local phase
fractions, was gained through EBSD analysis.The phase maps presented in Fig. 7.6(a)
represent the solute-rich region, while Fig. 7.6(c) corresponds to the solute-lean
region. The phases corresponding to the colors in these maps are as elucidated
previously in section 7.3.1. The volume of austenite in the solute-rich region (32
+ 1%) is considerably higher than its volume in the solute-lean region (25 *
1%). Furthermore, the inverse pole figure maps of austenite from the solute-rich
(Fig. 7.6(b)) and solute-lean regions (Fig. 7.6(d)) show several austenite grains as is
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evident from the different colors in these maps. These results indicate that the
prior austenite grain sizes in the solute-rich and solute-lean regions of the tempered
martensitic structure from the pearlitic route are both fine and similar. It is worth
recapitulating that these results are consistent with the observations presented in
Sections 6.3.1 and 6.3.2 as tempering at 200 “C will not affect the size of the
austenite grains developed during the hardening treatment.

Figure 7.6: EBSD results of the tempered martensitic structure from the pearlitic route. (a) Phase
map and (b) inverse pole figure map of austenite from the solute-rich region. (c) and (d)
correspond to these maps from the solute-lean region.
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The concentrations of C and Cr in the segregation bands of the tempered
martensitic structure from the pearlitic route were obtained from EPMA analysis.
Fig. 7.7(a) and Fig. 7.7(b) display the C and Cr intensity maps in the solute-rich
regions, while Fig. 7.7(c) and Fig. 7.7(d) depict their concentrations in the solute-lean
regions. The legend, which displays the color corresponding to the concentration
intensities is the same as for Fig. 7.4. A general observation from Fig. 7.7 is a strong
correspondence of C and Cr intensities in the cementite particles present in both
regions. In the solute-rich region, higher concentrations of C and Cr at the prior
austenite grain boundaries, indicated by the white arrows in Fig. 7.7(a, b), can be
observed. This reveals not only the presence of grain-boundary cementite but also
their enrichment with these elements. Very few cementite particles are observed
in the matrix of solute-lean regions away from the grain boundaries. However,
this observation does not reflect the real distribution of carbides in the matrix.
It is very likely that the smaller size of matrix carbides, contrary to the coarse
grain-boundary carbides, has resulted in the overlapping of the electron beam with
the surrounding matrix causing a significant reduction in the relative intensity of the
carbides. Nevertheless, it can be interpreted that the solute-lean region (DER) has a
higher number density of coarse matrix carbides, evident from the relatively uniform
distribution of hotspots in C and Cr intensities in Fig. 7.7(c) and Fig. 7.7(d).

Figure 7.7: EPMA results of the tempered martensitic structure from the pearlitic route. (a) C and
(b) Cr intensity maps from the solute-rich region. The white arrows in these figures point
toward cementite particles present at the prior austenite grain boundaries. (c) and (d)
correspond to these maps from the solute-lean region.
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7.4. DISCUSSION

The characterization of tempered martensitic microstructures uncovered several
heterogeneities, encompassing local variations in phase distribution, grain size,
and hardness, as a result of the inherently present chemical segregation in the
investigated steel. This section explores the impact of these microstructural
differences on hardness within the solute-rich and solute-lean regions for both
the bainitic and pearlitic routes. Additionally, the potential weak links within the
microstructure and their implications for the overall performance of steel are also
reviewed.

7.4.1. MICROSTRUCTURAL EFFECTS ON HARDNESS VARIATIONS

The tempered microstructures from both routes exhibit a hardness in the range of
130-200 HV lower than the corresponding hardened microstructures®. One of the
reasons for this substantial decrease in hardness is the microstructural processes
occurring during the tempering treatment, specifically the tempering of martensite
and the transformation of austenite to bainite. While it is widely acknowledged
that the precipitation of transition carbides during the tempering of martensite
contributes to a hardness reduction [6, 12-14], it should be noted that the formation
of bainite, on the other hand, leads to an increase in hardness [6, 13]. Given
the indistinguishable nature of tempered martensite and bainite from the SEM
micrographs, it is surmised that the combined effect of these processes results in an
overall decrease in the hardness of the investigated steel. Additionally, the relaxation
of thermal stresses and the associated reduction in the density of dislocations in
the quenched microstructure, occurring during tempering, can also contribute to the
observed hardness reduction. This phenomenon has been extensively investigated
in previous studies [6, 15-17], providing supporting evidence for this. Thus, it is
believed that the combined influence of microstructural changes plays a cumulative
role in the significant drop in hardness after the tempering process.

The hardness variations in the segregation bands of the tempered microstructures
from the bainitic and pearlitic routes are depicted in Fig. 7.8(a). The hardness
difference is ..50 HV, with the solute-lean regions exhibiting a higher hardness for
both routes. These variations can be attributed to the distinct microstructural
differences in the segregation bands, as highlighted in Fig. 7.8(b).

SRefer to chapters 5 (section 5.3) and 6 (section 6.3) for the hardness values.
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Figure 7.8: (a) A comparison of hardness and (b) A summary of the microstructural differences in
the solute-rich and solute-lean regions of the bainitic and pearlitic routes after tempering.

From Fig. 7.8(b), it is evident that the bainitic route exhibits differences in the
size of MA islands, distribution of cementite particles, and the sizes of the prior
austenite grains. The implications of these microstructural differences for potential
contributions to the observed hardness variations are elucidated.

- MA islands: The coarse martensite-austenite islands observed in the solute-rich
region (finer in the solute-lean region), Fig. 7.2(b), may not play a substantial
role in the lower hardness observed in this region. This is because the
influence of MA islands on hardness is closely tied to the relative fractions of
martensite and austenite present in it. From the EBSD results in Fig. 7.3(a,
c), it was observed that the austenite fractions are similar after tempering.
This indicates that the MA constituents in the solute-rich region are mainly
martensite. A contrary result would have had a significant contribution to the
lower hardness value of the solute-lean region.

- Cementite: One of the significant contributions to the lower hardness in
the solute-rich region may be attributed to the non-uniformly distributed
cementite particles remaining from the hardening stage, which in contrast has
a fairly homogeneous cementite distribution in the solute-lean region (see
Fig. 7.4). The distribution of cementite particles within steel plays a pivotal
role in determining its hardness, with previous studies demonstrating a direct
correlation between a more uniform distribution of cementite particles and
higher hardness [18, 19].

- Prior austenite grain size: Prior austenite grain size does not greatly affect the
hardness properties of steels that are quenched and tempered [20], although
it has a significant impact on the size and strength of the martensite crystals
[6]. Previous studies have also reported that for high-C steels, factors such as
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carbon in the solid-solution of martensite and carbide precipitation, are far
more significant than the prior austenite grain size [6, 21]. Based on these
studies, it is postulated that the differences in the size of the prior austenite
grains in the solute-rich and solute-lean regions do not contribute to the
observed hardness variations.

Similarly, Fig. 7.8(b) highlights the distinct microstructural variations present in
the segregation bands of the pearlitic route. These variations primarily manifest
in the fractions of austenite and the distribution of cementite particles. Higher
fractions of austenite (inherently soft) in conjunction with the lower number density
of cementite particles (inherently hard) substantiates the lower hardness values
obtained in the solute-rich region in comparison to the solute-lean region of the
tempered microstructure from the pearlitic route.

7.4.2. POTENTIAL MICROSTRUCTURAL WEAK LINKS:
IMPLICATIONS ON OVERALL MATERIAL PERFORMANCE

In the present context, "microstructural weak links" refer to specific features
within the microstructure that are susceptible to localized deformation, failure, or
degradation during the operational use of the material. Recognizing these weak links
is important for assessing the mechanical properties, which are evaluated based on
metallurgical knowledge and scientific insights from published works.

POTENTIAL MICROSTRUCTURAL WEAK LINKS: BAINITIC ROUTE

» Carbide-dense bands: Carbides are an essential phase in steel microstructures
used for bearing applications. They provide wear resistance, inhibit grain
growth during austenitization, and serve as alloy reservoirs, which enable
steels to develop the desired properties during heat treatment [22]. However,
heterogeneity in carbide distribution in the form of carbide-dense bands
creates localized areas of increased strength and resistance to deformation.
On the other hand, regions of lower hardness exhibit relatively lower strength,
and consequently are more susceptible to deformation. When the material
is subjected to external loads, these strength variations can lead to uneven
distribution of stress and strain [23, 24]. The concentration of stress at the
interface between the two regions can cause localized stress intensification,
which can exceed the fracture strength of the material and initiate microcracks
within the weaker region. These microcracks can serve as sites for further
crack propagation under subsequent loading or cyclic stress conditions. Such
detrimental effect of carbide-dense bands on the rolling contact fatigue life of
bearings has been extensively recognized [6, 13, 22, 25]. In fact, a previous
study has estimated that the rolling contact fatigue resistance can decrease by
as much as a factor of four due to non-uniform carbide distribution [22].

Another adverse consequence of carbide-dense bands on the operational
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performance of bearing is uneven wear. The differences in the localized
concentration of carbides can create regions with different wear resistance,
causing uneven wear patterns within the material. During the operation of
these bearings, surface regions are subjected to friction, pressure, and repeated
contact. The areas with higher carbide concentration, being harder and more
wear-resistant, may wear out slower when compared to the regions with lower
carbide concentration, which are relatively softer. Such irregular wear patterns
can alter the geometric characteristics and surface roughness of the contacting
surfaces, thereby influencing the distribution of loads and potentially causing
elevated friction and heat generation [26, 27]. These conditions can result
in premature failure through surface distress [28, 29]. Due to these reasons,
carbide-dense bands significantly compromise the durability and longevity of
bearings.

- Bimodal prior austenite grain size distribution: The final microstructure from
the bainitic route of the investigated alloy exhibits two distinct populations of
austenite grain sizes, specifically, finer grains in the solute-lean regions and
coarser grains in the solute-rich regions (see Fig. 7.3). The bimodal distribution
of austenite grain sizes confers heterogeneity in the mechanical properties of
steel [6, 30]. The heterogeneity is primarily due to the variations in the strength
of martensite, which is the decomposition product that forms upon quenching
within each parent austenite grain. Martensite formation results in a high
density of lath, block, and packet boundaries, which serve as effective barriers
to dislocation motion and consequently enhance the strength of martensite
[31-33]. The density of these sub-structures is higher when the formation
of martensite is from fine-grained austenite in comparison to coarse-grained
austenite. This disparity in sub-structure density is a key factor responsible
for heterogeneity in the mechanical properties of steel exhibiting a bimodal
austenite grain size distribution.

The presence of strength variations within the martensite microstructure can
lead to uneven distribution of stress and strain during bearing operation,
potentially resulting in localized areas of high-stress concentration and
accelerated wear [34]. Additionally, bimodal grain size distributions have been
reported to have adverse effects on the fracture toughness properties of steel
[35, 36].

POTENTIAL MICROSTRUCTURAL WEAK LINKS: PEARLITIC ROUTE

e Grain boundary cementite: The final microstructure obtained through the
pearlitic route exhibits the presence of grain boundary cementite in the
solute-rich region (see Fig. 7.4). Note that grain boundary cementite is a
product of the isothermal pearlitic treatment, persists during the subsequent
hardening stage, and is retained as a microstructural constituent in the final
microstructure obtained after tempering. These carbides are detrimental
to toughness and ductility as they provide extended pathways for crack
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propagation [37, 38]. However, the extent of their implications on the potential
failure of components depends on their connectivity. With continuous carbide
networks, the potency is higher [39, 40]. In the investigated steel, grain
boundary cementite was not observed in the form of connected networks.
Therefore, grain boundary cementite may not be considered as a potentially
significant factor that provides an easy pathway for crack propagation.

The heat treatments in the present study were performed under controlled
conditions in a dilatometer on specimens of sizes that are magnitudes of order
smaller than the real bearing size. In an industrial scenario, heat treatment
parameters, especially the cooling conditions are difficult to control, and the
large size of bearings inevitably leads to the occurrence of thermal gradients.
In such conditions, the presence of coarse grain boundary cementite may
result in the formation of non-martensitic transformation products (NMTP)®.
The formation of NMTP is due to the local alteration of the concentrations of
the solute atoms in the vicinity of coarse grain-boundary carbide, which has a
higher solubility for these atoms than the surrounding matrix. Consequently,
the denuded austenite matrix will have a different decomposition behavior
during cooling from the hardening stage, which may promote the formation of
high-temperature products such as pearlite or bainite. Based on microstructural
analysis of prematurely failed bearings, industrial expertise has matured to
acknowledge that non-martensitic reaction products (NMTP) are affected by
the cycling loading during service, which results in microstructural decay and
crack-like features [41]. Coarse grain-boundary carbides (cementite) can hence
be inferred as a potential microstructural weak link. However, it is surmised
that their contribution to failure is not directly due to their presence but rather
through its influence on the formation of NMTP.

- Coarse matrix carbides: The presence of coarse carbides in the martensitic
matrix of the final microstructure from the pearlitic route was deduced from
the microstructural observations using SEM and EPMA results. Coarse second-
phase particles embedded in the martensitic matrix play a relatively small role
in strengthening but play a major role in the fracture of hardened steels [4].
During quenching, after austenitization in the hardening stage, the formation
of martensite causes a volume expansion such that the transformation event
causes carbides to be in compression and the surrounding region to be in
tension. When the size of a carbide is small, the tensile zone around the
carbide may not be too harmful for fatigue crack initiation. However, when the
carbides are coarse, the width of the tensile zone can be significant enough for
fatigue crack initiation [6]. If the matrix martensite is capable of plastic flow
and the second-phase particles are well dispersed, the coarse carbide particles
become the sites for microvoid formation and subsequent coalescence can
lead to ductile fracture [42].

BNMTP refers to austenite decomposition products other than martensite, such as bainite or pearlite,
which will exhibit properties that are inferior to what can be attained from a martensitic matrix.
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INFLUENCE OF RETAINED AUSTENITE

The advantages of having a significant fraction of retained austenite (more than 20%)
in a bearing steel microstructure have been widely accepted in literature [43-45]. The
rationale behind the advantages of retained austenite is the transformation-induced
plasticity (TRIP) effect which enhances work hardening, and lowering of hydrogen
diffusion’, enhanced toughness, etc. [46]. Despite the discrepancies in the fractions
of austenite in the final microstructure of the bainitic route, quantified using XRD,
there is convincing evidence that the fraction of austenite in the pearlitic route is
..10% higher than from the bainitic route.

In rolling contact situations, the benefits of retained austenite are primarily
associated with its cold working property, i.e., the ability to plastically deform under
rolling contact pressure. The deformation-induced transformation of metastable
austenite to martensite upon straining (TRIP effect) is triggered when the mechanical
energy during cyclic loading is high enough to evoke phase transformation. The
volume fraction of austenite present in the microstructure is a critical feature
providing the TRIP effect: a higher volume fraction instills a higher strain-hardening
coefficient, which reflects the ability of the material to resist deformation [47].
Additionally, the TRIP effect is also governed by the stability of austenite, which
is mainly related to the carbon content in austenite (C-). The carbon content in
austenite (x;) can be related to the lattice parameter by [48]:

a- ~3.57370.033x_  0.00095x,, i 0.0002x,, ~0.0006x;, ~0.0031x,,,  (7.1)

where a- is the lattice parameter of austenite in A, and x: is content of element
i in wt.%. The lattice parameters of austenite in the final microstructures of the
bainitic and pearlitic routes are obtained from the XRD measurements. These values
are shown in Table 7.2 along with x. calculated using Equation 7.1. Note that the

nominal composition of the alloy shown in Table 7.1 is used in the calculation of xoc.

Table 7.2: The lattice constant (a) and carbon content in austenite (Ce) in the tempered
microstructures of the bainitic and pearlitic routes.

Lattice parameter, a Carbon content .
[:)] in austenite, wt.% (x.)
Bainitic route 3.5983 & 0.0003 0.72
Pearlitic route 3.6016 § 0.0003 0.83

The calculations show that xoC in the microstructure obtained from the pearlitic
route is higher than that obtained from the bainitic route, which indicates higher
mechanical stability for the austenite present in the pearlitic route. It is worth

emphasizing that bearings experience a wide range of stress due to their operating

"The wind turbine environment is frequently associated with the problem of hydrogen ingress and
subsequent hydrogen embrittlement, primarily caused by the degradation of lubricating oils [46].
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conditions. Therefore, it is essential that the volume fraction of retained austenite
in the region subjected to loading possess an optimum stability to sustain the TRIP
effect over this wide range of stress. A low mechanical stability of austenite will result
in its transformation during the early stages of deformation, consequently failing to
provide the TRIP effect at higher stress [47]. On the other hand, overstabilization
of austenite deters the TRIP effect to such an extent that no transformation occurs
even at stresses approaching the fracture strength of the material. A study by
Samek et al. suggests that the optimal value of x. should be in the range of
0.5 to 1.8 wt.% to provide the desirable TRIP effect [49]. However, the carbon
content in austenite is not the sole factor contributing to the mechanical stability of
austenite. The strength of the surrounding matrix also plays a significant role [50,
51]. Therefore, these calculations alone cannot provide a comprehensive analysis
of the mechanical stability of austenite, and further investigation including the
matrix strength is necessary. Nevertheless, the tempered martensitic microstructure
obtained from the bainitic route shows a lower potential to fully utilize the benefits
of retained austenite, in comparison to the pearlitic route. This is primarily
attributed to the lower volume fraction of austenite, bimodal prior austenite grain
size distribution, and lower carbon content in austenite observed in the tempered
martensitic microstructure from the bainitic route.

7.5. CONCLUSIONS

The tempered martensitic microstructures from the bainitic and pearlitic routes
containing 0.85 wt.% C are characterized. The relationship between microstructure
and properties/performance of bearings is assessed on the basis of potential
microstructural weak links, which are identified based on metallurgical knowledge
and findings from the literature. The main conclusions drawn from this study are
the following:

* The tempered microstructure exhibits a significant decrease in hardness
(130-200 HV) compared to the as-quenched microstructure obtained after the
hardening stage. The reduction in hardness is surmised to be a result of the
cumulative influence of the microstructural and dimensional stability induced
by the tempering process through the precipitation of transition carbides,
relaxation of internal stresses, and annihilation of defects in the martensite
structure.

« The tempered microstructures in the chemical bands of both routes display a
significant hardness variation; ... 50 HV higher in the solute-lean region than
in the solute-rich region. The hardness variations in the bainitic route are
predominantly attributed to the presence of pre-existing carbide-dense bands.
In contrast, the hardness differences in the pearlitic route are inferred to
arise from variations in the fractions of austenite and the number density of
cementite particles.
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* The potential microstructural weak links that may affect the service life of
bearings from the bainitic route are the presence of carbide-dense bands
and bimodal prior austenite grain-size distribution. On the other hand,
grain boundary cementite and coarse matrix carbides are the microstructural
constituents that are suspected to detrimentally influence the performance of
bearings produced via the pearlitic route.

e The influence of retained austenite on the performance of bearing remains
unclear. Solely based on the mechanical stability of austenite arising from
carbon enrichment and the total volume fraction of austenite, it is perceived
that bearings produced through the pearlitic route may exhibit a higher work
hardening rate during in-service deformation compared to those produced via
the bainitic route. However, additional comprehensive studies considering the
strength of the surrounding matrix and other relevant factors are required to
draw a more conclusive understanding of the influence of retained austenite
on the overall performance of the bearings.
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8.1. GENERAL CONCLUSIONS

HIs Ph.D. thesis has provided a comprehensive understanding of microstructural
Tevolution in a multi-stage heat treatment process applied on a case-carburized
steel used in the main shaft bearings of wind turbines. Due to the carbon
concentration gradient arising from the carburization treatment, this research work
focused mainly on comprehending the microstructure from a region within the
bearing that was identified as "critical”, which is at a depth of 1 mm from
the carburized surface. The criticality of this region stems from its consistent
susceptibility to damage, as evidenced by the recurrent failures in these bearings.
The most relevant outcomes from this research project are as follows:

< Understanding the microstructure development at every stage of the heat
treatment process is crucial to establish fundamental knowledge of the interplay
between each stage. The characteristics of the microstructure in each stage
significantly influence the subsequent stages, shaping the final microstructure
and its properties. In this work, a clear insight is provided regarding the
specific stages at which detrimental microstructural features develop, through
extensive characterization, which enables a comprehensive understanding of
the microstructural processes during the entire heat treatment process. This
knowledge is invaluable in optimizing heat treatment parameters to control
and mitigate the formation of such detrimental features.

< In multi-component steels containing chemical segregation bands, microstruc-
tural heterogeneity is inevitable. This is due to the significant impact of
the concentration differences in the alloy on inducing local variations in the
thermodynamics and kinetics of phase transformation events at every stage
of the heat treatment process. These microstructural heterogeneities vary in
form (banded or non-banded), constituting phases, and its scale (spanning
from microscale to mesoscale) depending on the heat treatment parameters.
At the scale of transformation events, heterogeneity might exist, but achieving
complete homogeneity at this scale may not be crucial. What holds importance
is the degree of heterogeneity in the microstructure at the scale where it
influences material properties, such that significant differences in properties
are not observed.

- The composition of the investigated steel is not conducive to obtaining a
fully bainitic microstructure in a duration of 30 h at 320 ~C. Specifically,
bainite formation is limited to the solute-lean regions, and the extent of
its formation is shown to be less than 50%. Furthermore, the product
of the isothermal bainitic treatment is a banded microstructure containing
bainite and martensite/austenite.  The complexity of this microstructure
affects the subsequent hardening stage, conferring the hardened microstructure
with carbide-dense bands and a bimodal distribution of prior-austenite
grains, which are both disadvantageous microstructural features in a bearing
application. Therefore, isothermal bainitic treatment compromises the
desired microstructural features and properties essential for optimal bearing



8.2. RECOMMENDATIONS FOR FUTURE WORK 143

performance. It is proposed to reconsider and implement major changes in
the heat treatment parameters used in the bainitic route.

e The investigation of microstructural evolution in the bainitic and pearlitic
routes during the isothermal heat treatment stage provides valuable insight
into the kinetics of phase transformations and the resulting microstructures.
The bainitic route exhibits a banded microstructure, while the pearlitic route
shows a homogeneous pearlite microstructure (without bands). This highlights
that chemical segregation is an essential, yet not in itself the only criterion for
the development of phase heterogeneity, and the extent of this heterogeneity
can be controlled through proper heat treatments. Additionally, the faster
kinetics of austenite decomposition during isothermal pearlite formation
compared to bainite formation shows the importance of temperature and time
in determining the eventual microstructure. From a technological perspective,
these results hold relevance for optimizing heat treatment processes in terms
of cost, productivity, and energy efficiency.

e The final microstructure obtained via both routes exhibits microstructural
heterogeneities that have the potential to detrimentally affect the performance
of bearings. The observed heterogeneities (potential weak links) in the final
microstructure obtained from the bainitic route include carbide-dense bands
and a bimodal prior-austenite grain size distribution. On the other hand,
the weak links in the pearlitic route are grain boundary carbides and coarser
matrix carbides, which may contribute to the formation of non-martensitic
transformation products. The presence of distinctly different weak links
resulting from the two routes highlights notable differences in the mechanisms
and factors governing microstructural evolution. Although there is a lack
of experimental evidence linking these weak links directly to mechanical
properties and performance, a critical review of the literature supports the
notion of a higher potential impact of the heterogeneity present in the bainitic
route on bearing performance.

8.2. RECOMMENDATIONS FOR FUTURE WORK

The research project encountered numerous complexities, including the involvement
of four different stages, two heat treatment routes, and the presence of carbon
concentration gradients that added challenges to the microstructural study.
However, these complexities also offer exciting opportunities for future work.
The understanding gained from this study lays a solid foundation for further
investigations and advancements in optimizing heat treatment processes, refining
microstructural control, and enhancing the performance of bearings. The following
recommendations are suggested for future research directions:

< It is vital to accelerate the bainite formation kinetics if isothermal bainitic
treatment is chosen as the preceding stage prior to the hardening treatment.
The importance of this acceleration is twofold: energy efficiency and complete



144

8. CONCLUSIONS AND RECOMMENDATIONS

decomposition of austenite during the isothermal bainitic treatment. In the
current research, it has been observed that the retention of austenite in
the microstructure obtained after isothermal bainitic treatment leads to a
bimodal distribution of prior austenite grain sizes in the final microstructure
obtained from the bainitic route. One potential avenue for future studies
is to explore the strategy of forming bainite in the presence of a certain
fraction of previously formed athermal martensite, which is a well-known and
widely applied approach to accelerate bainite kinetics [1, 2]. The scope of
this approach may be explored in future studies to assess its effectiveness in
enhancing the kinetics of isothermal bainite formation.

Additionally, isothermal bainite formation at higher temperatures than 320 ~C,
for instance in the range of 400 to 500 ~C, can also be investigated as a
potential alternative. However, it is important not to overlook the specifics of
phase transformation occurring at these temperature ranges and its influence
on subsequent stages of heat treatment. Additionally, the composition of
the alloy also plays a major role on the kinetics of phase transformations.
Therefore, investigations into alloy design that can accelerate bainite formation
may also be helpful. Such investigations can contribute to advancing the
understanding of alloy-kinetics relationships and enable the development of
optimized alloys for the intended application.

Austenite formation can differ from the typical nucleation and growth-
controlled mechanism to the one transpired by growth without the
need for fresh nucleation, in the presence of retained austenite in the
initial microstructure. This fundamental understanding of microstructure
development related to austenite formation from the banded microstructure
containing bainite and martensite/austenite is used as a principle to propose
a new heat treatment route to mitigate the microstructural heterogeneities
observed after hardening in the bainitic route.

This alternative heat treatment route must involve an additional isothermal
heat treatment stage at a temperature where austenite can be decomposed
completely, before heating to the hardening temperature. Initial experiments
were performed employing an additional sub-critical heat treatment, following
isothermal bainitic treatment, at 500 “C for 1 h. This new heat treatment
scheme is shown in Fig. 8.1(a). The optical micrograph of the microstructure
obtained after hardening through this route is depicted in Fig. 8.1(b). This
microstructure shows no distinct heterogeneities unlike the light-etching and
dark-etching regions observed in the hardened microstructure from the bainitic
route. Furthermore, the average hardness of this microstructure calculated
from 20 measurements throughout the microstructure using a Vickers indent
by applying a load of 9.8 N for a dwell time of 10 s is 670 8 4 HV. These results
clearly demonstrate the effectiveness of the proposed heat treatment route in
achieving a homogeneous microstructure. However, further characterization to
study the distribution of phases, prior austenite grain size, and the resulting
properties are yet to be explored. Further investigations and optimization of
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time-temperature parameters of this new heat treatment are recommended to
fully explore its potential and applicability in industrial settings.

Figure 8.1: (@) Schematic of the proposed heat treatment. (b) Optical micrograph showing the
hardened microstructure obtained from this route.

e The characteristics of the austenite matrix developed during the hardening
treatment is crucial in determining the properties of the final microstructure. A
clear understanding on the austenite formation mechanisms during hardening
treatment for the bainitic route was unraveled through in situ XRD studies.
However, austenite formation from the pearlitic microstructure containing
cementite and Mjy3Cg carbides, including its spatial distribution in the
initial microstructure is still unexplored. The resolution of the in situ XRD
technique used in this research may not be sufficient to uncover the austenite
formation from the pearlitic microstructure, since a significant part involves
the dissolution of the two pearlitic carbides: cementite and M,3Cg. Therefore,
interrupted quench experiments followed by microstructural characterization
and/or synchrotron XRD experiments that can offer a higher resolution and
sensitivity to capture the subtle changes in phase transformations are proposed.
The interest of these analyses lies in uncovering the mechanisms that lead
to the formation of light-etching and dark-etching regions in the hardened
microstructure from the pearlitic route.

- The sequence of martensite transformation in case-carburized steel, starting
from the core region and progressing towards the case region, results in the
generation of compressive residual stresses [3]. These residual stresses are a
crucial characteristic obtained through case-carburization process and enhance
the fatigue life of bearings [4, 5]. The magnitude of these stresses has not
been quantified in the present study. For future studies, it is recommended
to quantify and compare the magnitude of compressive residual stresses
developed in the final microstructures obtained via the bainitic and pearlitic
routes through X-ray or neutron diffraction analyses. These studies would
provide insight into the mechanical stability and integrity of the material, as
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compressive residual stresses can counteract the tensile stresses experienced
during operation, thereby reducing the likelihood of crack initiation and
propagation.

Several potential microstructural weak links were identified, and their impact
on bearing performance were critically reviewed in Chapter 7. However, no
experimental evidence to explicitly relate microstructure to properties was
provided in this work. Therefore, it is suggested that in the future, the
veracity of these potential microstructural weak links is validated by conducting
nanoindentation experiments (to quantify local properties) in conjunction
with correlative microscopy studies. This approach will provide valuable
information about the mechanical behavior and performance of the identified
weak links, allowing for a more accurate assessment of their impact on bearing
performance.

In the present study, a solid understanding of the microstructure development
in a critical region within the case is provided. However, it is undeniable
that the core region of bearing forms an integral part that should not be
overlooked in the analysis of its overall performance. Although this region is
not the load-bearing zone, it performs vital tasks such as providing structural
integrity and acting as a buffer zone against failures [6]. It is recommended
that future studies encompass investigations of the core region, including its
microstructural features, mechanical properties, and their correlation with the
overall performance of the bearing.

Thermal treatments, although crucial, represent only one of the facets of
the numerous factors that influence the microstructure-related properties of
bearings. From a holistic perspective, there are other upstream stages that
can significantly impact the overall material performance. For instance,
the size and form of the ingot, which is determined during the casting
process, can have far-reaching consequences on the subsequent microstructure
development and mechanical properties [7]. Similarly, the reduction ratio
employed during the manufacturing process influences the grain size and
texture, which in turn affect the strength and fatigue properties of bearings
[8, 9]1. Moreover, the presence, density, and type of non-metallic inclusions,
such as oxides and sulfides, also play a critical role in determining the
mechanical behavior of bearings, including their susceptibility to cracking and
failure under operating conditions [3, 6, 10]. These additional factors can be
considered in conjunction with the thermal treatments for future research to
optimize bearing performance.
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