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Summary

Advancing our understanding of the mechanisms of phase transformations is an
efficient pathway to designing new steels with enhanced, tailor-made mechan-
ical properties at minimal experimental cost. This dissertation investigates the
bainitic transformation in steels. The mechanism of bainite formation is still not
well understood, as there is no consensus on the role of carbon diffusion during
the growth of bainite. Thus, it is difficult to understand and predict chemical and
microstructural effects on the kinetics of bainite formation, such as the effect of
prior austenite grain size and the presence of prior martensite. A better under-
standing of such effects may allow the design of new high performance bainitic
steels with lean chemical composition and energy efficient heat treatments. In
this dissertation, a new analytical model of the kinetics of bainite formation based
on the displacive-diffusionless theory is proposed. This new model can reproduce
and offer insights into the effect of prior austenite grain size and prior martensite
on the kinetics of bainite formation. Following the understanding achieved with
the model, the accelerating effect that martensite has on bainite formation ki-
netics is used to develop novel advanced high strength steels for the automotive
industry that can be manufactured in existing continuous annealing lines thanks
to fast bainite formation. Finally, to better understand the nucleation and growth
of bainite, a real time observation of bainite formation using in situ transmission
electron microscopy (TEM) is shown and discussed.

Chapter 2 of this dissertation presents the first part of the newly developed an-
alytical model of the kinetics of bainite formation. The model calculates the rate
of bainite formation at austenite grain boundaries (AGB) and at bainite/austenite
(B/A) interfaces separately and keeps track of the bainite fraction formed at each
type of nucleation site. A maximum fraction of bainite that can be formed at each
type of nucleation site is introduced, and this fraction depends on the austenite
grain size and the size of bainite sub-units. The model predicts that when the
austenite grain size increases, a larger fraction of bainite will nucleate at B/A
interfaces. By separating the fraction of bainite nucleated at AGBs and B/A inter-
faces, the model could correctly capture the effect of prior austenite grain size
on bainite formation kinetics. This effect might vary depending on the chemical
composition of the steel and on the transformation temperature. In some cases,
refining the austenite grain size accelerates bainite formation, while in others, it
slows down bainite formation. A theoretical analysis of the model and compar-
ison against published experimental data shows that slower kinetics for smaller
austenite grains is favored as the difference between the activation energy for
AGB and B/A nucleation of bainite increases, and as the austenite grain refine-
ment results in finer bainite sub-units.

xi



xii Summary

Chapter 3 expands the model to the case in which prior martensite is present.
The effect of prior martensite can be fully captured by considering that new nu-
cleation sites are created at or near the martensite/austenite (M/A) interfaces.
Even at low volume fractions of martensite (≈ 0.1), the model indicates that most
of the bainite nucleation events took place at the M/A interfaces. This outcome
of the model is confirmed by experimentally verifying that when a 0.2 volume
fraction of prior martensite is present, changes to the austenite grain boundaries
– either by changing the austenite grain size or adding boron, which segregates
to austenite grain boundaries – do not affect the kinetics of bainite formation. It
is also shown that the accelerating effect of prior martensite is more pronounced
at higher temperatures; and that the thermal gradient present in dilatometry
samples masks the initial rate of bainite formation in the presence of martensite
because at the beginning of the programmed isothermal holding the colder part
of the samples are still cooling down and forming martensite.

In Chapter 4, the accelerating effect of martensite, extensively discussed in
Chapter 3, is explored to design novel third generation advanced high strength
steels that can be manufactured in existing continuous annealing lines. By form-
ing bainite at around 20 ◦C below the martensite start temperature (𝑀S), a vol-
ume fraction of 0.2 of prior martensite is formed, and the bainitic transformation
is finalized within 300 s, which is the time available for bainite formation in the
overaging section of continuous annealing lines. Additionally, by forming bai-
nite at temperatures lower than usual (bainite is usually formed above 𝑀S), bai-
nite laths are finer, increasing the ultimate tensile strength of the steels, while
the fraction of retained austenite is lower, improving the local formability of the
steels. However, because of the lower austenite fraction, the global formability
of the steels is reduced. Different compositions were tested to study the effect
of carbon, silicon, manganese, chromium, niobium, and molybdenum on the mi-
crostructure and mechanical properties of the steels. Carbon and silicon had the
strongest effects, as they most strongly influence the fraction and stability of re-
tained austenite. Five of the designed steels, including the reference composition
of Fe-0.24C-1.5Si-2.3Mn (wt.%), showed tensile strengths higher than 1370 MPa,
total tensile elongations higher than 8 %, and hole expansion capacities higher
than 30 %, and thus meet the requirements for the strongest commercially avail-
able grades of complex phase steels with improved formability.

Chapter 5 presents a preliminary analysis of an in situ observation of bainite
formation by hot stage transmission electron microscopy. To avoid austenitization
inside the TEM, as high temperatures lead to foil thickening and evaporation of
alloying elements, a martensitic steel with low 𝑀S (Fe-1.24C wt.%, 𝑀S = 125 ◦C)
was used as the starting material, as it retains a volume fraction of 0.2 to 0.4
of retained austenite at room temperature. The specimen was heated to 280 ◦C
inside the TEM, a temperature at which the retained austenite decomposes into
lower bainite. The formation and growth of bainite were captured in enough
resolution to observe individual laths, and the growth rate was consistent with
the diffusional theory of bainite formation. The chapter discusses and proposes
new analyses and experiments that can be carried out with the goal of further



xiii

improving our understanding of the growth rate of bainite laths and testing the
validity of the diffusional and diffusionless theories of bainite formation.

The dissertation is finalized in Chapter 6 by discussing the main technologi-
cal and scientific contributions of this work and by providing suggestions for fu-
ture works. In summary, this dissertation introduces a new model that offers
important insights into the effect of prior austenite grain size and prior marten-
site on the kinetics of bainite formation. The model presented here can be fur-
ther expanded to cases in which other nucleation sites are present (such as
ferrite/austenite or carbide/austenite interfaces) and to other transformations
other than the bainitic one. The combination of the new model and experi-
ments showed that boron can enhance the hardenability of steels without slowing
down the kinetics of bainite formation, opening the way to leaner alloyed steels
with more energy efficient heat treatments, which might significantly reduce CO2

emissions during steel manufacturing. In terms of steel design, the accelerating
effect of martensite on bainite formation was used to create new third genera-
tion advanced high strength steels that undergo a heat treatment that can be
implemented in existing industrial annealing lines, which facilitates the industrial
application of such steels. In terms of understanding the mechanism of bainite
growth, in situ bainite formation in the TEM showed important evidence of carbon
diffusion during the growth of bainite laths. The contribution of this dissertation
to the field of physical metallurgy of steels extends from the fundamental the-
ories of phase transformations to the industrial application of novel high perfor-
mance steels.





Samenvatting

Het bevorderen van ons begrip van de mechanismen van fasetransformaties is
een efficiënte weg naar het ontwerpen van nieuwe staalsoorten met verbeterde,
op maat gemaakte mechanische eigenschappen tegen minimale experimentele
kosten. Dit proefschrift onderzoekt de bainitische transformatie in staal. Het
mechanisme van bainietvorming wordt nog steeds niet goed begrepen, omdat er
geen consensus is over de rol van koolstofdiffusie tijdens de groei van bainiet. Het
is dus moeilijk om chemische en microstructurele effecten op de kinetiek van bai-
nietvorming te begrijpen en te voorspellen, zoals het effect van de voorafgaande
austenietkorrelgrootte en de aanwezigheid van voorafgaand martensiet. Een be-
ter begrip van zulke effecten kan het ontwerp mogelijk maken van nieuwe bai-
nitische staalsoorten met hoge prestaties, een karige chemische samenstelling
en energiezuinige warmtebehandelingen. In dit proefschrift wordt een nieuw mo-
del voorgesteld dat is gebaseerd op de verplaatsings- en diffusieloze theorie van
bainietvorming, en dit nieuwe model kan het effect van voorafgaande austeniet-
korrelgrootte en voorafgaand martensiet op de kinetiek van bainietvorming re-
produceren en inzichtelijk maken. Vervolgens worden, op basis van het versnel-
lende effect van martensiet op bainietvorming, nieuwe bainitische geavanceerde
hogesterktestalen voor de automobielindustrie ontwikkeld die geproduceerd kun-
nen worden in bestaande continu-gloeilijnen. Tot slot wordt een realtime waar-
neming van bainietvorming met in situ transmissie-elektronenmicroscopie (TEM)
getoond en besproken.

Hoofdstuk 2 van dit proefschrift presenteert het eerste deel van het nieuwe
analytische model van de kinetiek van bainietvorming. Het model berekent
de snelheid van bainietvorming bij austenietkorrelgrenzen (AGB) en bij bai-
niet/austeniet (B/A) interfaces afzonderlijk en houdt de bainietfractie bij die
gevormd wordt op elk type nucleatieplaats. Er wordt een maximale bainietfrac-
tie ingevoerd die kan worden gevormd op elk type locatie, en deze fractie hangt
af van de austenietkorrelgrootte en de grootte van bainietsubeenheden. Het
model voorspelt dat wanneer de austeniet korrelgrootte toeneemt, een grotere
fractie bainiet zal kiemen bij B/A grensvlakken. Door de fractie bainiet die bij
AGB’s en B/A grensvlakken wordt gekiemd te scheiden, kan het model het effect
van de voorafgaande austenietkorrelgrootte op de kinetiek van de bainietvor-
ming correct weergeven. Dit effect kan variëren afhankelijk van de chemische
samenstelling van het staal en van de transformatie temperatuur. In sommige
gevallen versnelt het verfijnen van de austenietkorrelgrootte de bainietvorming,
terwijl het in andere gevallen de bainietvorming vertraagt. Een theoretische
analyse van het model en een vergelijking met gepubliceerde experimentele
gegevens toonden aan dat een langzamere kinetiek voor kleinere korrels wordt

xv



xvi Samenvatting

begunstigd naarmate het verschil tussen de activeringsenergie voor AGB- en
B/A-kiemvorming van bainiet toeneemt en naarmate de austenietkorrelverfijning
resulteert in fijnere bainietsubeenheden.

Hoofdstuk 3 breidt het model uit naar het geval waarin voorafgaand marten-
siet aanwezig is. Het effect van voorafgaand martensiet kan volledig worden
gevangen door aan te nemen dat nieuwe kiemen worden gevormd op of nabij de
martensiet/austeniet (M/A) grensvlakken. Zelfs bij lage volumefracties van mar-
tensiet (≈0,1), geeft het model aan dat het grootste deel van het gevormde bai-
niet kiemt bij de M/A grensvlakken. Deze uitkomst van het model wordt bevestigd
door experimenteel te verifiëren dat wanneer een 0,2 volumefractie van marten-
siet aanwezig is, veranderingen aan de austenietkorrelgrenzen - hetzij door het
veranderen van de austenietkorrelgrootte of door het toevoegen van boor, dat
segregeert naar austenietkorrelgrenzen - de kinetiek van bainietvorming niet be-
ïnvloeden. Er wordt ook aangetoond dat het versnellende effect van voorafgaand
martensiet meer uitgesproken is bij hogere temperaturen en dat de thermische
gradiënt die aanwezig is in dilatometerpreparaten de initiële snelheid van bai-
nietvorming maskeert in aanwezigheid van martensiet, omdat aan het begin van
het geprogrammeerde isotherm gloeien het koudere deel van de preparaten nog
aan het afkoelen is en martensiet aan het vormen is.

In hoofdstuk 4 wordt het versnellende effect van martensiet, uitvoerig bespro-
ken in hoofdstuk 3, onderzocht om nieuwe derde generatie geavanceerde ho-
gesterktestalen te ontwerpen die kunnen worden geproduceerd in bestaande
continu-gloeilijnen. Door bainiet te vormen bij ongeveer 20 ◦C onder de mar-
tensiet starttemperatuur (𝑀S), wordt een volumefractie van 0,2 van het vooraf-
gaande martensiet gevormd en de bainitische transformatie is voltooid binnen
300 s, wat de tijd is die beschikbaar is voor bainietvorming in de oververhittings-
sectie van continu-gloeilijnen. Bovendien, door het vormen van bainiet bij lagere
temperaturen dan gebruikelijk (bainiet wordt gewoonlijk gevormd boven 𝑀S), zijn
de bainietlamellen fijner, waardoor de uiteindelijke treksterkte van de staalsoor-
ten toeneemt, en is de fractie behouden austeniet lager, waardoor de lokale ver-
vormbaarheid van de staalsoorten verbetert. Door de lagere austenietfractie
is de globale vervormbaarheid van de stalen echter verminderd. Verschillende
samenstellingen werden getest om het effect van koolstof, silicium, mangaan,
chroom, niobium en molybdeen op de microstructuur en mechanische eigen-
schappen van de stalen te bestuderen. Koolstof en silicium hadden de sterkste
effecten, omdat zij de fractie en stabiliteit van behouden austeniet het sterkst
beïnvloeden. Vijf van de ontworpen staalsoorten, inclusief de referentiesamen-
stelling van Fe-0,24C-1,5Si-2,3Mn (wt.%), vertoonden een treksterkte van meer
dan 1370 MPa, een totale trekrek van meer dan 8 % en een gatuitzettingsver-
mogen van meer dan 30 %, en voldoen dus aan de vereisten voor de sterkste
commerciële kwaliteiten van complexe fasestalen met verbeterde vervormbaar-
heid.

Hoofdstuk 5 presenteert een voorlopige analyse van een in situ waarneming
van bainietvorming met behulp van transmissie-elektronenmicroscopie. Om aus-
tenitisatie binnen de TEM te voorkomen, omdat hoge temperaturen leiden tot fo-
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lieverdikking en verdamping van legeringselementen, werd een afgeschrikt laag
MS-staal (Fe-1,24C wt.%, 𝑀S = 125 ◦C) gebruikt als uitgangsmateriaal, omdat
het een volumefractie van 0,2 tot 0,4 austeniet behoudt bij kamertemperatuur.
Het proefstuk werd in de TEM verhit tot 280 ◦C, een temperatuur waarbij het be-
houden austeniet uiteenvalt in lager bainiet. De vorming en groei van bainiet
werden vastgelegd met voldoende resolutie om individuele latten te observeren
en de groeisnelheid was consistent met de diffusietheorie van bainietvorming.
Het hoofdstuk bespreekt en stelt nieuwe analyses en experimenten voor die uit-
gevoerd kunnen worden met als doel ons begrip van de groeisnelheid van bai-
nietlagen verder te verbeteren en de geldigheid van de diffusie- en diffusieloze
theorieën van bainietvorming te testen.

Het proefschrift wordt afgesloten in hoofdstuk 6 met het bespreken van de
belangrijkste technologische en wetenschappelijke bijdragen van dit werk. In ter-
men van kinetische modellering introduceerde dit proefschrift een nieuw model
dat belangrijke inzichten bood in het effect van voorafgaande austenietkorrel-
grootte en voorafgaande martensiet op de kinetiek van bainietvorming. Het hier
gepresenteerde model kan verder worden uitgebreid naar gevallen waarin an-
dere nucleatieplaatsen aanwezig zijn (zoals ferriet/austeniet of carbide/austeniet
interfaces) en naar andere transformaties dan de bainitische. De combinatie van
het nieuwe model en experimenten toonde aan dat boor de hardbaarheid van
staal kan verbeteren zonder de kinetiek van de bainietvorming te vertragen, wat
de weg opent naar lager gelegeerde staalsoorten met energie-efficiëntere warm-
tebehandelingen, wat de CO2-uitstoot tijdens de staalproductie aanzienlijk zou
kunnen verminderen. Op het gebied van staalontwerp werd het versnellende
effect van martensiet op bainietvorming gebruikt om nieuwe derde generatie
geavanceerde hogesterktestalen te creëren die een warmtebehandeling onder-
gaan die kan worden geïmplementeerd in bestaande industriële gloeilijnen, wat
de industriële toepassing van dergelijke staalsoorten vergemakkelijkt. In termen
van begrip van het mechanisme van bainietgroei, toonde in situ bainietvorming
in de TEM belangrijk bewijs dat er koolstofdiffusie is tijdens de groei van bainiet-
latten. Daarom strekt de bijdrage van dit proefschrift aan de fysische metallurgie
van staal zich uit van de fundamentele theorieën van fasetransformaties tot de
industriële toepassing van nieuwe hoogwaardige staalsoorten.
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2 1. Introduction

S teel is intimately connected to the modern world. It is used in buildings, in-
frastructure, automotive, domestic appliances, machinery, and much more.

Its consumption has been growing nonstop: In 1950, the world’s average steel
consumption was 75 kg per capita; In 2023, consumption was almost three times
higher, at 219 kg per capita [1]. From 1950 to 2023, not only did the volume of
steel consumption change, but steel itself changed. A showcase example of such
a change lies in the automotive industry.

Up to the 1970s, steel sheets used in passenger cars were made from mild
steel with a tensile strength of up to 330 MPa. Nowadays, there are commer-
cially available steel sheets for the automotive industry with a tensile strength of
around 1200 MPa. Such development was pushed by the pressure to reduce the
weight of passenger cars while increasing passenger safety. By using stronger
grades of steel, the sheets can be made thinner – which reduces the total car
weight – and the car body can absorb more impact and better protect the pas-
sengers in the event of a crash. The goal of weight reduction is to improve fuel
efficiency and reduce material consumption, thus emitting less CO2 [2].

Most of the drastic improvement in mechanical properties is being achieved
by microstructure control. Microstructures containing soft ferritic grains are
gradually being substituted by microstructures containing fine mixtures of
bainitic ferrite, martensite, and retained austenite in the so-called advanced
high strength steels. Further development relies on in-depth knowledge of the
underlying mechanisms of phase transformations in steels. This knowledge helps
to design lean chemical compositions and energy-efficient heat treatments that
create microstructures that yield the desired mechanical properties at a lower
environmental and economic cost.

Bainite is arguably the microstructure constituent being used in modern steels
that is the least understood in terms of mechanisms of formation. The role of
carbon diffusion in the growth of bainitic ferrite is still under debate in the steel
community, with two different theories trying to explain the role of carbon dur-
ing transformation. One theory, called the diffusionless theory, claims bainitic
ferrite grows without carbon diffusion and inherits the carbon content of the par-
ent austenite [3]. Another theory, called the diffusional theory, claims carbon
diffusion takes place during the growth of bainitic ferrite, which grows either in
paraequilibrium with austenite or with only a partial supersaturation [4, 5].

Both theories have been used in kinetic models of bainite formation. While
diffusional-theory–based models have focused more on the lengthening rate of
bainite sheaves [4–6], diffusionless-theory–based models have focused more on
the overall kinetics of bainite formation [7–9]. Despite some success, such mod-
els cannot explain the effect of prior austenite grain size and prior martensite on
bainite formation kinetics. The inability to account for these effects indicates that
the models are incorrectly accounting for the relative contribution of the different
nucleation sites – since it is expected that changing the prior austenite grain size
and introducing prior martensite alters the density of nucleation sites for bainite.

In this dissertation, the role of nucleation sites on bainite formation kinetics is
investigated by developing a new model for bainite formation based on the diffu-
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sionless theory. Chapter 2 proposes a new treatment for the potential nucleation
sites, in which site saturation is calculated separately for nucleation of bainite
plates at austenite grain boundaries and at bainite/austenite interfaces. The pro-
posed model can reproduce and explain the effect of prior austenite grain size
based on the difference between the activation energy for bainite nucleation at
austenite grain boundaries and at bainite/austenite interfaces.

In Chapter 3, the model is extended to the case in which prior martensite
is present, again calculating site saturation separately for the different nucle-
ation sites – austenite grain boundaries, bainite/austenite interfaces, and marten-
site/austenite interfaces. The model successfully represents the accelerating ef-
fect of prior martensite on bainite formation kinetics. The combined modeling
and experimental results indicate that once a certain fraction of prior martensite
is present (around 0.1 to 0.2 in volume fraction), bainite majorly nucleates at or
near the martensite/austenite interfaces, which opens the opportunity to design
new steels based on the selective segregation of alloying elements to austenite
grain boundaries.

In Chapter 4, new bainitic steels for the automotive industry are designed using
the accelerating effect of prior martensite investigated in Chapter 3. Bainite for-
mation is realized in 300 s, and hence the heat treatment can be implemented in
existing modern continuous annealing lines for the production of cold rolled bare
steel sheets. With a microstructure consisting of tempered martensite, bainitic
ferrite, and retained austenite, the steels meet the mechanical properties re-
quired for the strongest grades of cold rolled third generation advanced high
strength steels.

Chapter 5 presents preliminary results on the in situ observation of bainite for-
mation by transmission electron microscopy (TEM). This observation is facilitated
by using a steel with a low martensite start temperature that has a high fraction
of retained austenite at room temperature. Bainite is formed by the decompo-
sition of retained austenite when heating the sample inside the TEM to 280 ◦C.
This setup, in which bainite is formed from retained austenite, avoids problems
related to high temperature austenitization inside the TEM, such as the evapo-
ration of alloying elements and thickening of the specimen [10]. High resolution
in situ observations, such as the one preliminarily presented in Chapter 5, might
enhance the understanding of the underlying mechanisms of bainite nucleation
and growth and help improve the models developed in Chapters 2 and 3.

The thesis is concluded in Chapter 6 by discussing the contributions of this work
to science and technology and providing recommendations for future works.
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2
Modeling the effect of prior

austenite grain size on bainite
formation kinetics

While experiments show that refining the prior austenite grain size can either acceler-
ate or decelerate bainite formation in steels, kinetic models based on the successive
nucleation of bainitic ferrite subunits can only predict an acceleration. This Chapter
presents a new physically-based model for bainite kinetics assuming a displacive and
diffusionless growth mechanism which is able to reproduce both faster and slower
bainite formation kinetics induced by austenite grain refinement. A theoretical anal-
ysis of the model and comparison against published experimental data show that
slower kinetics for smaller grains is favored as the difference between the activation
energy for grain boundary and autocatalytic nucleation of bainite increases, and as
the austenite grain refinement results in finer bainite sub-units. This chapter also
theoretically analyzes the density of initially present potential nucleation sites for
bainite and shows that the values of density used in other published bainite nucle-
ation models are mostly an underestimation. After using physically consistent values
for the density of potential nucleation sites, the apparent lengthening rate of bainite
sheaves calculated using the new model is in line with experimentally measured
lengthening rates.

Parts of this chapter have been published in Acta Materialia 226, 119656 (2024) [1].
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2.1. Introduction

U nderstanding bainite formation is of great scientific and industrial interest.
Bainitic steels, especially those in which cementite formation is inhibited,

combine high strength with high toughness [2]. Despite having mechanical prop-
erties that are suited for several applications, such as automotive and pipelines
for gas transport, their widespread use is sometimes hindered by processing dif-
ficulties such as long transformation times. Refining the prior austenite grain size
has been proposed as a strategy to shorten the heat-treatments owing to faster
bainite kinetics [3], but refinement of the prior austenite grain size sometimes
slows down bainite formation [4]. Even though the literature has shown these
opposing effects for decades, the underlying reasons behind these contradictory
observations are not yet understood. It is, however, important to understand
the effect of prior austenite grain size on bainite formation kinetics to design ad-
equate strategies to accelerate phase transformations based on microstructure
control, as well as to increase the strength and toughness of steels through mi-
crostructure refinement.

These contradictory results were already shown in early reports reflecting the
effect of the prior austenite grain size on bainite formation kinetics. Davenport
et al. [5] reported that the prior austenite grain size does not have any effect on
the kinetics of bainite formation. Barford et al. [6], however, found that smaller
grains lead to faster bainite formation, and, within the limits of their study, the
reaction rate was inversely proportional to the grain size. Umemoto et al. [7] also
reported faster kinetics for smaller austenite grains and stated that the influence
of the grain size on the kinetics is generally less pronounced for bainite than it is
for pearlite. Graham et al. [8] and Chráska et al. [9], on the other hand, found the
opposite relationship. According to their results, grain refinement led to slower
bainite formation. Chráska et al. [9] suggested that the contradictory results
in literature were caused by the different measuring techniques being used by
different researchers.

These apparent discrepancies were clarified in a study by Matsuzaki and
Bhadeshia [10], in which two steels with different chemical compositions ex-
hibited opposite behaviors. Their work demonstrated that the contradictions
were not due to differences in experimental setup, but that different steels are
affected differently by changes in the prior austenite grain size. Later works,
most of them using high resolution dilatometry, confirmed that both acceleration
of bainite kinetics by grain refinement [3, 11–13] and by grain coarsening [4,
14–18] are possible.

Several mechanisms explaining the influence of the prior austenite grain size
were proposed. For the acceleration of bainite kinetics by grain refinement, Bar-
ford et al. [6] argued that it occurs because bainite nucleates at the grain bound-
aries. For the acceleration of bainite kinetics with increasing grain size, Graham
et al. [8] argued that the softer matrix of coarse-grained steels offers less resis-
tance to the displacement caused by bainite formation.

In a unified explanation, Matsuzaki and Bhadeshia [10] linked the bainite mor-
phology to the effect of prior austenite grain size on bainite kinetics. The re-
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searchers assumed that bainite is formed by the successive nucleation of par-
allel plates that organize themselves in sheaves. A sheaf is created by the nu-
cleation of a plate of bainitic ferrite at the austenite grain boundary and grows
by the successive nucleation of new plates of bainitic ferrite. These sheaves,
which contain several individual plates of bainitic ferrite, were treated as the ba-
sic unit for understanding the transformation kinetics. They hypothesized that
when the growth of the bainitic sheaves is faster than their nucleation at the
prior austenite grain boundary, larger prior austenite grain sizes show faster bai-
nite formation. Inversely, when nucleation at grain boundaries is faster than the
sheaf growth, a smaller grain size leads to faster kinetics. Their hypothesis was
supported by metallographic evidence and a model based on the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) equation.

Later works that measured the kinetics of bainite formation at different prior
austenite grain sizes [11–13] explained their results using the hypothesis from
Matsuzaki and Bhadeshia [10]. In these works, it is argued that the observed ac-
celeration of bainite formation by the refinement of the austenite grain size was
because the reaction was nucleation-dominated. However, there is no evidence
from microstructural characterization supporting these claims. It is thus not clear
if Matsuzaki and Bhadeshia’s hypothesis and observations can be extended to all
steels.

Another challenge is incorporating the effect of the prior austenite grain size
in models for bainite formation kinetics. Models such as the JMAK-type used by
Matsuzaki and Bhadeshia [10] are versatile and valuable. However, since these
models use many parameters with no explicit physical meaning, there is a strong
limitation to how much they can be interpreted in terms of the fundamental theo-
ries and mechanisms of bainite formation. For that, a comprehensive, physically-
based model for bainite formation is needed.

Ravi et al. [19] developed a model based on the diffusionless theory of bainite
formation that contains only physically-based parameters and distinguishes the
activation energies for grain boundary and autocatalytic nucleation. The rate of
bainite formation is assumed to be controlled by the nucleation kinetics, as com-
monly assumed in models that adopt the diffusionless theory [2, 20, 21]. Another
commonly shared assumption among diffusionless-theory–based models is that
the density of initially present potential nucleation sites is inversely proportional
to the austenite grain size [19]. This leads to the conclusion that the rate of bai-
nite formation is also inversely proportional to the grain size – provided that all
other parameters stay the same –, thus contradicting the experimental observa-
tions discussed above. Also, Ravi et al.’s [19] model does not capture the effect
of prior austenite grain size on the relative contribution of autocatalysis to the
overall kinetics of bainite formation, as will be shown in Section 2.3.1.

In this Chapter, Ravi et al.’s [19] model is modified in order to explicitly assume
that the relative contributions of grain-boundary nucleation and autocatalysis are
a function of the prior austenite grain size. With the proposed modifications, the
new model can reproduce and explain both behaviors: the acceleration and the
deceleration of bainite formation by grain refinement. The model also shows
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good agreement with experimental data extracted from the literature. Also, this
chapter re-analyzes and discusses important parameters of the model such as
the density of potential nucleation sites and the effect of the size of the bainite
sub-unit.

2.2. Model
There are two disputing theories for the mechanism of bainite formation. Al-
though both theories agree that bainite forms by a displacive mechanism that
involves carbon diffusion during nucleation, they disagree on the role of carbon
diffusion during growth [2, 22, 23]. The model used in the present work adopts
the theory of diffusionless growth. According to this theory, bainite plates – also
called sub-units – grow without diffusion of carbon, similarly to martensite plates,
until their growth is hindered by the plastic deformation of the austenitic matrix.
Such plastic deformation is induced by the stresses associated with a displacive
transformation. The first sub-units are assumed to nucleate at the austenite grain
boundaries, and their formation is followed by successive nucleation of new sub-
units at the tips of previously formed ones – a phenomenon hereafter called au-
tocatalysis –, thus creating the characteristic sheaf morphology. The displacive
character of the transformation prevents the sheaves from growing past austen-
ite grain boundaries.

The assumption of nucleation with carbon redistribution results in a thermody-
namical requirement given by [2]:

Δ𝐺m ≤ 𝐺N. (2.1)

The requirement from Equation (2.1) states that the maximum change in Gibbs
free energy for ferrite nucleation under paraequilibrium, Δ𝐺m, should be less than
the universal nucleation function, 𝐺N. The function 𝐺N is an empirical function
that represents the minimum driving force necessary for bainite nucleation. It is
considered to be dependent only on temperature and is calculated as

𝐺N = 𝐾1 (𝑇 − 273.18) − 𝐾2, (2.2)

where 𝐾1 and 𝐾2 are empirical constants equal to 3.637 J mol−1 K−1 and
2540 J mol−1, respectively, and 𝑇 is the temperature in Kelvin [2]. The tem-
perature in which Δ𝐺m and 𝐺N are equal for a certain composition is called 𝑇h.
In addition to the nucleation, diffusionless growth also needs to be possible for
bainite formation, which gives rise to the condition expressed by Equation (2.3):

Δ𝐺 γ→α ≤ 𝐺SB, (2.3)

in which Δ𝐺 γ→α is the difference in Gibbs free energy between austenite and
ferrite with same chemical composition, and 𝐺SB is the stored energy of bainite,
assumed to be 400 J mol−1.

The temperature in which Δ𝐺 γ→α is equal to −𝐺SB is called 𝑇 ′
0. Also, the tem-

perature in which Δ𝐺 γ→α is zero is called 𝑇0 [2]. According to this theory, bainite
nucleation and growth can only happen in temperatures below both 𝑇 ′

0 and 𝑇h.
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2.2.1. Overview of Ravi et al.’s model
The model developed by Ravi et al. [19] is based on the kinetics of bainite nu-
cleation, which is split into two components: grain boundary nucleation and au-
tocatalysis. Grain boundary nucleation is the one that takes place at the prior
austenite grain boundaries (AGB). Autocatalysis, or autocatalytic nucleation, is
the one that takes place at the interface between the bainitic ferrite and the
austenite (B/A interface). In this manuscript, a brief overview of this model is
provided for better understanding of the contributions proposed.

The overall bainite nucleation rate, d𝑁/d𝑡, is given by the sum of the nucleation
rates of these two components, respectively d𝑁AGB/d𝑡 and d𝑁BA/d𝑡, according to
Equation (2.4)

d𝑁
d𝑡

=
d𝑁AGB

d𝑡
+ d𝑁BA

d𝑡
. (2.4)

The nucleation rate at the prior austenite grain boundaries is calculated using
Equation (2.5)

d𝑁AGB

d𝑡
=
𝑘𝑇

ℎ
𝑛AGB exp

(
−𝑄AGB

𝑅𝑇

)
, (2.5)

where 𝑘 is Boltzmann’s constant, 𝑇 is the temperature in Kelvin, ℎ is Planck’s
constant, 𝑛AGB is the density of potential nucleation sites for nucleation at prior
austenite grain boundaries at time 𝑡, 𝑄AGB is the activation energy for nucleation
at prior austenite grain boundaries, and 𝑅 is the universal gas constant. The
density of potential nucleation sites was derived by van Bohemen et al. [21]
based on Magee’s analysis of the nucleation of martensite [24], and is calculated
as

𝑛AGB =
6𝛿
𝑑γ

𝛼m

𝑉b
(𝑇h − 𝑇) 𝑓γ , (2.6)

where 𝛿 is the effective grain size thickness, taken as 1 nm, 𝛼m is the exponent
from the Koistinen-Marburger equation for the given chemical composition, 𝑑γ is
the prior austenite grain size, 𝑉b is the volume of the bainite sub-unit, and 𝑓γ is
the fraction of austenite available for transformation.

Similarly, the nucleation rate for autocatalysis is calculated as

d𝑁BA

d𝑡
=
𝑘𝑇

ℎ
𝑛BA exp

(
−𝑄BA

𝑅𝑇

)
, (2.7)

where

𝑛BA =
6𝛿
𝑑γ

𝛼m

𝑉b
(𝑇h − 𝑇) 𝑓γ 𝑓 , (2.8)

where 𝑛BA is the density of potential nucleation sites for autocatalytic bainite
formation, 𝑄BA is the activation energy for autocatalytic nucleation of bainite,
and 𝑓 is the total fraction of bainite.

Immediately after its nucleation and diffusionless growth, a bainite sub-unit
is supersaturated in carbon. The excess carbon can induce the precipitation of
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carbides and/or partition to the austenite. As the carbon content of austenite in-
creases as a result of said partitioning, the composition-dependent limiting tem-
peratures for bainite formation, 𝑇h and 𝑇 ′

0, decrease, and are calculated as

𝑇h = 𝑇h𝑋 − 𝐶1 𝑓

(
𝑋 − 𝑋b

1 − 𝑓

)
, (2.9)

𝑇 ′
0 = 𝑇 ′

0𝑋
− 𝐶1 𝑓

(
𝑋 − 𝑋b

1 − 𝑓

)
, (2.10)

where 𝑇h𝑋 and 𝑇 ′
0𝑋

are respectively 𝑇h and 𝑇 ′
0 for the nominal carbon content,

𝐶1 and 𝐶2 are proportionality constants, f is the volume fraction of bainite, 𝑋 is
the nominal carbon atomic fraction, and 𝑋b is the atomic fraction of carbon that
stays in the bainite, whether in solid solution, trapped at defects, or in the form
of carbides.

A lower 𝑇h implies a smaller undercooling for bainite nucleation, which results
in a higher activation energy. The activation energies are then calculated as

𝑄AGB = 𝑄AGB𝑋
− 𝐾Γ𝐶1 𝑓

(
𝑋 − 𝑋b

1 − 𝑓

)
, (2.11)

𝑄BA = 𝑄BA𝑋 − 𝐾Γ𝐶1 𝑓

(
𝑋 − 𝑋b

1 − 𝑓

)
, (2.12)

where 𝑄AGB𝑋
and 𝑄BA𝑋 are the respectively initial activation energies for grain

boundary and autocatalytic nucleation when the carbon content in the austenite
is the nominal carbon content of the steel, 𝑄AGB and 𝑄BA are respectively the in-
stantaneous activation energy for grain boundary and autocatalytic nucleation,
considering carbon enrichment of the austenite, and 𝐾Γ is a proportionality con-
stant [25].

The fraction of available austenite decreases both because it decomposes dur-
ing bainite formation, and because carbon enrichment will decrease 𝑇 ′

0, thus hin-
dering the activation of some potential nucleation sites. At any given time, the
fraction of austenite available for transformation is the given by

𝑓γ = (1 − 𝑓 )
(
𝑇 ′

0 − 𝑇
𝑇 ′

0𝑋
− 𝑇

)
. (2.13)

Finally, the nucleation rate is multiplied by the volume of the bainite sub-unit
in order to calculate the rate of bainite formation, d 𝑓 /d𝑡:

d 𝑓
d𝑡

=
d𝑁
d𝑡
𝑉b. (2.14)
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2.2.2. Proposed modification of Ravi et al.’s model
In the model developed by Ravi et al., the fraction of bainite nucleated at grain
boundaries and by autocatalysis are distinguished. At any given stage of the
transformation, the relative contribution of the two nucleation sites to the overall
rate of bainite formation is determined solely by the difference in their activation
energies. However, it is reasonable to expect that microstructural features, such
as the prior austenite grain size and the size of the bainite sub-unit, would also
influence the relative contribution of grain boundary nucleation and autocatalysis
to the overall kinetics. Also, the austenite grain size and the size of the bainite
sub-unit should limit the total fraction of bainite that can nucleate at each site. In
order to tackle both aspects, the geometrical assumption illustrated in Figure 2.1
is proposed.

𝒇𝐀𝐆𝐁𝒇𝐀𝐆𝐁
𝐦𝐚𝐱

uL

(a) 𝒕 = 𝒕𝟎, 𝒇𝐀𝐆𝐁 = 𝟎 (b) 𝒕 = 𝒕𝟏 > 𝒕𝟎, 𝒇𝐀𝐆𝐁 > 𝟎 (c) 𝒕 = 𝒕𝟐 > 𝒕𝟏, 𝒇𝐀𝐆𝐁 = 𝒇𝐀𝐆𝐁
𝐦𝐚𝐱

𝒇𝐁𝐀

Figure 2.1. Illustration representing the proposed geometrical assumption for bainite
formation. A single austenite grain, at different times 𝑡, is shown. a. The maximum
fraction of bainite that can nucleate the austenite grain boundary, 𝑓max

AGB , is given by the
blue-shaded area, and is defined by the length of the bainite sub-unit, 𝑢L, and the grain
size. b. After some fraction of bainite is formed by grain boundary nucleation, marked as
𝑓AGB, new plates of bainite can nucleate by autocatalysis and occupy the red-shaded area
indicated by 𝑓max

BA . c. When 𝑓AGB = 𝑓max
BA , all the grain interior is available for transforma-

tion, such that 𝑓max
AGB + 𝑓max

BA = 1. The green plates indicated by the arrows and marked as
𝑓BA represent the fraction of bainite nucleated by autocatalysis at time 𝑡2.

Figure 2.1a shows that at the start of bainite formation only grain boundary
nucleation sites are present. The maximum fraction of bainite that can be formed
from these nucleation sites, 𝑓max

AGB , depends on the prior austenite grain size, 𝑑γ ,
and on the length of the bainite sub-unit, 𝑢L. This maximum fraction is given by
Equation (2.15):

𝑓max
AGB = 𝑍

𝑢L

𝑑γ
, (2.15)

where Z is a shape factor equal to 3.35 for a tetrakaidecahedron-shaped
austenite grain [26].

Similar to 𝑓max
AGB , the maximum fraction of bainite that can be formed by au-

tocatalysis, 𝑓max
BA , can be defined. However, unlike 𝑓max

AGB , 𝑓max
BA varies during
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the transformation. At the beginning of the transformation, when no bainite is
formed, it is not possible to have autocatalysis. Figure 2.1b shows that after the
first sub-unit of bainite is formed at the austenite grain boundary, new nucleation
sites are created at the B/A interface, and autocatalysis can start. Considering
that the first bainite sub-unit nucleated at the grain boundary can give rise to
𝐶A,AGB bainite sub-units by autocatalysis, the change in 𝑓max

BA promoted by a
change in the fraction of bainite nucleated at the grain boundaries, 𝑓AGB, can be
calculated by Equation (2.16)

d 𝑓max
BA = 𝐶A,AGB

(
1 − 𝑓max

BA
)
d 𝑓AGB, (2.16)

where d 𝑓max
BA is an infinitesimal change to 𝑓max

BA induced by d 𝑓AGB, an infinitesimal
change to 𝑓AGB. The term

(
1 − 𝑓max

BA
)

is inserted to account for hard impingement.
Integrating both sides of Equation (2.16) with the boundary conditions of 𝑓max

BA =

0 for 𝑓AGB = 0, and 𝑓max
BA = 1 − 𝑓max

AGB for 𝑓AGB = 𝑓max
AGB (Figure 2.1c), results in

Equations (2.17) and (2.18):

𝐶A,AGB =
ln

(
𝑓max
AGB

)
𝑓max
AGB

, (2.17)

𝑓max
BA = 1 − exp

(
𝑓AGB

𝑓max
AGB

ln 𝑓max
AGB

)
. (2.18)

The boundary condition of 𝑓max
BA = 1 − 𝑓max

AGB when 𝑓AGB = 𝑓max
AGB is not necessarily

true. Sheaves of bainite may grow until they are halted by the austenite grain
boundaries, such that the sheaves containing the plates marked as 𝑓BA in Fig-
ure 2.1c actually occupy some of the area initially marked as 𝑓max

AGB . The proposed
boundary condition is then a simplification of a more complex problem, and it
was chosen so that 𝑓max

AGB + 𝑓max
BA tends towards unity as the reaction progresses.

After having defined 𝑓max
AGB and 𝑓max

BA , the two terms can be combined with Equa-
tion (2.13), which includes carbon enrichment of the austenite, and used for cal-
culating the density of potential nucleation sites at the austenite grain bound-
aries, 𝑛AGB, and at the bainite/austenite interfaces, 𝑛BA, at any given time 𝑡, as

𝑛AGB = 𝑛S,AGB𝑆AGB

(
1 −

𝑓AGB

𝑓max
AGB

) (
𝑇 ′

0 − 𝑇
𝑇 ′

0𝑋
− 𝑇

)
, (2.19)

𝑛BA = 𝑛S,BA𝑆BA

(
1 −

𝑓BA

𝑓max
BA

) (
𝑇 ′

0 − 𝑇
𝑇 ′

0𝑋
− 𝑇

)
, (2.20)

where 𝑛S,AGB and 𝑛S,BA are respectively the number of potential nucleation sites
per unit area of austenite grain boundary and bainite/austenite interface, later
discussed in Section 2.4.1, and 𝑆AGB and 𝑆BA are the area of the austenite grain
boundaries and bainite/austenite interfaces per unit volume, respectively. The
autocatalytic nucleation of bainite is commonly considered to take place at the
tip of previously formed bainitic ferrite sub-units [2]. Thus, instead of considering
the whole bainite/austenite interface area for calculating 𝑆BA, only the interface
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area of the tip of the sub-units is considered. The terms can then be calculated
as

𝑆AGB =
𝑍

𝑑γ
, (2.21)

𝑆BA =
𝑓

𝑢L
. (2.22)

While the density of potential nucleation sites 𝑛S,AGB and 𝑛S,BA and the interface
area of prior austenite grain boundaries, 𝑆AGB, are constant, the interface area of
the sub-units tip, 𝑆BA, depends on the fraction of bainite existing at given time. In
order to calculate the rate of bainite nucleation, Equations (2.19) and (2.20) are
used in Equations (2.5) and (2.7), changing the way in which Ravi et al. calculated
the number density of potential nucleation sites. By comparing Equations (2.19)
and (2.20) with Equations (2.6), (2.8) and (2.13) it can be seen that in the pro-
posed model the saturation of nucleation sites for grain boundary nucleation and
autocatalysis are distinguished through the terms 1− 𝑓AGB/ 𝑓max

AGB and 1− 𝑓BA/ 𝑓max
BA .

In Ravi’s model, site saturation is treated as if it were equal for both grain bound-
ary and autocatalysis by the single term 1 − 𝑓 .

2.2.3. Input parameters
Most of the input parameters needed for the model can be measured, calcu-
lated from empirical equations, or extracted from thermodynamic databases as
described by Ravi et al. [19]. However, because of the modifications proposed
here, four new input parameters are needed: 𝑛S,AGB, 𝑛S,BA, 𝑉b, and 𝑢L. Note
that although 𝑉b appears in the equations from Ravi et al. [19], it gets cancelled
out eventually – see Equations (2.5) to (2.8) and (2.14). For the purpose of the
present work, both 𝑛S,AGB and 𝑛S,BA were taken as 1016 m−2, following van Bohe-
men [27]. 𝑉b is calculated as 𝑢T · 𝑢W · 𝑢L, where 𝑢T and 𝑢W are the thickness and
the width of the bainite sub-unit. In the present work, the sub-unit was consid-
ered to be a plate with 𝑢W = 𝑢L = 6 · 𝑢T, following Azuma et al. [28]. The values
chosen for those parameters are discussed in Section 2.4.1. The fraction of car-
bon trapped in the bainite, 𝑋b, and the activation energies, 𝑄AGB𝑋

and 𝑄BA𝑋, are
fitting parameters, as in Ravi et al.’s model.

2.3. Results
This section starts with a theoretical analysis of the model, focusing on the pre-
dicted influence of the prior austenite grain size on the bainite formation, and
the differences with respect to the results obtained following the model devel-
oped by Ravi et al. [19]. Then, the model is validated by comparison against the
experimental data.

2.3.1. Theoretical analysis of the model
The model was first theoretically analyzed by simulating kinetic curves of bai-
nite formation using hypothetical input parameter values that result in realistic
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transformation rates. Then, the effect of prior austenite grain size was also the-
oretically studied for different model input parameter values. All the parameters
used in the simulations of this section are given in the graphs and captions of
Figures 2.2 and 2.3.

f
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Figure 2.2. Simulated kinetics of bainite formation considering the parameters: 𝑇 =

300 ◦C, 𝑑γ = 10 µm, 𝑄AGB𝑋
= 200 kJ mol−1, 𝑄BA𝑋 = 195 kJ mol−1, 𝑢T = 0.100 µm, and

𝑋b = 𝑋. a. Fraction of bainite over time, distinguishing the total fraction, 𝑓 , the fraction
nucleated by autocatalysis, 𝑓BA , and the fraction nucleated at austenite grain boundaries,
𝑓AGB. b. Rate of bainite formation, also showing the total rate and distinguishing individual
components by nucleation site. c. Autocatalytic factor calculated by Equation (2.23)

Figure 2.2 shows the simulated kinetics of bainite formation during isothermal
holding. The simulated curve follows a sigmoidal-like shape, resembling the ex-
perimentally measured curves of bainite formation. Because the model distin-
guishes the fraction of bainite per nucleation site, the curves for bainite nucle-
ated at the austenite grain boundaries and by autocatalysis can be calculated
individually, as shown in Figure 2.2a. The curve for 𝑓AGB follows a logarithmic
shape approaching a limiting value. For the case presented in Figure 2.2, since
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Figure 2.3. Simulated curves showing the predicted effect of varying the prior austenite
grain size from 10 to 100µm on the bainite formation kinetics. The fixed parameters used
were 𝑇 = 300 ◦C, 𝑄AGB𝑋

= 200 kJ mol−1, and 𝑋b = 𝑋, while Δ𝑄(𝑄AGB − 𝑄BA) or 𝑢T were

varied. a. On the left, simulated curves for Δ𝑄 = 15 kJ mol−1. On the right and offset
by 750 s, simulated curve for Δ𝑄 = 5 kJ mol−1. In all cases, 𝑢T was taken as 0.100µm. b.
Curves for Δ𝑄 = 5 kJ mol−1. For 𝑑γ = 10 µm, 𝑢T = 0.100 µm. For 𝑑γ = 100 µm, two curves
are shown: one considering the thickness of the sub-unit does not change by varying the
grain size, and one considering that because of the increase in grain size the thickness of
the sub-unit increases to 0.150µm.

there is no carbon enrichment of the austenite (𝑋b = 𝑋), the limiting value for
𝑓AGB is given by 𝑓max

AGB . The 𝑓BA curve, on the other hand, follows a sigmoidal-
like shape. For the present case, in which there is no carbon enrichment, 𝑓BA
approaches 1 − 𝑓max

AGB , so that the total fraction of bainite, 𝑓 , tends towards unity.

Figure 2.2b shows the rate of bainite formation distinguished by nucleation site.
At the beginning of the transformation, the rate of bainite formation comes from
grain boundary nucleation only. As the reaction progresses, potential nucleation
sites are created at the bainite/austenite interface, and autocatalysis starts con-
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tributing to the total rate of bainite formation.
Many of the models that adopt the diffusionless theory of bainite formation use

a so-called autocatalytic factor [19–21]. The autocatalytic factor, 𝜆, is used to
relate the rate of bainite nucleation at the grain boundaries, ¤𝑁AGB, to the nucle-
ation rate by autocatalysis, ¤𝑁BA, through the general expression ¤𝑁BA = 𝜆 𝑓 ¤𝑁AGB.
In the present model, no autocatalytic factor was used. However, by isolating
𝜆 in the general formula present in other models, an autocatalytic factor can be
derived and calculated using the outcomes of the present model according to
Equation (2.23).

𝜆 =
1
𝑓

¤𝑁BA
¤𝑁AGB

. (2.23)

The calculated autocatalytic factor is shown in Figure 2.2c. Unlike in other bai-
nite models, where it is usually taken as a value to be fitted, in the present model
the autocatalytic factor is an outcome. The autocatalytic factor is shown to de-
pend on the interplay between parameters such as the prior austenite grain size,
size of the bainite sub-unit, and the difference between the activation energies
𝑄AGB and 𝑄BA, which in turn depends on the chemical composition, temperature,
and dislocations created during bainite formation. Also, the factor is not constant
but varies throughout the whole transformation.

The predicted effect of the prior austenite grain size on the bainite formation
kinetics is presented in Figure 2.3 . Depending on the difference between the
activation energies for grain boundary and autocatalytic nucleation, Δ𝑄 = 𝑄AGB −
𝑄BA, and on the variation of the thickness of the bainite sub-unit as a function of
the prior austenite grain size, different behaviors are observed.

When the activation energies 𝑄AGB and 𝑄BA were considered to differ by only
5 kJ mol−1, a smaller grain size led to faster bainite formation. But when 𝑄BA
was smaller than 𝑄AGB by 15 kJ mol−1, a larger prior austenite grain size led to a
faster bainite formation (see Figure 2.3). This indicates that as the difference Δ𝑄

between activation energies increases, the kinetics of bainite formation by auto-
catalysis tends to overcome the kinetics of bainite formation at austenite grain
boundaries, ultimately leading to the observation of a faster bainite formation for
larger prior austenite grain sizes.

In Figure 2.3a, 𝑢T was considered to be independent of the prior austenite grain
size. But in reality 𝑢T might be different for different austenite grain sizes. In the
present model, the nucleation rate is multiplied by the volume of the sub-unit to
yield the rate of bainite formation, and thus a larger sub-unit speeds up the trans-
formation. This possibility was explored in the simulation shown in Figure 2.3b.

In Figure 2.3b, the two curves from Figure 2.3a corresponding to Δ𝑄 =

5 kJ mol−1, for which smaller austenite grains led to a faster transformation,
are shown again and complemented by a third simulated curve. In the latter, it is
considered that by increasing the prior austenite grain size from 10 to 100µm the
thickness of the sub-unit increases from 0.100 to 0.150µm. As a result, the effect
of the grain size was reversed, and a larger prior austenite grain size resulted in
a faster overall bainite formation.

The theoretical analysis described in this section indicates that the proposed
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model is capable of reproducing both the acceleration as well as the deceleration
of bainite formation by the refinement of the prior austenite grain size. To our
knowledge, and based on our analysis of other published models of bainite for-
mation [19, 21, 28–30], the model proposed here is the only one that is able to
simulate these two possible effects.

None of the results shown in this section considered the carbon enrichment of
the austenite. However, repeating the simulations considering the carbon en-
richment of austenite did not reveal any influence of the carbon enrichment of
the austenite on the effect of the prior austenite grain size on bainite formation
kinetics (see Appendix A and Figures A.1 to A.3).

2.3.2. Comparison to Ravi et al.’s model
The predicted effect of the prior austenite grain size was also analyzed for Ravi
et al.’s model, and a comparison between their model and the model from the
present work is shown in Figure 2.4. The simulations presented in this section
use parameters similar to the ones used in Section 2.3.1 for the proposed model,
and parameters for Ravi et al.’s model that led to similar kinetics. All parameters
and values are given in the graphs and caption of Figure 2.4.

By comparing Figure 2.4a,c with Figure 2.4b,d, it is evident that the model from
Ravi et al. predicts a much greater influence of the prior austenite grain size on
the kinetics of bainite formation. In the present model, the effect of grain size
depends on factors such as the difference in the activation energies and the size
of the bainite sub-unit. Figure 2.4a,c thus represent only the specific case for
the conditions used in the simulation. In Ravi et al.’s model, the rate of bainite
formation is always inversely proportional to the prior austenite grain size, given
that the activation energies are independent of the grain size. Hence, the trends
shown in Figure 2.4b,d are general for Ravi et al.’s model and are is the only
possible outcome, irrespective of the parameters used in the simulation.

As the rate of bainite nucleation at grain boundaries and by autocatalysis are
distinguished in both models, it is possible to calculate the final fraction of grain
boundary nucleated and autocatalytically nucleated bainite at the end of the
transformation, and then calculate their ratio. Figure 2.4e shows this ratio as
a function of the prior austenite grain size for both models. For the model de-
veloped in the present work, the ratio increases linearly with the prior austen-
ite grain size, meaning that autocatalysis becomes more important for larger
austenite grains. On the other hand, in the model from Ravi et al., the ratio is
constant with respect to the austenite grain size.

The linear relationship observed in Figure 2.4e was achieved in the present
model by the introduction of the parameters 𝑓max

AGB and 𝑓max
BA , both a function of

the prior austenite grain size and the length of the bainite sub-unit. The linearity
is a direct consequence of the assumption that 𝑓AGB at the end of the transforma-
tion is proportional to the interface area of the prior austenite grain boundaries,
𝑆AGB, which in turn is inversely proportional to the prior austenite grain size, 𝑑γ –
Equations (2.15) and (2.21). Such a relationship is derived in Appendix A.2. The
two parameters control the relative contribution of grain boundary nucleation
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Figure 2.4. Effect of the prior austenite grain size on bainite formation according to the
present model and Ravi et al.’s model. In all cases 𝑇 = 300 ◦C and 𝑋b = 𝑋 were considered.
For the simulations using the model from the present work, 𝑄AGB𝑋

= 200 kJ mol−1, 𝑄BA𝑋 =

195 kJ mol−1, and 𝑢T = 0.100 µm were used. In the simulations using Ravi et al.’s model,
𝑄AGB𝑋

= 145 kJ mol−1, 𝑄BA𝑋 = 125 kJ mol−1, 𝑇h = 577 ◦C, and 𝛼m = 0.011 K−1 were used.
a-d. Simulated bainite fraction as a function of time and the rate of bainite formation as a
function of bainite fraction for both models and for 𝑑γ = 10 µm and 𝑑γ = 100 µm. e. Ratio
between the fraction of autocatalytic nucleated and grain boundary nucleated bainite at
the end of the transformation as a function of prior austenite grain size for both models.
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and autocatalysis, and also limit their overall fraction. In the model from Ravi
et al., on the other hand, there is no limit on the fraction of grain boundary nor
autocatalytic nucleated bainite, and their relative contribution does not depend
on the austenite grain size nor on the bainite sub-unit size. In Ravi et al.’s model,
at any given point of the transformation, the ratio between the nucleation rates
is

d 𝑓BA/d𝑡
d 𝑓AGB/d𝑡

= 𝑓 exp
(
Δ𝑄

𝑅𝑇

)
, (2.24)

which shows that the relative contribution of each type of nucleation site is de-
termined solely by the difference in the activation energies and does not include
the effect of the prior austenite grain size.

2.3.3. Comparison against experiments
Experimental data on the kinetics of bainite formation during isothermal holding
measured by dilatometry was used to validate the present model. The chemical
composition, prior austenite grain size, isothermal holding temperature, thick-
ness of the bainite sub-unit and references to the original source of the data are
in Table 2.1, alongside the given nomenclature. The curves of bainite fraction as
a function of time were used for optimizing the fitting parameters (𝑄AGB𝑋

, 𝑄BA𝑋,
and 𝑋b), and the implementation of the differential evolution algorithm [31] in
SciPy and Lmfit [32, 33] was used to find the best values.

In order to investigate the effect of the transformation temperature, Steels A
and B, which were treated at holding temperatures in the range of 370 to 500 ◦C,
were first fitted to the model. Figure 2.5a,b show that the present model was
able to match well the experimentally observed data for both steels and at every
temperature. The activation energies extracted from the fitting are shown in
Figure 2.5c,d and listed in Table 2.1, and range from 220 to 270 kJ mol−1. Both
𝑄AGB𝑋

and 𝑄BA𝑋 increase linearly with the temperature.
The optimal fitted values for the activation energies bear uncertainties related

to the fitting procedure itself and to the uncertainty in the input parameters. The
uncertainty related to the fitting procedure is relatively small and estimated as
less than 0.1 kJ mol−1. The uncertainty related to the input parameters, however,
is much higher. By assuming there is a 10 % uncertainty in the values for the prior
austenite grain size and for the sub-unit thickness, and a 50 % uncertainty in the
sub-unit aspect ratio, the uncertainty for 𝑄AGB𝑋

and 𝑄BA𝑋 were estimated as 4 %
and 2 %, respectively. The estimation of the uncertainty in the activation energies
is detailed in Appendix A.3.

Steels C and D were chosen for analyzing the effect of the prior austenite grain
size because they show opposite behaviors. In the case of Steel C, bainite forma-
tion was accelerated by increasing the prior austenite grain size, while for Steel
D the reaction was accelerated by decreasing the grain size. For each steel,
samples with different grain sizes were treated isothermally at the same holding
temperature.

Figure 2.6 shows the experimental and modeled fraction of bainite as a function
of time for the steels C and D. Because all treatments for a given steel were
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Table 2.1. Chemical composition, prior austenite grain size (𝑑γ), temperature of bainite
formation (𝑇), thickness of the bainite sub-unit (𝑢T), and model outputs (𝑄AGB𝑋

, 𝑄BA𝑋,
and 𝑋b) of the steels used for the validation. The grain size of steel A is not reported in
the original paper [30] and thus the value estimated by [21] is used. The thickness of the
bainite sub-unit for steels A and B were not reported, and thus were calculated using the
model from [34] for steel A and from [35] for steel B. 𝑄AGB𝑋

, 𝑄BA𝑋 and 𝑋b result from
fitting the data to the model and assuming that 𝑄AGB𝑋

and 𝑄BA𝑋 are independent of 𝑑γ .

Steel Chemical composi-
tion

𝑑γ 𝑇 𝑢T 𝑄AGB𝑋
𝑄BA𝑋 𝑋b

wt.% µm ◦C µm kJ/mol kJ/mol at.frac.

A[30] Fe-0.53C-0.69Mn-
0.29Cr-0.03Al

140 500 0.327 259 261 0.0241
140 450 0.260 244 242 0.0241
140 425 0.227 238 232 0.0241
140 400 0.194 224 225 0.0241
140 375 0.160 218 217 0.0240

B[36] Fe-0.29C-2.39Mn-
1.76Si

22 480 0.178 267 251 0.0060
22 450 0.152 253 243 0.0077
22 420 0.131 244 232 0.0089
22 390 0.113 228 225 0.0086
22 370 0.102 220 218 0.0096

C[17] Fe-0.25C-1.6Mn-
1.25Si-1Cr-0.3Mo

16 420 0.255 259 243 0.0114
20 420 0.296 259 243 0.0096
76 420 0.353 259 243 0.0079

157 420 0.416 259 243 0.0075
D[15] Fe-0.51C-0.83Mn-

1.72Si-0.98Cr-
0.25Mo-0.56Co-
0.60Ni-0.04Nb

33 280 0.297 202 200 0.0068
50 280 0.297 202 200 0.0068
72 280 0.297 202 200 0.0068
93 280 0.297 202 200 0.0068

performed at the same holding temperature, the values of 𝑄AGB𝑋
and 𝑄BA𝑋 were

fitted considering that they are the same irrespective of the prior austenite grain
size. The modeled curves were able to reproduce the opposing effects of the
austenite grain size seen in both steels.

In the case in which bainite formation was faster for a larger prior austenite
grain size (Steel C, Figure 2.6a), the activation energy for grain boundary nucle-
ation was 16 kJ mol−1 higher than the activation energy for autocatalytic nucle-
ation. For Steel D (Figure 2.6b), which shows the opposite effect, the difference
between the activation energies was only 2 kJ mol−1. This can be taken as an
indication that the lengthening of bainite sheaves by the successive nucleation
of bainite sub-units is relatively faster than their nucleation at grain boundaries
for Steel C than it is for Steel D. This result also matches the predictions from the
simulations described in Figure 2.3 and the experimental observations made by
Matsuzaki and Bhadeshia [10].
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Figure 2.5. Model fitted to the experimental data from steels A and B for several different
holding temperatures. In a. and b. the markers represent the experimental data and the
lines represent the fitted model. Markers in c. and d. show the initial activation energies
extracted from the fit for Steel A (purple circle) and Steel B (red diamond), while the
solid lines show linear fits. The error bars in c. and d. were calculated considering an
uncertainty of 10 % in 𝑑γ and in 𝑢T, and 50 % in the aspect ratio of the bainite sub-unit.

2.4. Discussion
2.4.1. Model parameters

Size of the bainite sub-unit

Both the length and the volume of the bainite sub-unit are an integral part of
the present model. Their values are, however, difficult to measure. On the other
hand, the thickness of the sub-units have been extensively measured and can
be estimated using empirical equations available in the literature [34, 35]. Then,
the length can be calculated by assuming an aspect ratio – which is, however,
also difficult to estimate. Based on the images from Bhadeshia et al. [38], the
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Figure 2.6. Experimental data (markers) and modeled curve (solid line) of bainite forma-
tion for a. steel C and b. steel D at different prior austenite grain sizes, alongside the best
fit values for the initial activation energies. Since the retained austenite fraction for Steel
D was not reported, it was estimated using the steel models from Thermo-Calc version
2023a with the thermodynamic database TCFE12 [37].

size of a sub-unit was estimated to be 0.2×10×10 m3, which indicates an aspect
ratio of 50. In-depth analysis at a higher resolution indicated that the aspect
ratio could actually be in the range from 2 to 15 [39–41]. All of these values are
based on a few images from transmission electron microscopy, and thus should
be interpreted with care. Also, the size of the sub-unit should not be confused
with the size of a sheaf of bainite seen by optical microscopy [42], since a sheaf
is an aggregate of several individual sub-units.

Azuma et al. [28] were able to model the change from upper to lower bainite
assuming an aspect ratio of 6, a value that lies in the middle of the 2 to 15 range.
For that reason, the aspect ratio was assumed to be 6 in the present work. Since
this estimate bears much uncertainty and may vary depending on the chemical
composition of the steel and the transformation temperature, a 50 % uncertainty
on the aspect ratio was considered when calculating the errors in 𝑄AGB𝑋

and
𝑄BA𝑋.

The rate of bainite formation is proportional to the volume of the bainite sub-
unit in the present model. Although this differs from Ravi et al.’s model [19],
in which 𝑉b has no influence, it is in line with other models of bainite formation,
such as the one from Matsuda and Bhadeshia [43]. Given that a higher 𝑉b means
that each nucleation event will give rise to a correspondingly greater fraction of
bainite, it seems reasonable to assume this linear relationship.

Correctly capturing the influence of the volume of the sub-unit on the rate of
bainite formation is especially important in the present work because by chang-
ing the prior austenite grain size the volume of the sub-unit may also change.
And, in turn, the correlation between 𝑉b and 𝑑γ could define the effect of the
prior austenite grain size on the kinetics of bainite formation, as shown in the
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simulation presented in Figure 2.3b. This relation between 𝑉b, 𝑑γ , and the kinet-
ics of bainite formation will be further discussed in Section 2.4.2.

Density of potential nucleation sites

According to the displacive theory of bainite formation, nucleation happens by
the dissociation of dislocations, similar to martensite formation [2, 44]. Because
of this similarity, Magee’s work on martensite nucleation [24] was used by van
Bohemen [21] in order to estimate the density of initially present potential nucle-
ation sites for bainite.

In the case of martensite, Magee assumed that there is a linear relationship
between the driving force for the fcc → bcc transformation and the number of
nucleation events of new martensite plates per unit volume of austenite. Follow-
ing this simple assumption, Magee arrived at the same expression relating un-
dercooling and fraction of martensite than the one found empirically by Koistinen
and Marburger [45]. At small undercoolings below 𝑀S, the number of martensite
plates nucleated per unit volume of austenite is calculated as

𝑁m =
𝛼m

𝑉m
(𝑀S − 𝑇) , (2.25)

where 𝑁m is the number of martensite plates per unit volume of austenite and
𝑀s is the martensite start temperature.

While martensite seems to nucleate in defects present inside the austenite
grains, bainite seems to nucleate preferentially at the austenite grain bound-
aries. Thus, in order to calculate the potential nucleation sites for bainite, van
Bohemen [21] scaled down Equation (2.25) by the factor 6𝛿/𝑑γ and changed the
martensite-related parameters 𝑀S and 𝑉m by the corresponding bainite-related
parameters 𝑇h and 𝑉b, giving rise to Equation (2.6), which is also used in Ravi et
al.’s model [19]. There are two factors, however, that could lead to errors in van
Bohemen’s approach.

First, in Magee’s derivation of the Koistinen-Marburger, Equation (2.25), it is not
the density of initially present potential nucleation sites that is calculated, but the
density of plates of martensite that actually nucleate. When a potential nucle-
ation site is activated, a plate of martensite nucleates and then grows to its final
size, sweeping many other potential nucleation sites in the process. Thus, the
real number of potential nucleation sites may be much higher than the number
of plates that actually nucleate, and the two values should not be equated.

Also, the effect of autocatalysis has been overlooked in van Bohemen’s deriva-
tion. Since Magee’s equation considers the total number of martensite plates
nucleated, it takes into account not only the martensite plates nucleated at pre-
existing defects in austenite but the plates nucleated by autocatalysis at newly
created nucleation sites (for more detail see Fig. 2.2 in [24]). But when adapt-
ing it to the case of bainite nucleation at defects initially present in the austenite,
Equation (2.25) was used as if it concerned only nucleation at pre-existing defects
and did not include autocatalysis – which is not the case.
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Different approaches were used in other bainite models, mostly using the den-
sity of potential nucleation sites at the austenite grain boundaries, 𝑛S,AGB, as a
fitting parameter [27, 28, 30, 43, 46–50]. The values reported differ by a striking
46 orders of magnitude, varying from 10−30 [49] to 1016 per m2 of austenite grain
boundary [27]. The wide range may be partially caused by the difficulty of si-
multaneously fitting the activation energy and the density of potential nucleation
sites.

In order to perform a quantitative analysis, the values of 𝑛S,AGB were compared
to the physically-based limits – calculated for a single austenite grain – proposed
in Figure 2.7. Considering that nucleation of bainite plates at the austenite grain
boundaries takes place at pre-existing defects, the number of potential nucle-
ation sites initially present should be at least as large as the number of nucleation
events necessary to fully occupy the austenite grain boundary. The number of
necessary nucleation events can be calculated by dividing the grain boundary
area by the bainite sub-unit tip area. The upper limit for the potential nucleation
sites is the number of atoms present at the austenite grain boundary.
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Figure 2.7. Potential sites for bainite nucleation per austenite grain as a function of
grain size calculated according to the models from van Bohemen, 2008 [21], Azuma
[28] and van Bohemen, 2019 [27]. The calculations were performed considering 𝑢T =

0.100 µm, 𝑢W = 𝑢L = 0.600 µm, 𝑇h − 𝑇 = 100 K, 𝛼m = 0.011 K−1, 𝑍 = 3.35, and 2.5 × 1019

atoms per m2 of austenite grain boundary. The shaded area marks the region limited at
the bottom by the number of nucleation events at the grain boundary necessary to oc-
cupy the whole austenite grain boundary and at the top by the number of atoms in the
austenite grain boundary.

Figure 2.7 shows that the values reported by van Bohemen in 2019 [27], at
𝑛S,AGB = 1016 m−2 and at the top of the observed range, are the only ones that
lie inside the range given by the proposed limits. The early values found by
van Bohemen in 2008 [21], Equation (2.6), and used by Ravi et al. [19] and
subsequent models [51, 52] are three to four orders of magnitude smaller than
the lower limit. The curves for most of the other cited models are not shown in
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Figure 2.7 because they are too far from the limiting range, with most resulting
in less than one potential nucleation site per austenite grain.

From the above discussion it is clear that estimating 𝑛S,AGB, either by using it
as a fitting parameter or by relating it to martensite nucleation, is not straightfor-
ward. Also, the physical interpretation of the density of potential nucleation sites
and the enormous discrepancy among the reported values have been overlooked
in previous models of bainite nucleation. In the present work, 𝑛S,AGB was taken
as 1016 m−2, following van Bohemen [27], because it is the only value reported
so far that is within the limits shown in Figure 2.7. Additionally, this value, which
is equivalent to one potential nucleation site every 100 nm2 of austenite grain
boundary, is consistent with the mechanism of bainite nucleation proposed by
the displacive-diffusionless theory of bainite formation [2].

Considering that bainite nucleation is similar to that of martensite, the control-
ling mechanism is then the dissociation of dislocations. Although the structure
of grain boundaries is not always well defined, it can be sometimes well repre-
sented in terms of arrays of dislocations or similar defects [53] separated by a
few atomic distances [54]. The separation of these defects is in line with the
density of potential nucleation sites used in the present work. Then, a similar
argument can be made for nucleation at the tip of the bainite sub-units, 𝑛S,BA,
which in the present work was also taken as equal to 1016 m−2.

The initial density of potential nucleation sites for a steel with a prior austen-
ite grain size of 50µm, considering 𝑛S,AGB as 1016 m−2, is in the order of 1020 to
1021 m−3. Although it is physically consistent with the argument made in Fig-
ure 2.7, it is much higher than the values reported for martensite. Based on
classical small particles experiments, the density of initially-present potential nu-
cleation sites for martensite was estimated as 1011 to 1013 m−3 [24].

In the case of martensite, however, 1011 to 1013 m−3 initial potential nucleation
sites per m3 is enough to ensure a full transformation. This is because the volume
of martensite plates can be much higher than that of bainite plates, and the
creation of new potential sites for nucleation by autocatalysis is much higher for
martensite than for bainite. While the autocatalytic factor for bainite is usually
in the order of 3 to 200 [21, 29], for martensite it is reported to be in the range
of 1000 [24, 55, 56]. Also, the fact that martensite formation is seen to start in
the grain interiors and bainite formation in the grain boundaries indicates that,
despite their mechanism of formation being similar, their nucleation sites are not
exactly the same.

Finally, given the uncertainty in the values of 𝑛S,AGB and 𝑛S,BA, it is important
to know their effect in the model. Both values multiply the exponential term con-
taining the activation energies for nucleation. Since the activation energies are
fitted to the experimental data, any error in the density of potential nucleation
sites results in an erroneous estimation of the activation energy – an overestima-
tion of 𝑛S,AGB leads to an overestimation of 𝑄AGB𝑋

, for instance. Since in all cases
the same values of 𝑛S,AGB and 𝑛S,BA were used, any error in the assumed values
resulted in roughly the same error in all values of 𝑄AGB𝑋

and 𝑄BA𝑋 extracted from
fitting. This means that although the absolute values of𝑄AGB𝑋

and𝑄BA𝑋 reported
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in the present work bear this uncertainty with it, none of the trends – such as the
ones in Figures 2.5 and 2.6 – are affected by this uncertainty.

Activation energy

The activation energies for bainite nucleation for steels A-D were found to be
in the range from 200 to 270 kJ mol−1. These values are higher than the ones
reported in previous models, which usually range from 100 to 180 kJ mol−1 [19,
21, 43]. For steel A and B, the activation energies reported by Ravi et al. [19]
were up to 120 kJ mol−1 lower than the ones found in the present work. This
difference is due to the underestimation of the density of potential nucleation
sites in previous models.

In Equations (2.5) and (2.7), the density of potential nucleation sites multiplies
the exponential term containing the activation energy for nucleation. Hence, the
activation energy found by fitting the model to experimental curves of bainite
formation kinetics depends on the assumed density of potential nucleation sites.
In the present work, the number of potential nucleation sites per interface area,
𝑛S,AGB and 𝑛S,BA, was considered to be 1016 m−2. Although the assumed values
are the most realistic considering the physical conditions of the transformation,
it is important to analyze the consequences of using other values of 𝑛S,AGB and
𝑛S,BA in the resulting activation energies.

Figure 2.8 shows the activation energy for bainite nucleation found for steel
B isothermally treated at 420 ◦C as a function of the assumed 𝑛S,AGB and

𝑛S,BA, which were varied from 106 to 1016 m−2. Both 𝑄AGB𝑋
and 𝑄BA𝑋 vary

by 130 kJ mol−1 within this range. At 1010 potential nucleation sites per m2,
which is the order of magnitude used by Ravi et al., 𝑄AGB𝑋

and 𝑄BA𝑋 are respec-
tively 165 and 152 kJ mol−1, differing only by 3 kJ mol−1 from the values found by
Ravi et al. (168 and 155 kJ mol−1). Thus, the lower values of activation energy for
bainite previously reported in other models in the literature are a consequence
of such models may having underestimated the density of potential nucleation
sites for bainite nucleation.

According to the displacive theory of bainite formation, there are two thermally-
activated events involved in the nucleation: carbon diffusion and dissociation of
dislocations [2]. The activation energy for bainite nucleation, 𝑄, can then be un-
derstood as the sum of the individual activation energies for carbon diffusion, 𝑄D,
and for the dissociation of dislocations, 𝑄∗ [28, 57]. Rigorously, 𝑄D is the acti-
vation energy for a carbon atom to jump from a bainite embryo to the austenite
matrix. Since this value is not known, 𝑄D can be approximated as the activation
energy for carbon diffusion in the austenite, which is around 140 kJ mol−1 (from
databases TCFE12 and MOBFE7 in Thermo-Calc). Thus,𝑄∗ was found to vary from
60 to 130 kJ mol−1, which is smaller than the activation energy for the diffusional
movement of ferrite/austenite interfaces, estimated as 140 kJ mol−1 [58].

According to Olson and Cohen’s theory of martensite nucleation [59], which



2.4. Discussion

2

29

10
6

10
8

10
10

10
12

10
14

10
16

NS,AGB andNS,BA (m−2)

100

120

140

160

180

200

220

240

260

A
c
ti

v
a
ti

o
n

e
n
e
rg

y
(k

J
m

o
l−

1
)

QA
G

B
X̄

Q B
A
X̄

Figure 2.8. Estimated activation energies for bainite nucleation in steel B isothermally
treated at 420 ◦C as a function of the assumed values of the number of potential nucleation
sites per interface area, 𝑛S,AGB and 𝑛S,BA .

has been adopted in the theory of bainite nucleation [2], 𝑄∗ can be calculated as

𝑄∗ = 𝑄∗
0 +

(
𝜏𝜇 + 𝜌A

𝑏
𝐸str +

2𝜎
𝑛p𝑏

)
𝑉∗ +

( 𝜌A

𝑏
𝑉∗

)
Δ𝐺m, (2.26)

where 𝑄∗
0 is the activation energy for overcoming the short-range barriers to dis-

location movement, 𝜏𝜇 is the athermal resistance to dislocation movement, 𝜌A is
the number of atoms per unit area of the closed packed plane, 𝑏 is the magnitude
Burgers vector, 𝐸str is the strain energy, 𝜎 is the bainite/austenite interfacial en-
ergy, 𝑛p is the number of atomic planes of the embryo, and 𝑉∗ is the activation
volume [2, 44, 60].

Since Equation (2.26) has several unknown parameters (𝑄∗
0, 𝜏𝜇, 𝐸str, 𝜎, 𝑛p, 𝑉∗),

it cannot be directly used to calculate 𝑄∗. The derivative of Equation (2.26) with
respect to temperature, however, can be used to estimate the activation volume
for bainite nucleation. If Δ𝐺m is assumed to be the only temperature-dependent
parameter in Equation (2.26), then the derivative is calculated as

d𝑄∗

d𝑇
=
𝜌A

𝑏
𝑉∗ d(Δ𝐺m)

d𝑇
. (2.27)

Using the values of Δ𝐺m calculated in Thermo-Calc, the activation volume 𝑉∗

for the grain boundary and autocatalytic nucleation of bainite in steel A is esti-
mated as 55 and 57 Ω, respectively, and in steel B as 72 and 51 Ω, where Ω is
the atomic volume of the Fe atom (8.5× 10−30 m−3). These values are in line with
the range reported by Olson and Cohen for the isothermal martensite nucleation
in Fe-Ni and Fe-Ni-Mn alloys, which was from 21 to 73 Ω [44].

The slopes d𝑄∗/d𝑇 for steels A and B, calculated from the curves shown in
Figure 2.5c,d, were in the range from 272 to 386 kJ mol−1. Again, these values are
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close to those reported for isothermal martensite nucleation in Fe-Ni-Mn alloys,
which were around 300 to 360 kJ mol−1 [55, 56].

Lengthening rate of sheaves

A sheaf of bainite is a structure formed by an aggregate of bainite sub-units that
were nucleated one at the tip of the other by autocatalysis. The lengthening of
bainite sheaves is not, according to the diffusionless theory, a continuous pro-
cess, but rather a succession of several nucleation events. Although the present
model is based on the individual nucleation events, the lengthening rate of bai-
nite sheaves can be derived and compared with experimental values.

The apparent lengthening rate of a sheaf of bainite, 𝑣L, can be calculated as
the product of the length of a bainite sub-unit and the nucleation rate at the tip
of a single sub-unit,

𝑣L = 𝑢L
𝑘𝑇

ℎ
𝑛S,BA𝑢T𝑢W exp

(
−𝑄BA

𝑅𝑇

)
. (2.28)

In Equation (2.28), the product 𝑛S,BA ·𝑢T ·𝑢W is the number of potential nucleation
sites at the tip of a single bainite sub-unit.

Figure 2.9 shows the lengthening rate for steel A and B calculated using the
model from the present work, the model from Ravi et al., and Thermo-Calc [61].
In Ravi’s model 𝑛S,BA is not defined, and thus the number of potential nucleation
sites at the tip of the individual sub-units cannot be calculated. However, for the
bainitic transformation to progress, it is necessary to have at least one potential
nucleation site at the tip of every sub-unit. For that reason, the term 𝑛S,BA ·
𝑢T · 𝑢W was considered to be equal to one when calculating the lengthening rate
according to Ravi’s model. According to the model from the present work, the
number of potential nucleation sites at the tip of the bainite sub-units varied
from 600 to 6000 for Steels A and B.

The lengthening rates obtained for steel A and B, using the present model,
were in the range from 10−8 to 10−6 m s−1. In comparison, using Ravi et al.’s
model, lengthening rates up to 10−2 m s−1 were found, which is two orders of
magnitude above the highest values reported in literature [2, 61]. The unreal-
istically high values from Ravi et al.’s model are due to the underestimation of
potential nucleation sites. Although one potential nucleation site per bainite sub-
unit was assumed in the present calculation, the values of 𝑛BA calculated from
Equation (2.8) suggest that in Ravi et al.’s model there is less than one potential
nucleation site per tip of bainite sub-unit. This value is too low, since without at
least one potential nucleation site per tip, the growth of a sheaf cannot progress.

For steel B, the lengthening rates calculated using the present model and us-
ing Thermo-Calc match well. For steel A, however, the rates calculated using the
present model were 10 to 20 times lower. The results from Thermo-Calc simula-
tion are closer to experimental values of steels with chemical composition similar
to the one of steel B [61], indicating that the present model underestimated the
lengthening rate of the bainitic sheaf. However, two critical aspects need to be
considered when making this comparison.
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Figure 2.9. Lengthening rate of bainite sheaves in steel A and B calculated according to
the model from the present work, to the model from Ravi et al. [19], and to Thermo-Calc
[37, 61]. Shaded area represents the range of values reported in the literature so far for
several steels [2, 61]. The error bars were estimated considering an uncertainty of 10 %
in 𝑑γ and in 𝑢T, and 50 % in the aspect ratio of the bainite sub-unit. The error associated
with the Thermo-Calc could not be estimated, but based on Ref. [61] it may span more
than one order of magnitude.

First, the model from the present work and Thermo-Calc’s model use differ-
ent optimization strategies. While Thermo-Calc’s model used for calculating the
curves in Figure 2.9 was optimized to match the experimentally measured length-
ening rates [61], the model from the present work was optimized to match the
overall kinetics of bainite formation. Even so, the difference between Thermo-
Calc’s simulation and the experimentally measured lengthening rates can differ
by a factor of 20 [61].

Second, the experimental data used for optimizing Thermo-Calc’s model was
measured by either in situ hot-stage microscopy or measuring the longest bai-
nite sheaf after interrupted transformation. The former technique measures the
lengthening rate on the surface, which can be faster than in the bulk because of
free surface effects [61]. The later technique measures the rate of the fastest
growing sheaf, not the average lengthening rate.

2.4.2. Effect of the prior austenite grain size on bainite formation
Refining the grain size of the parent phase usually accelerates the formation of
the precipitating phase. In the case of bainite, not only acceleration but deceler-
ation have been reported. In the present work, both behaviors were successfully
replicated by a single model, as shown in Figures 2.3 and 2.6. In the model de-
veloped, the behavior that the steel will show depends on Δ𝑄 – the difference
between the activation energy for grain boundary and autocatalytic nucleation –
and on how the thickness of the bainite sub-unit, 𝑢T, varies with the prior austen-
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ite grain size.

The effect of Δ𝑄 has been verified experimentally by Matsuzaki and Bhadeshia
[10], who analyzed the microstructure after interrupted bainitic treatment of two
steels showing opposite behaviors. For the steel in which bainite formation was
accelerated by increasing the austenite grain size, the lengthening of sheaves
was faster than their nucleation at the grain boundaries, which is consistent with
a high Δ𝑄. Conversely, for the steel in which bainite formation was accelerated
by decreasing the austenite grain size, nucleation at the grain boundaries was
faster than the growth of sheaves, consistent with a small Δ𝑄. It is important
then to discuss which aspects of the steel influence Δ𝑄 and 𝑢T.

From Equation (2.26), the difference between 𝑄AGB𝑋
and 𝑄BA𝑋 can be under-

stood in terms of different interfacial energies, 𝜎, and different strain energies,
𝐸str. While autocatalytic nucleation takes place at the α/γ interface, grain bound-
ary nucleation takes place at a γ/γ interface, and hence they are expected to
have different 𝜎 values for nucleation.

The strain energy caused by bainite formation can be decreased by self-
accommodating variant pairing [62]. Hence, sub-units nucleated by autocataly-
sis might face a smaller strain energy barrier than the first sub-units formed at
the austenite grain boundaries. This effect is of course expected to be less impor-
tant at larger undercoolings, when the driving force for nucleation is much higher
than the strain energy. Table 2.1 indeed shows that for Steel B Δ𝑄 decreases
with decreasing temperature, going from 16 kJ mol−1 at 480 ◦C to 2 kJ mol−1 at
370 ◦C. This effect is not seen in Steel A, which shows a small Δ𝑄 of 1 kJ mol−1

on average throughout the whole reported temperature range.

The first bainite model to distinguish the activation energy by nucleation site
is that of Ravi et al. Previous models have used instead an autocatalytic fac-
tor (𝜆) [21, 29, 49], which depends on, among other terms, Δ𝑄, as shows Equa-
tion (2.23). A higher Δ𝑄 translates to a higher 𝜆. Rees and Bhadeshia [29] argued
that the temporarily higher carbon concentration at the tip of bainite sub-units
hinders autocatalysis, and hence proposed that the autocatalytic factor, 𝜆, de-
creases linearly with the carbon content of the steel. In terms of the present
model, this reasoning means a lower Δ𝑄 as the carbon content increases.

Indeed, from analyzing the data for steel A-D, higher temperatures and lower
carbon content seem to result in a higher Δ𝑄. The effect of carbon on Δ𝑄 is
also consistent with the work of Matsuzaki and Bhadeshia [10], in which the low
carbon steel analyzed showed an acceleration of bainite formation by increasing
the prior austenite grain size, and the high carbon steel showed the opposite
behavior.

The reasoning above cannot explain, however, all experimental observations.
There are reported cases of low carbon steel in which refining the prior austenite
grain size accelerates bainite formation [11], and reported cases of high carbon
steel in which refining the grain size decelerates the reaction [4, 18].

Alloying elements that segregate to austenite grain boundaries may also influ-
ence Δ𝑄. This segregation can change the austenite grain boundary energy and
locally change the driving force for bainite nucleation, thus affecting 𝑄AGB𝑋

. Such
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an effect was observed by Douguet et al. [63] by studying the addition of boron,
a chemical element known for segregating to austenite grain boundaries [64]. In
the boron-free version of the steel they analyzed, changing the prior austenite
grain size had little impact on bainite formation kinetics. When 30 ppm of boron
was added, larger prior austenite grains led to faster bainite formation kinetics,
indicating that adding boron increased Δ𝑄.

Another aspect that defines the steel’s behavior is how the size of the bai-
nite sub-unit varies with changes in the prior austenite grain size. In marten-
site formation, larger austenite grains result in larger martensite plates. Conse-
quently, increasing the prior austenite grain size accelerates the rate of isother-
mal martensite formation [65]. The relation between austenite grain size and
size of the bainite plates, however, is not straightforward.

Since the sub-unit thickness is mainly controlled by the austenite yield strength
[66], it could be expected that a smaller austenite grain size leads to finer sub-
units. Note that, considering a fixed aspect ratio, a larger thickness (𝑢T) implies
a greater volume (𝑉b). In van Bohemen’s model for calculating the bainite plate
thickness [35], the Hall-Petch effect is included when calculating the austenite
yield strength, and thus the model predicts that smaller austenite grains result
in finer bainite plates. This behavior has been verified experimentally for several
steels, such as Steel C in the present work [17] and in the data used by van
Bohemen in the model optimization.

However, the opposite effect has also been reported, in which a larger prior
austenite grain size has led to the formation of finer bainite plates [67, 68]. The
reason for this behavior is not well explained by the currently available models,
which consider 𝑢T to be a function of austenite strength, driving force for bai-
nite formation, and temperature. Nonetheless, it has already been shown that
these three are not the only factor that define the bainite plate thickness, and
that dynamic, localized factors such as the creation of dislocations at the bai-
nite/austenite interface and the inhomogeneous distribution of carbon could play
a role [66].

Although the bainite model from the present work was able to replicate the ef-
fect of the prior austenite grain size on the bainite formation kinetics, its ability
to quantitatively predict the effect for a given steel composition and tempera-
ture might be limited. If an experimental curve of bainite formation at a given
austenite grain size is available, the curve can be fitted to the model and the
calculated Δ𝑄 can qualitatively point to which behavior the steel might follow
(see Figure 2.3). For a more accurate prediction, it would be necessary to know
beforehand how the size of the bainite sub-unit for the given steel changes with
the prior austenite grain size – which is a short-coming of the currently available
models for calculating 𝑢T. Given the limited availability of data in the literature
in which both the bainite formation curve and the size of the bainite sub-unit are
reported, it was not possible to assess the predictive abilities of the model after
extracting Δ𝑄 for a given steel composition and temperature from a single curve.

The predictive abilities of the model can be improved by the atomic scale in-
vestigation of grain boundary and autocatalytic nucleation. The segregation of
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elements to austenite grain boundaries can influence 𝑄AGB𝑋
by locally chang-

ing the driving force for bainite nucleation and the boundary’s interface energy.
Similarly, the buildup of carbon at the tip of bainite sub-units influences 𝑄BA𝑋 by
locally decreasing the driving force for bainite nucleation. Understanding such
effects can give a better insight into the factors controlling Δ𝑄 and how it varies
with temperature and chemical composition.

Another important factor that needs to be better understood is how the prior
austenite grain size influences the size of the bainite sub-unit. Currently there
is no single theory capable of explaining the opposing trends reported in the
literature.

2.5. Conclusion
In this Chapter, a new model for bainite formation was developed. The proposed
model is capable of replicating both the acceleration and deceleration of the bai-
nite formation kinetics by the refinement of the prior austenite grain size. The
model also closely matched experimental curves of bainite formation both for
steels that showed acceleration and steels that showed deceleration of bainite
formation by austenite grain refinement. Two factors were found to define the
effect of the prior austenite grain size on the bainite kinetics:

- The difference in the activation energies for grain boundary and autocat-
alytic nucleation, Δ𝑄. The larger the Δ𝑄, the faster the autocatalytic nucle-
ation in comparison to grain boundary nucleation, and the more the bainite
formation tends to be accelerated by grain coarsening. Low carbon content
and low undercooling seem to increase Δ𝑄.

- The correlation between the thickness of the bainite sub-unit, 𝑢T, and the
prior austenite grain size, 𝑑γ . If 𝑢T increases with increasing 𝑑γ , bainite for-
mation tends to be faster for larger prior austenite grain sizes. The factors
that define the correlation between 𝑢T and 𝑑γ are not yet clear.

In addition, the input and output parameters of bainite formation models were
analyzed. Most importantly, it was shown that most of the models published
in the literature have underestimated the density of initially present potential
nucleation sites, resulting in an underestimation of the activation energies for
bainite nucleation and overestimation of the lengthening rate of bainite sheaves.
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3
Modeling the effect of prior

martensite on bainite formation
kinetics

The presence of prior martensite accelerates the kinetics of bainite formation. The re-
ported magnitude of such an acceleration in the rate of bainite nucleation ranges from
the same magnitude as the autocatalytic effect of bainite to two orders of magnitude
higher. However, the mechanism behind the acceleration and the factors controlling
the magnitude of the acceleration are unknown. In this Chapter, the kinetic model
of bainite formation developed in Chapter 2 is expanded to include the nucleation
of bainite sub-units at the interface between prior martensite and austenite (M/A
interface). The expanded model captures the accelerating effect of prior martensite
and, by comparison against experimental measurements, indicates that the accel-
eration originates from the large number of potential nucleation sites created at the
M/A interfaces. The magnitude of the acceleration is shown to be stronger at higher
temperatures. However, the two order of magnitude increase in the rate of bainite nu-
cleation is shown to be possibly an overestimation due to measuring artifacts caused
by thermal gradients in the dilatometry samples. The finding that M/A interfaces are
the dominant site for bainite nucleation allows to increase the hardenability of steels
without slowing down the kinetics of bainite formation in the presence of marten-
site by alloying the steels with elements that strongly segregate to austenite grain
boundaries, such as boron.

To be submitted for publication.
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3.1. Introduction

T he partial decomposition of austenite to martensite before bainite formation
strongly influences the subsequent transformation kinetics. The presence

of prior martensite reduces or even mitigates the incubation period for bainite
formation [1], significantly accelerating the transformation [2]. Hence, the for-
mation of prior martensite is being investigated as a strategy to expand the in-
dustrial applicability of steels containing low-temperature [3] and carbide-free
bainite [4] by shortening their heat treatment time. However, there is no sat-
isfactory explanation for the mechanism and the different levels of acceleration
reported. While Navarro-López et al. [2] reported that the presence of prior
martensite induced a two-order-of-magnitude increase in the maximum nucle-
ation rate of bainite, Smanio et al. [5] reported no increase in the maximum
nucleation rate, with the prior martensite having the same accelerating effect as
the typical autocatalytic effect present in bainite formation.

Here, the kinetic model of bainite formation developed in Chapter 2 is ex-
panded to include the effect of prior martensite. The results show that the cre-
ation of new potential sites for bainite nucleation at the martensite/austenite
(M/A) interface can fully explain the influence of prior martensite on the subse-
quent kinetics of bainite formation. The model indicates that even at martensite
fractions as low as 0.05, bainite nucleation at the M/A interface becomes more
important than at austenite grain boundaries, and at a martensite fraction of
0.10, most of bainite is nucleated at the M/A interface.

3.2. Model
The model developed in Chapter 2 calculates the kinetics of bainite formation
considering that the rate-controlling factor is the nucleation of bainite plates.
The nucleation rate of bainite plates is separated into nucleation at austenite
grain boundaries (AGB) and nucleation at bainite/austenite (B/A) interfaces. Site
saturation is calculated independently for nucleation at AGBs and B/A interfaces.
Here, the model is expanded by assuming that, when martensite is formed prior
to bainite formation, potential sites for bainite nucleation are present at the
martensite/austenite (M/A) interface, as illustrated in Figure 3.1. No prior as-
sumptions are made on whether such sites are present in the interface itself or in
dislocations near the interface. Also, no prior assumptions about the role of resid-
ual stress induced by the martensitic transformation are made. The nucleation
rate at the M/A interface, d𝑁MA/d𝑡, is given by

d𝑁MA

d𝑡
=
𝑘𝑇

ℎ
𝑛MA exp

(
−𝑄MA

𝑅𝑇

)
, (3.1)

where 𝑄MA is the activation energy for bainite nucleation at the M/A interface at
time 𝑡, calculated similarly to Equation (2.11) as

𝑄MA = 𝑄MA𝑋 + 𝐾γ𝐶1

(
𝑋γ − 𝑋

)
, (3.2)
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where𝑄MA𝑋 is the initial activation energy bainite nucleation at the M/A interface,
and 𝑛MA is the density of potential nucleation sites at the M/A interface at time 𝑡,
calculated as

𝑛MA = 𝑛S,MA𝑆MA

(
1 − 𝑓MA

𝑓max
MA

) (
𝑇 ′

0 − 𝑇
𝑇 ′

0𝑋
− 𝑇

)
, (3.3)

where 𝑛S,MA is the number of potential nucleation sites per unit area of M/A in-
terface, taken as 1016 m−2, 𝑆MA is the area of the M/A interface per unit volume,
𝑓MA is the fraction of bainite nucleated at the M/A interface, and 𝑓max

MA is the max-
imum fraction of bainite that can be formed by nucleation at the M/A interface,
which is assumed to be

𝑓max
MA = 𝑆MA𝑢L

1 − 𝑓max
AGB

exp
(
−𝑄AGB

𝑅𝑇

)
exp

(
−𝑄AGB

𝑅𝑇

)
+ exp

(
−𝑄MA

𝑅𝑇

)  . (3.4)

The expression in square brackets in Equation (3.4) accounts for the overlap in
regions of the austenite grain that are close to both austenite grain boundaries
and M/A interfaces, as shown in Figure 3.1b. This overlap region can be consumed
both by bainite nucleating at austenite grain boundaries and at M/A interfaces,
and it is considered that the rate of nucleation (represented in Equation (3.4) by
the activation energies) at each site will determine the relative dominance of one
site over the other. Similarly, 𝑓max

AGB needs to be updated as

𝑓max
AGB = 𝑆AGB𝑢L

1 − 𝑓max
MA

exp
(
−𝑄MA

𝑅𝑇

)
exp

(
−𝑄AGB

𝑅𝑇

)
+ exp

(
−𝑄MA

𝑅𝑇

)  . (3.5)

Figure 3.1 illustrates the separation of bainite fraction by nucleation site at
the end of the transformation with and without prior martensite. In addition to
creating new potential nucleation sites, the presence of martensite consumes a
fraction of the austenite. Therefore, the equations for the nucleation rate at prior
austenite grain boundaries and by autocatalysis need to be modified.

Since martensite plates and laths can span across the whole austenite grain, a
fraction of the austenite grain boundaries is consumed by the martensite. Thus,
𝑆AGB is calculated as

𝑆AGB =
𝑍

𝑑γ
(1 − 𝑓m) , (3.6)

where 𝑓m is the fraction of martensite. Because 𝑛AGB and 𝑓max
AGB are proportional

to 𝑆AGB, both are reduced by the presence of prior martensite.
Autocatalysis can only start after sub-units of bainite have been formed. When

martensite is present, there are two possible sites for nucleating the initial sub-
units that give rise to autocatalysis: prior austenite grain boundaries and the M/A
interface. To also account for autocatalysis that can start from bainite nucleated
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Figure 3.1. Schematics of a single austenite grain during a complete bainitic transfor-
mation a. without prior martensite and b. with prior martensite. On the bottom, the prior
austenite grain is dived into different regions based on the nucleation site of bainite that
has occupied such region.
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at the M/A interface, 𝑓max
BA needs to be rederived with respect to what was derived

in Chapter 2 as

d 𝑓max
BA = 𝐶A,AGB

(
1 − 𝑓max

BA
)
d 𝑓AGB + 𝐶A,MA

(
1 − 𝑓max

BA
)
d 𝑓MA , (3.7)

where 𝐶A,MA is the number of bainite sub-units that can be formed by autocatal-
ysis from the first bainite sub-unit nucleated at the M/A interface, and d 𝑓MA is
an infinitesimal change to 𝑓MA. 𝐶A,MA can be found by integrating Equation (3.7)
considering 𝑓AGB = 0 and applying the boundary conditions that 𝑓max

BA = 0 when no
bainite has yet nucleated at the M/A interface and 𝑓max

BA = 1− 𝑓max
AGB − 𝑓max

MA − 𝑓m when
𝑓MA = 𝑓max

MA . The latter boundary condition states that once all the M/A interface
has been consumed by bainite nucleation, all the area marked as the fraction
of bainite nucleated at B/A interfaces in Figure 3.1b becomes available for auto-
catalysis, even if no bainite has nucleated at the austenite grain boundaries yet.
Then, 𝐶A,MA is found to be

𝐶A,MA = −
ln

(
𝑓max
AGB + 𝑓max

MA + 𝑓m
)

𝑓max
MA

. (3.8)

Although 𝐶A,AGB was previously derived in Chapter 2, it needs to be reassessed
because the presence of martensite changes the boundary conditions used in its
previous derivation. The boundary conditions applied in the presence of marten-
site are analogous to those used for deriving 𝐶A,MA. At 𝑓MA = 0, 𝑓max

BA = 0 when no
bainite has nucleated at AGBs, and 𝑓max

BA = 1− 𝑓max
AGB − 𝑓max

MA − 𝑓m when 𝑓AGB = 𝑓max
AGB .

Then, integrating Equation (3.7) and applying the proposed boundary conditions
yields

𝐶A,AGB = −
ln

(
𝑓max
AGB + 𝑓max

MA + 𝑓m
)

𝑓max
AGB

. (3.9)

By integrating Equation (3.7), solving for 𝑓max
BA , and including the condition that

𝑓max
BA can never be greater than 1− 𝑓max

AGB − 𝑓max
MA − 𝑓m, the final expression becomes

𝑓max
BA =


1 − exp

[(
𝑓AGB
𝑓max
AGB

+ 𝑓MA
𝑓max
MA

)
ln ( 𝑓max

AGB + 𝑓max
MA + 𝑓m)

]
𝑓AGB
𝑓max
AGB

+ 𝑓MA
𝑓max
MA

< 1

1 − 𝑓max
AGB − 𝑓max

MA − 𝑓m
𝑓AGB
𝑓max
AGB

+ 𝑓MA
𝑓max
MA

≥ 1
(3.10)

The carbon enrichment of the austenite is another aspect that needs to be
reevaluated when prior martensite is present, as carbon can partition from
martensite to austenite. To accurately calculate the kinetics of carbon parti-
tioning from martensite to austenite, it is necessary to solve diffusion equations
for a 1, 2, or 3D representation of the microstructure. In the present work, the
calculation is simplified by assuming that the kinetics of carbon partitioning from
martensite follows the previously assumed kinetics of carbon partitioning from
bainite. At any time, the carbon content in the austenite can be calculated as

𝑋γ = 𝑋 +
𝑋part

𝑓γ
, (3.11)
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where 𝑋part is the total carbon partitioned from bainite and martensite to austen-
ite, and 𝑓γ is the fraction of austenite.

Figure 3.2 shows the calculated fraction of carbon partitioned to the austen-
ite, 𝑋part, as a function of bainite fraction for a theoretical case in which prior
martensite is present. The parameters used in the calculation are given in the
Figure’s caption. At the beginning of the transformation, carbon partitioning is
still negligible. The total carbon partitioned then increases linearly with respect
to the bainite fraction, until the reaction reaches stasis. At the end of the trans-

formation, the total fraction of carbon partitioned to austenite is 𝑓 stasis
b

(
𝑋 − 𝑋b

)
+

𝑓m

(
𝑋 − 𝑋m

)
, where 𝑓 stasis

b is the fraction of bainite at stasis – which can be calcu-

lated from the equations for 𝑇 ′
0 from Chapter 2 – Equation (2.10). At any point of

the transformation, the carbon content in austenite can be calculated as

𝑋γ = 𝑋 +
𝑓 stasis
b

(
𝑋 − 𝑋b

)
+ 𝑓m

(
𝑋 − 𝑋m

)
1 − 𝑓b − 𝑓m

𝑓b

𝑓 stasis
b

. (3.12)
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Figure 3.2. Calculated curves of carbon partitioned to austenite and 𝑇 ′0 as a function of
bainite fraction for a theoretical case. The total fraction of carbon partitioned to austenite
(𝑋part, solid black curve) is the sum of the carbon partitioned from bainite (dashed green
curve) and carbon partitioned from martensite (dashed red curve). When 𝑇 ′0 (solid cyan
curve) reaches the temperature at which bainite is being formed, the reaction halts. The
parameters used in the calculation were: 𝑋 = 0.02 at. fr., 𝑋b = 𝑋m = 0.005 at. fr., 𝑓m =

0.2, 𝑇 ′
0𝑋

= 800 K, 𝑇 = 500 K, 𝐶2 = 7500 K/at. fr..

The total nucleation rate of bainite is calculated then as

d𝑁
d𝑡

=
d𝑁AGB

d𝑡
+ d𝑁BA

d𝑡
+ d𝑁MA

d𝑡
. (3.13)
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Equation (3.13) can be generalized as

d𝑁
d𝑡

=
∑︁
𝑖

d𝑁𝑖

d𝑡
=

∑︁
𝑖

𝑘𝑇

ℎ
𝑛𝑖 exp

(
− 𝑄𝑖

𝑅𝑇

)
(3.14)

where 𝑁𝑖 is the nucleation rate of bainite at site 𝑖, 𝑄𝑖 is the activation energy
for bainite nucleation at site 𝑖, and 𝑛𝑖 is the density of potential sites of bainite
nucleation, calculated as

𝑛𝑖 = 𝑛S,𝑖𝑆𝑖

(
1 − 𝑓𝑖

𝑓max
𝑖

) (
𝑇 ′

0 − 𝑇
𝑇 ′

0𝑋
− 𝑇

)
(3.15)

where 𝑛S,𝑖 is the number of potential nucleation sites per area of interface 𝑖,
𝑆𝑖 is the area of interface 𝑖 per volume of material, 𝑓𝑖 is the fraction of bainite
nucleated at site 𝑖, and 𝑓max

𝑖
is the maximum fraction of bainite that can nucleate

at site 𝑖.
The general Equations (3.14) and (3.15) may be used to expand the model to

cases in which there are other interfaces that can act as a nucleation site for bai-
nite, such as ferrite/austenite interfaces [6] or precipitate/austenite interfaces,
as in the formation of acicular ferrite, for instance [7]. However, in doing so, the
equations for 𝑓max

AGB and 𝑓max
BA should be reevaluated accordingly, as done in the

present work in Equations (3.5) to (3.10).
The model contains five unknown parameters that are found by fitting to the

experimentally measured kinetics of bainite formation. The parameters are:

- Activation energies for bainite nucleation at the three possible nucleation
sites: austenite grain boundaries (AGB), bainite/austenite (B/A) interface,
and martensite/austenite (M/A) interface;

- Area of martensite/austenite (M/A) interface per unit volume, 𝑆MA;

- Fraction of carbon trapped in bainite and martensite either in solid solution,
segregated to defects, or in carbides, 𝑋bm.

The activation energies were considered to be a linear function of temperature,
in accordance with the theory of nucleation by the thermally activated dissocia-
tion of dislocations discussed in Chapter 2. For each steel, the experimental
curves were split into a group with prior martensite and a group without prior
martensite, and all curves from a given group were fitted simultaneously. The
groups without prior martensite were used to find the linear equations that rep-
resent the activation energies of nucleation at AGBs and B/A interface (𝑄AGB and
𝑄BA), and the groups with martensite to find 𝑆MA and the linear equation for the
activation energy of nucleation at the M/A interface (𝑄MA). While the activation
energies were fitted as a linear function of temperature, no specific relationship
was imposed for 𝑆MA and 𝑋bm. The algorithms used for fitting were the ones
described in Chapter 2.
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3.3. Experimental procedure
Table 3.1 shows the chemical composition of the steels used to validate the model
proposed in the present work. Low carbon steels (1.5Si, 0.6Si, 3B, 17B, and 0.3C)
were supplied by Tata Steel Europe as 10 × 5 × 1 mm3 plates cut from larger cold
rolled sheets. The high carbon steel (0.8C) was supplied by Ascometal as 10 mm
long cylinders 4 mm in diameter. The kinetics of bainite formation and the phase
fractions were measured by a combination of dilatometry and X-ray diffraction
for the heat treatments shown in Figure 3.3. A detailed description of the steels’
manufacturing route and experimental methods can be found in Chapter 4 for
the low carbon steels and in the work of Garcia-Mateo et al. for steel 0.8C [8].
The prior austenite grain size was estimated using the model by van Bohemen
and Morsdorf [9] as 13µm for steels 1.5Si and 0.6Si, and as 11µm for steel 0.8C.

Table 3.1. Chemical composition of steels used for validating the analytical model. For
Steel 0.8C, both the nominal and the austenite composition at the austenitization temper-
ature (860 ◦C) calculated using Thermo-Calc (database TCFE12) are given.

Steel Chemical composition (wt.%)
C Mn Si Cr Mo B(ppm)

1.5Si 0.246 2.28 1.51 – – –
0.6Si 0.246 2.26 0.61 – – –
3B 0.243 1.31 1.49 0.60 0.20 3
17B 0.236 1.29 1.48 0.60 0.20 17
0.3C 0.304 1.30 1.48 0.56 – 3
0.8C nominal 0.80 1.2 1.3 1.75 0.3 –

γ at 𝑇aus 0.76 1.2 1.3 1.67 0.3 –

In the low carbon steels 0.6Si and 1.5Si, the samples were heated to the re-
spective austenitization temperatures and quenched to temperatures ranging
from 305 to 455 ◦C for isothermal bainite formation. Martensite was formed dur-
ing quenching only for isothermal holding temperatures below 380 ◦C. High car-
bon steel samples were divided into two groups. The first group of samples was
heated to 860 ◦C for partial austenitization (0.993 volume fraction of austenite
and 0.007 volume fraction of cementite at thermodynamic equilibrium according
to Thermo-Calc simulations) and quenched to temperatures ranging from 230
to 330 ◦C for isothermal bainite formation without the presence of prior marten-
site (heat treatment B). The second group was quenched to 170 ◦C after par-
tial austenitization to form a 0.15 volume fraction of martensite and reheated
to 230, 280, or 330 ◦C for bainite formation in the presence of martensite (heat
treatment MB). In the low carbon steel, the martensite fraction and the tempera-
ture of bainite formation varied simultaneously; in the high carbon steel, at each
temperature, the kinetics of bainite formation with and without the presence of
martensite was measured. Steels 3B, 17B, and 0.3C were used specifically to
investigate the effect of austenite grain boundaries, discussed in Section 3.4.2.
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Figure 3.3. Heat treatments applied to steel a. 1.5Si, b. 0.6Si, c. 0.8C, d. 3B and 17B,
and e. 0.3C. In c., solid lines represent treatment B, in which bainite formation took place
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3.4. Results
3.4.1. Initial validation of the model
Figure 3.4a shows the experimental and the modeled kinetics of bainite formation
with and without the presence of prior martensite for a representative selection
of conditions for low and high carbon steels. The fitted curves, represented by
solid lines, match well the experimentally measured kinetics of bainite forma-
tion with and without the presence of prior martensite. The activation energy of
bainite nucleation at the M/A interface, shown in Figure 3.4b, lies between the
activation energies for nucleation at AGB and B/A interfaces, which indicates that
the acceleration induced by prior martensite is not because of a lower activation
energy for bainite nucleation at the M/A interface.

In the model, the rate of bainite formation at each nucleation site is distin-
guished, and thus the relative fraction of bainite formed at each site can be cal-
culated. Figure 3.4c shows such relative fractions. At 0.04 martensite fraction,
for steel 1.5Si, 16 % of the total bainite formed at stasis was nucleated at M/A
sites; at 0.09 martensite fraction, for steel 0.6Si, it was 75 %. The high relative
fraction of bainite nucleated at the M/A interface is because the area of M/A in-
terfaces, 𝑆MA, is much higher than that of austenite grain boundaries, 𝑆AGB, as
Figure 3.4d shows. This indicates that the origin of the acceleration is that the
area density of M/A interface is high enough to form a major fraction of bainite.
𝑆MA was found by fitting the model to the experimentally measured kinetics of
bainite formation, and its value is discussed in Section 3.5.1.

The prominence of bainite nucleation at M/A interfaces also explains the
change in the shape of the kinetic curve of bainite formation when martensite
is present. In the absence of prior martensite, bainite nucleates either at AGBs
or B/A interfaces. Figure 3.5a shows this distinction for steel 0.6Si transformed
at 380 ◦C, a temperature above 𝑀S, and for which there is no prior martensite.
The curve for the total fraction of bainite as a function of temperature can be
split using the model into two separate curves with different shapes: fraction
of bainite nucleated at AGBs and at B/A interfaces. The curve for 𝑓BA has a
sigmoidal shape because the nucleation sites at B/A interfaces are created as
the transformation is progressing, in a phenomenon called autocatalysis. In the
case shown in Figure 3.5a, most of the bainite is nucleated at B/A interfaces, and
thus the curve for the total fraction of bainite as a function of time is dominated
by 𝑓BA and has a sigmoidal-like shape – as discussed in Chapter 2.

Conversely, in the case shown in Figure 3.5b, in which there is a 0.20 volume
fraction of martensite present, most of the bainite is nucleated at M/A interfaces.
The curve of the total fraction of bainite as a function of time is then dominated
by the curve for 𝑓MA. Unlike for B/A interfaces, the potential nucleation sites at
M/A interfaces are present from the beginning of the transformation, and there
is no autocatalysis involved. Thus, the curve of 𝑓MA has a similar shape to that
of 𝑓AGB. The rate of bainite formation is faster at the beginning and tends toward
zero as the reaction progresses. Consequently, when M/A interfaces are the dom-
inating nucleation site for bainite, the kinetic curve of bainite formation loses its
traditional sigmoidal shape and assumes the shape shown in Figure 3.5b.
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Figure 3.4. Summary of results of the analytical model. a. Experimental (markers)
and modeled (solid lines) kinetics of bainite formation. b. Activation energy for bainite
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The total fraction of bainite is split into separate curves depending on their nucleation site
(AGBs, B/A interfaces, M/A interfaces) using the output from the model.

At 365 ◦C, for steel 1.5Si, and at 360 ◦C, for steel 0.6Si, around 0.02 volume frac-
tion of martensite is formed, despite these temperatures being slightly above
their measured 𝑀S (359 ◦C for 1.5Si and 355 ◦C for 0.6Si). This is because the
temperatures at the border of the samples, which are in contact with the cold
pushrods of the dilatometer, cool down to 15 ◦C below the programmed tempera-
ture. Even at such a small fraction of martensite, the kinetics of bainite formation
was accelerated (see Figure 4.2c, for instance). This accelerating effect suppos-
edly above 𝑀S has been reported by Radcliffe and Rollason and was termed the
swing-back effect [10]. The results presented here show that a swing-back effect
can be induced by the formation of a small fraction of martensite prior to bainite
formation.

Figure 3.4e shows the carbon content trapped in bainite and martensite as a
function of temperature. For steel 0.6Si, this value is close to the nominal carbon
content because the silicon content is not high enough to significantly prevent
carbide precipitation. For steel 1.5Si, 𝑋bm increases at lower temperatures, which
can be because of more carbon in solid solution, trapped in dislocations, and
more carbide precipitation. Both the solubility of carbon in bainitic ferrite and the
dislocation density of bainitic ferrite are expected to increase with decreasing
temperature.

Most importantly, Figure 3.4e shows that a single, common value for carbon
trapped in bainite and martensite successfully represented the incomplete re-
action phenomenon in such steels. In steel 0.8C, 𝑋bm was virtually unchanged
by the presence of 0.15 volume fraction of prior martensite. From a theoret-
ical point of view, this result can be explained by the diffusionless theory. If
both martensite and bainite grow supersaturated in carbon by a displacive, dif-
fusionless mechanism, they should have similar dislocation density, solubility of
carbon, and kinetics of carbide precipitation. Thus, the carbon trapped in both
should be similar.
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3.4.2. Effect of austenite grain boundaries
Since the M/A interface is the dominant nucleation site when prior martensite is
present at fractions higher than around 0.10, the model predicts that, in those
conditions, any parameter that influences the nucleation rate at AGBs loses its
influence on the overall kinetics of bainite formation. This was investigated theo-
retically, by performing new simulations based on the parameters of steel 1.5Si,
and experimentally, using steels 3B, 17B, and 0.3C. Two different strategies that
change the rate of bainite nucleation at austenite grain boundaries were tested.
The first strategy is alloying the steel with boron, which is an element that
strongly segregates to austenite grain boundaries and retards the formation of
ferrite and bainite [11]. It is assumed in the simulation that boron only affects the
kinetics of bainite formation by increasing the activation energy for nucleation at
austenite grain boundaries. The second strategy is increasing the prior austenite
grain size, which decreases the density of potential nucleation sites 𝑛AGB.

Figure 3.6 shows the simulated and experimentally measured effect of boron on
the kinetics of bainite formation with and without the presence of prior marten-
site. By alloying the steel with boron, which is implemented into the model by
considering a higher 𝑄AGB𝑋

, bainite formation is predicted to be slowed down
if there is no prior martensite present (Figure 3.6a). However, if there is prior
martensite present (Figure 3.6b), then the model predicts alloying the steel with
boron has no effect on the kinetics of bainite formation.

In this simulation, boron is considered to affect the activation energy for
nucleation at austenite grain boundaries based on numerous reports showing
strong boron segregation to austenite grain boundaries and its influence on
nucleation [11–13]. Experiments using atom probe tomography show that boron,
despite segregating to AGBs, does not segregate to martensite/martensite nor
bainite/bainite boundaries [14–16]. Therefore, it was considered that boron does
not affect the activation energies for nucleation at B/A and M/A interfaces.

The model’s predictions were confirmed by the experiments with steel 3B and
17B. Both steels differ in chemical composition only on their boron content –
steel 3B has 3 ppm boron, and steel 17B has 17 ppm boron. Figure 3.6c shows
that at 430 ◦C, which is above 𝑀S for both steels, bainite formation is slower
for steel 17B. The retarding effect of boron is likely caused by its segregation to
austenite grain boundaries. At 360 ◦C, which is below 𝑀S and around 0.20 volume
fraction of martensite is formed prior to isothermal holding, the kinetics of bainite
formation is similar in both steels (Figure 3.6d).

A similar effect emerges from changing the prior austenite grain size. The sim-
ulations predict that while increasing the prior austenite grain size by austeni-
tizing at a higher temperature slows down bainite formation when there is no
prior martensite (Figure 3.7a), it does not influence the kinetics when bainite is
formed in the presence of prior martensite (Figure 3.7b). This prediction was
tested against experiments made with steel 0.30C. Increasing the prior austenite
grain size slowed down bainite formation above 𝑀S (Figure 3.7c), but had little
effect below 𝑀S once around 0.10 volume fraction of martensite was formed (Fig-
ure 3.7d).
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Figure 3.6. Effect of boron on the kinetics of bainite formation. a, b. Simulations us-
ing the parameters of steel 1.5Si as the basis for the B free steel. Curves without prior
martensite a. were simulated at 415 ◦C, and curves with prior martensite b. at 345 ◦C,
with 0.20 volume fraction of prior martensite. The effect of boron on the kinetics was sim-
ulated as a 5 kJ mol−1 increase in the activation energy for grain boundary nucleation. c,
d. Experimentally measured effect of boron for steels 3B and 17B. c. shows curves at
430 ◦C, which is above 𝑀S. d. shows curves at 360 ◦C, which is below 𝑀S and around 0.20
volume fraction of prior martensite is present.

The combination of predictions based on the model and experiments shown
in Figure 3.6 and Figure 3.7 indicates that when prior martensite is present (0.1
to 0.2 volume fraction), the dominating sites for bainite nucleation are at the
martensite/austenite interface.

3.4.3. Initial rate of bainite formation
For the low carbon steels, the samples were quenched from the austenitization
temperature to an isothermal holding temperature below 𝑀S. Because of its
athermal nature, martensite is expected to form only during this quenching. Bai-
nite, on the other hand, is expected to form not during quenching but during
isothermal holding, as it is a thermally activated transformation. To distinguish
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Figure 3.7. Effect of prior austenite grain size on the kinetics of bainite formation. a, b.
Simulations using the parameters of steel 1.5Si as the basis for fine grained steel. Curves
without prior martensite a. were simulated at 415 ◦C, and curves with prior martensite b.
at 345 ◦C, with 0.20 volume fraction of prior martensite. The fine grained steel has a PAGS
of 13µm, and the coarse grained steel of 100µm. c, d. Experimentally measured effect of
PAGS for steel 0.3C, with the coarse grained sample austenitized at a higher temperature
than the fine grained sample. c. shows curves at 380 ◦C, which is above 𝑀S. d. shows
curves at 318 ◦C for the fine grained steel and 330 ◦C for the coarse grained steel. In
both cases, a volume fraction of around 0.10 of prior martensite is present. Different
holding temperatures were used because changing the PAGS changes the 𝑀S of the steel,
and if the same holding temperature was used for both steels, they would have different
fractions of martensite. The temperature difference might be the reason for the slight
difference in the kinetics between the fine and coarse grained steels.

the phase fraction of martensite and bainite, it is therefore important to accu-
rately choose a point in time that marks the transition between quenching and
isothermal holding. Before this point, any transformation product is considered
martensite. After this point and during holding, any transformation product is
considered bainite. This seemingly simple distinction is, in fact, not trivial.

Navarro-López et al. [2] used the temperature measured by a thermocouple
welded to the center of the samples to differentiate cooling from isothermal hold-
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ing. They considered the point zero for the start of bainite formation as the time
at which the temperature reached its lowest value during cooling. Following this
procedure, they found that prior martensite accelerated the initial nucleation rate
of bainite by two orders of magnitude.

The procedure of Navarro-López et al., however, overlooks the thermal gra-
dients present in the dilatometry sample. The thermocouple in the center is
used for temperature control, and thus it closely follows the programmed time-
temperature profile. On the other hand, the border of the samples, which is in
contact with the cold pushrods, is always at a lower temperature than the center
[17, 18] and is not automatically controlled by the dilatometer. Hence, at the
time zero chosen by Navarro-López et al, the border of the sample could still be
cooling down and forming martensite.

In the experiments for steel 0.6Si and 1.5Si, in addition to the thermocouple
welded to the center of the sample for temperature control, a second thermo-
couple was welded at approximately 1 mm from the border of the sample. The
temperature reading from the second thermocouple was recorded but not used
for temperature control. Figure 3.8a shows the temperature at the center and at
the border of the sample for steel 1.5Si treated at 345 ◦C. Time zero is chosen
following the procedure of Navarro-López. During the first seconds of isothermal
holding, the temperature at the center of the sample is stable; at the border of
the sample, the temperature is still decreasing for around five seconds, and it
cools down to 325 ◦C. During these five seconds, martensite is forming at the
border of the sample. The rate of martensite formation can be calculated as:

d 𝑓m,border

d𝑡
=

d𝑇border

d𝑡
d 𝑓m
d𝑡

����
𝑇border

, (3.16)

where 𝑓m,border is the fraction of martensite at the border of the sample and 𝑇border
is the temperature at the border of the sample. If the average temperature of
the sample is estimated to be the average between the temperature at the cen-
ter (which is constant during isothermal holding) and at the border, the rate of
martensite formation during the first seconds of isothermal holding can be esti-
mated as half of the rate calculated from Equation (3.16),

d 𝑓m

d𝑡
≈ 1

2
d 𝑓m,border

d𝑡
. (3.17)

Figure 3.8b shows that the rate of transformation at the beginning of isothermal
holding at 345 ◦C for steel 1.5Si is 0.08 s−1. This rate of transformation is calcu-
lated based on the change in length of the sample, Δ𝐿. Since bainite and marten-
site cause the same change in length, which is dictated by the difference in molar
volume between FCC and BCC, the rate of transformation calculated using Δ𝐿 is
the sum of the rate of bainite and martensite formation. While the experimental
rate is 0.08 s−1, the rate of bainite formation calculated from the model is only
0.02 s−1. However, the sum of the rate of bainite formation, calculated from the
model, and of martensite formation, calculated using Equation (3.17), matches
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Figure 3.8. Borders of dilatometry samples, which are in contact with cold pushrods,
are still cooling during the first seconds of isothermal holding, and thus martensite is still
forming and accounts for the high initial rate of transformation. a, c. Temperatures mea-
sured by thermocouples welded to the center of the sample and at 1 mm from the border
of the sample for steel 1.5Si and the steel used by Navarro-López et al., respectively. b,
d. Initial rate of transformation (bainite and martensite) calculated using the measured
Δ𝐿, rate of martensite formation calculated using Equation (3.17), and rate of bainite for-
mation calculated using the model for steel 1.5Si and the steel used by Navarro-López
et al., respectively. For steel 1.5Si, six repetitions of the experiment were made. Three
repetitions followed the cooling profile from Figure 3.3, and the other three had constant
cooling rate of 50, 100, and 200 ◦C s−1. All six experiments gave fairly similar results and
are shown in a by transparent lines. The solid, opaque line in a and b is the average from
all six experiments.

well the experimental rate of transformation. Therefore, the high initial trans-
formation rate originates from martensite forming at the border of the samples
rather than from bainite formation.

To confirm if martensite formation at the border of the sample was also the
reason for the extremely high initial transformation rate found by Navarro-López
et al., we repeated their experiments using a second thermocouple welded at
1 mm from the border of the sample. The same samples, dilatometer, and pa-
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rameters from Navarro-López were used. Figure 3.8c shows again that during
the first seconds, the temperature is stable at the center of the sample, but it is
still cooling down at the border. The temperature at the border took around 12
seconds to stabilize, which is longer than the five seconds for steel 1.5Si. The
difference might be because of the different sample geometry (plate vs cylinder)
and atmosphere. In the experiments of Navarro-López, a helium atmosphere is
kept during the beginning of isothermal holding. For steel 1.5Si, the chamber
starts being pumped after fast cooling to 450 ◦C (Figure 3.3a). Longitudinal ther-
mal gradients are milder when the dilatometer chamber is under vacuum than
when it is filled with helium [18].

The initial rate of transformation for Navarro-López et al.’s steel is 0.23 s−1.
Figure 3.8d shows that this high initial rate can be fully accounted for by the
martensite formation calculated using Equation (3.17). After 12 seconds, when
the temperature at the border is stable, the rate decreases by a factor of 200 to
less than 0.001 s−1, which is in the same order of magnitude as for the samples
without prior martensite [2, 19]. Because the second thermocouple was welded
at 1 mm from the border of the sample, it cannot be ruled out that even after
12 seconds the regions closer to the border are still cooling down and a small
fraction of martensite is still forming.

The results presented in Figure 3.8 show that the acceleration of bainite nu-
cleation by a factor of two orders of magnitude reported by Navarro-López et
al. was, in reality, an overestimation resulting from an artifact of measurement.
Such an artifact is inherent to the quenching dilatometers based on induction
heating, which are routinely used in scientific and technological works to mea-
sure the kinetics of phase transformations. Thus, the incorrect interpretation
by Navarro-López et al., used here to illustrate this artifact, might be present in
similar studies carried out by other researchers. For instance, Ravi et al. [19]
modeled bainite formation at the M/A interface using the high initial nucleation
rate, which may be, in reality, mostly martensite formation. Therefore, Ravi’s
model represents martensite formation rather than bainite formation.

Given this artifact, it is difficult to accurately measure the initial rate of bai-
nite formation and to differentiate martensite and bainite formation. In steels in
which bainite formation is slow and a negligible fraction is expected to form in
the first 10 to 20 seconds of isothermal holding, all the transformation that hap-
pens during this time can be considered to be martensite. However, that is not
the case for steel 1.5Si. The rate of bainite formation is estimated to be around
0.02 s−1 during the first seconds of isothermal holding, and thus, in the first 10
seconds, up to 0.20 volume fraction of bainite could be formed. To better differ-
entiate bainite and martensite in this case, it is useful to use the model presented
in this Chapter to estimate the rate of bainite formation. The rate of martensite
formation can be modeled using an exponential decay type expression, such as
the expression Ravi et al. used to model bainite nucleation at the M/A interface
[19]. In either case, it is good practice to use a second thermocouple welded to
the border of the sample.
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3.4.4. Acceleration by martensite and autocatalysis in bainite
formation

Figure 3.9 compares the kinetics of bainite formation with and without the pres-
ence of martensite for steel 1.5Si, 0.6Si, and 0.8C at different isothermal holding
temperatures. The y-axis on the graph in Figure 3.9a is the combined fraction
of martensite and bainite, and the curve with prior martensite is shifted in time
so that it starts from the same point as the curve without prior martensite, as
proposed in the work of Smanio and Sourmail [5]. The plot in Figure 3.9a directly
compares the accelerating effect of prior martensite with the accelerating effect
of an equal fraction of bainite (autocatalysis). In Figure 3.9b, the difference be-
tween the curves is plotted.

For Steel 0.8C, the samples were either transformed to bainite directly after
austenitization by quenching to the desired temperature of bainite formation
(230 ◦C to 330 ◦C) or by quenching to 170 ◦C to form prior martensite and re-
heating the desired temperature of bainite formation (230 ◦C to 330 ◦C). This
approach allows directly comparing the kinetics of bainite formation with and
without the presence of prior martensite. However, for the low carbon steels,
bainite was formed in the presence of martensite by a one-step treatment be-
low 𝑀S, and it is not possible to experimentally make the same comparison as
for Steel 0.8C. Thus, the model developed in the present chapter was used to
simulate the kinetics of bainite formation without the presence of martensite in
treatments below 𝑀S for the low carbon steels.

For the three steels, the acceleration by martensite is stronger at higher tem-
peratures. The difference does not seem to be controlled by the fraction of
martensite or the area of M/A interface. For steel 0.6Si, the difference in acceler-
ation by prior martensite and the autocatalysis in bainite formation is higher at
350 ◦C than at 345 ◦C, despite 𝑆MA being higher at 345 ◦C than at 350 ◦C. For steel
0.8C, 𝑆MA is the same regardless of the temperature at which bainite is formed;
still, the acceleration is more pronounced at higher temperatures.

Smanio and Sourmail [5] reported that for a 100Cr6 steel the accelerating ef-
fect of 0.15 or 0.30 volume fraction of prior martensite was the same as the
autocatalytic acceleration from a similar fraction of bainite for bainite formation
at 220 ◦C and 250 ◦C. The same effect was observed in steel 0.8C at 280 ◦C. How-
ever, at 230 ◦C, martensite accelerates less than a similar fraction of bainite; and
at 330 ◦C, it accelerates more. Thus, the effect reported by Smanio and Sourmail
is rather a temperature-dependent effect than a general one.

According to the proposed model, one important aspect that may change the
intensity of the acceleration by prior martensite is the size of the bainite sub-
units. The maximum fraction of bainite that can nucleate at the M/A interfaces
is calculated as 𝑓max

MA = 𝑆MA𝑢L, where 𝑢L is the average length of the bainite sub-
units. The size of bainite sub-units increases with temperature, and thus 𝑓max

MA
also increases with temperature for a fixed 𝑆MA. This is visible in Figure 3.4c for
Steel 0.8C. Even though 𝑆MA was the same for all three temperatures of bainite
formation, the relative fraction of bainite nucleated at the M/A interface increased
with temperature.
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Figure 3.9. Comparison between acceleration by martensite and autocatalysis in bainite
formation for steels 1.5Si (top), 0.6Si (middle), and 0.8C (bottom). a. kinetics of bainite
formation with and without prior martensite, with the curves with prior martensite shifted
in time to match those without prior martensite. b. difference between the curves with
and without prior martensite.

While larger sub-units may enhance the accelerating effect of prior martensite,
they may have the opposite effect on the acceleration by autocatalysis. The den-
sity of potential nucleation sites for autocatalysis is proportional to the area of B/A
interface at the tip of the sub-units. This area is calculated from Equation (2.22)
as 𝑓 /𝑢L. Thus, at lower temperatures, more nucleation sites for autocatalysis are
created because 𝑢L is smaller, and autocatalysis becomes more pronounced.
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Other aspects that might influence the intensity of the martensite-induced ac-
celeration are martensite tempering, carbon partitioning to the austenite, car-
bon segregation to M/A interfaces, and stress relaxation. At higher tempera-
tures, martensite tempering, carbon homogenization in austenite, and stress re-
laxation are accelerated. To investigate the influence of such aspects, an extra
experiment, shown in Figure 3.10, was carried out using steel 0.8C. In this extra
experiment, after quenching to 170 ◦C, the specimen was heated to 330 ◦C, held
for 10 s, and cooled back down to 230 ◦C, as shown in Figure 3.10a. The results of
the experiment were compared to the results of the treatment in which the steel
was heated directly to 230 ◦C after quenching to 170 ◦C.
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Figure 3.10. Kinetics of bainite formation in the presence of martensite at 230 ◦C for steel
0.8C with and without an intermediate heating to 330 ◦C. a. Time temperature profile of
the two treatments. b. Relative change in length during heating to 230 or 330 ◦C after
quenching to 170 ◦C. c. Relative change in length during isothermal holding at 230 ◦C

Figure 3.10b shows the relative change in length (RCL) for the two treatments
during reheating from the quenching temperature of 170 ◦C. At around 280 ◦C,
a deviation from linearity indicates that bainite started to form in the steel that
was being heated to 330 ◦C. A volume fraction of 0.05 to 0.10 of bainite was
formed during heating to 330 ◦C and holding for 10 s. Thus, if the higher intensity
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of acceleration at higher temperatures is due to the aspects that are related to
martensite tempering, as discussed above, then these phenomena have already
started taking place during heating to 330 ◦C.

Figure 3.10c shows that the kinetics of bainite formation during holding at
230 ◦C is mostly unaffected by reheating to 330 ◦C. The main difference between
the two curves is that the RCL at the end of the treatment is slightly smaller for
the sample reheated to 330 ◦C, possibly because this sample already had some
0.05 to 0.10 of bainite formed before the start of isothermal holding. Such a result
indicates that the stronger acceleration induced by martensite at higher temper-
atures is related to an intrinsic effect of temperature and not to other aspects
such as martensite tempering, redistribution of carbon, or stress relief.

3.5. Discussion
3.5.1. Area per volume of martensite/austenite interfaces
The results presented so far point out that when prior martensite is present, most
of the bainite nucleation events take place at the M/A interface. This is evident
in Figure 3.4c, which shows the relative fraction of bainite per nucleation site.
According to the proposed model, the parameter that controls the maximum
fraction of bainite that can nucleate at M/A interfaces is the area per volume
of such interfaces, 𝑆MA. This value is particularly difficult to measure experimen-
tally. When analyzing the final microstructure, it is not trivial to distinguish the
martensite that was formed prior to bainite formation from bainite itself. The
only measurement of 𝑆MA reported in the literature, to our knowledge, is from
Chang et al. [20]. They analyzed the microstructure of quenched and tempered
high carbon steels at different fractions of martensite by optical microscopy. The
highest values of 𝑆MA they found for the different steels ranged from 1.2 × 106 to
1.7× 106 m−1, which is close to the values found in the present work (1.3× 106 to
2.4 × 106 m−1). However, the values measured by Chang et al. may be an under-
estimation, as they analyzed the microstructure using only optical microscopy,
which does not have the resolution to distinguish thin laths and plates of marten-
site.

A theoretical estimate of 𝑆MA can be derived by considering that bainite nu-
cleates at the broad faces of martensite laths or plates. The surface area of the
broad face per volume of martensite, 𝑆M, can be calculated as 2/𝑡m, where 𝑡m is
the thickness of the martensite laths or plates. To calculate 𝑆MA, it is also neces-
sary to know the distribution of martensite within austenite grains. Although it is
known that at the end of the transformation martensite is organized into packets
and blocks, the initial sequence of martensite formation is less understood be-
cause it is experimentally difficult to observe. A reasonable approximation is that
during the initial stage laths or plates of martensite grow in different crystallo-
graphic directions inside austenite grains, and during the final stage martensite
forms in the untransformed region as parallel laths or plates. This sequence of
formation was proposed by Raghavan, McMurtrie, and Magee [21, 22] and has
some experimental support in the work of Nambu et al. [23]. During the initial
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stage of martensite formation, 𝑆MA can then be approximated by Equation (3.18)

𝑆MA = 𝑆M 𝑓m 𝑓γ , (3.18)

where 𝑓m is the fraction of martensite and 𝑓γ is the fraction of austenite. By
substituting 𝑆M for 2/𝑡m, Equation (3.18) can be rewritten as

𝑆MA

𝑓γ
=

2
𝑡m
𝑓m. (3.19)

Figure 3.11 shows 𝑆MA/ 𝑓γ as a function of martensite fraction for all three steels
for martensite fractions up to 0.20. For each steel, a linear curve was fitted, and
the slope of such curves were used to calculate the thickness of the martensite
lath, 𝑡m, using Equation (3.19). Table 3.2 shows the values of 𝑡m calculated us-
ing Equation (3.19) and using the model for martensite lath thickness developed
by Galindo-Nava and Rivera-Díaz-del-Castillo [24], model which was validated
against experimental measurements of martensite lath thickness.
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Figure 3.11. Area of M/A interface per volume of remaining austenite as a function of
martensite fraction. Markers represent points calculated using the values of 𝑆MA found
using the analytical model presented here, and solid lines are the best fit linear curves for
each steel.

Table 3.2. Thickness of martensite laths or plates.

Steel Martensite lath or plate thickness (µm)
Calculated from 𝑆MA Calculated from ref. [24]

0.8C 0.112 0.066
1.5Si 0.238 0.143
0.6Si 0.243 0.143

The martensite lath thickness – calculated using the values of 𝑆MA of the model
from this chapter – of Steels 1.5Si and 0.6Si are similar, at 0.240µm on aver-
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age, while that of Steel 0.8C is finer, at 0.112µm. This trend is in close agree-
ment with the prediction of Galindo-Nava’s model. The thickness calculated us-
ing the present model is consistently thicker than the thickness calculated using
Galindo-Nava’s model. This overestimation is possibly due to the assumption
that martensite initially nucleates in different crystallographic directions inside
each austenite grain. If some laths or plates nucleate parallel to each other and
share a martensite/martensite interface instead of a martensite/austenite inter-
face, Equation (3.18) will overestimate 𝑆MA and, consequently, Equation (3.19)
will overestimate 𝑡m. A correction factor, 𝐾MM, can be applied to Equation (3.18)
to account for the fraction of parallel martensite laths sharing a martensite-
martensite interface, which then becomes

𝑆MA = 𝐾MM𝑆M 𝑓m 𝑓γ , (3.20)

with 𝐾MM equal to 0.59 in the case of the steels in Table 3.2 – if the thickness
calculated using Galindo-Nava’s model is considered to be the true value of the
thickness.

The approach above allows to estimate 𝑆MA during the initial stage of marten-
site formation, possibly to fractions up to 0.20, but it overestimates 𝑆MA at larger
fractions. Nonetheless, a good correlation was found between 𝑆MA and the rate
of martensite formation for fractions of martensite of up to 0.68, as shown in Fig-
ure 3.12. The kinetics of martensite formation is generally represented by the
Koistinen-Marburger (KM) equation [25, 26], which can be written as

𝑓m = 1 − exp [−𝛼m (𝑇KM − 𝑇)], (3.21)

where 𝛼m is the composition-dependent KM exponent term, 𝑇KM is the KM marten-
site start temperature, which can be around 10 to 30 ◦C below the experimentally
measured 𝑀S. While Equation (3.21) can yield a fair estimate of the fraction of
martensite for a given temperature, it does not capture the evolution of the rate
of martensite formation throughout the transformation.

Magee [27] showed that the Koistinen-Marburger equation can be theoretically
derived by assuming the number of nucleation events of martensite laths or
plates per available austenite fraction is proportional to the undercooling, that
is,

d𝑁 =
d 𝑓m
𝑉

= 𝜑 (1 − 𝑓m) d (Δ𝑇) , (3.22)

where 𝑁 is the number of laths or plates of martensite nucleated, 𝑉 is the av-
erage volume of martensite laths or plates, and 𝜑 is a proportionality constant.
Following Magee’s assumption that 𝑉 is constant throughout most of the trans-
formation, Equation (3.22) can be integrated to yield Equation (3.21).

The assumption in Magee’s work, and in the Koistinen-Marburger equation, is
that the rate of martensite formation per available austenite fraction is constant,
which can be represented as

d 𝑓m
d𝑡

1
1 − 𝑓m

= 𝛼m. (3.23)
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Figure 3.12. Correlation between the rate of martensite formation per austenite frac-
tion and the values of 𝑆MA found using our model for steels 1.5Si and 0.6Si. The rate of
martensite formation predicted by the Koistinen-Marburger equation is plotted as the grey
line marked as KM

However, Equation (3.23) does not match the experimentally measured ki-
netics of martensite formation. The rate of martensite formation per available
fraction of austenite is not constant, as Figure 3.12 shows. Instead, the rate
first increases linearly with martensite fraction, reaches a maximum at a frac-
tion of around 0.20, and then slowly decreases. The inability of the KM equation
and Magee’s theory to represent the rate of martensite formation might be be-
cause they do not include the effect of autocatalysis, which is a crucial aspect of
martensite formation.

When a martensite lath or plate forms, it deforms the surrounding austenite.
The deformation creates defects in the austenite at which more martensite can
nucleate, thus creating the autocatalytic effect in martensite formation. Most
of the martensite laths or plates nucleate by autocatalysis from these sites that
are created during the transformation, not from initially present defects [27–29].
To introduce autocatalysis in Magee’s theory, 𝜑 in Equation (3.22) needs to be
dependent on the number density of potential nucleation sites for martensite.
Since the new potential nucleation sites are created in the austenite surrounding
the martensite, the number density of these new potential nucleation sites can
be considered proportional to the area per volume of the M/A interface. With this
modification, Equation (3.22) becomes

d𝑁 =
d 𝑓m
𝑉

= (𝜑i + 𝜑A𝑆MA) (1 − 𝑓m) d (Δ𝑇) , (3.24)

where 𝜑i is the initial value of 𝜑, which is related to the initial potential nucleation
sites, and 𝜑A is a proportionality constant related to the potential nucleation sites
created by autocatalysis. Since autocatalysis dominates over the initial nucle-
ation rate even at martensite fractions as low as 0.01 (see the slow initial rate in
Figure 3.12, and the works of refs. [27–29]), Equation (3.24) can be approximated
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as

d𝑁 =
d 𝑓m
𝑉

≈ 𝜑A𝑆MA (1 − 𝑓m) d (Δ𝑇) , (3.25)

and, from Equation (3.25) and following Magee’s assumption of approximately
constant 𝑉 throughout most of the martensitic transformation,

d 𝑓m
d𝑡

1
(1 − 𝑓m)

≈ 𝐾𝑆MA , (3.26)

where 𝐾 is a proportionality constant.
Equations (3.24) to (3.26) give the theoretical background for the correlation

shown in Figure 3.12. Physically, this correlation indicates that when marten-
site forms, the surrounding austenite is strained, and the defects created (such
as dislocations and the M/A interface itself) can act as nucleation sites for both
bainite and martensite.

3.5.2. Mechanism of acceleration
The mechanism by which prior martensite accelerates bainite formation has been
extensively discussed in the literature, and this discussion was recently reviewed
and summarized by Dhara et al. [1]. The main point of discussion is whether
the acceleration is caused by bainite nucleation at the M/A interface itself or at
dislocations introduced in the austenite during martensite formation.

The model proposed in this chapter assumes that the number density of new
potential nucleation sites created by the presence of martensite is proportional to
the area per volume of M/A interface. This assumption does not mean, however,
that the nucleation sites are at the interface itself. The strain caused by marten-
site formation is most intense in the regions adjacent to the M/A interfaces [30].
Therefore, if bainite nucleates at dislocations generated by martensite formation,
it is still valid to assume that the number density of potential nucleation sites is
proportional to the area of M/A interface per volume. Consequently, it is not pos-
sible to distinguish, based on the present model, if the dominating nucleation
site for bainite is at dislocations in the austenite close to the interface or at the
interface itself.

According to the diffusionless theory of bainite formation proposed by
Bhadeshia [7], bainite nucleates by the thermally-activated dissociation of
dislocations proposed by Olson and Cohen originally for martensite nucleation
[31]. The broad faces of martensite hold a glissile interface with austenite and
have interface dislocations spaced at a few nanometers [32, 33]. Hence, in addi-
tion to dislocations in the austenite originating from strain accommodation, there
are dislocations at the interface itself. If bainite nucleates at M/A interfaces, then
the nucleation might be assisted by such interface dislocations. As there are
dislocations both at the interface and in the austenite surrounding the interface,
it is possible that bainite nucleates at both sites.

The discussion on the nucleation site for bainite is not restricted to bainite for-
mation in the presence of martensite. As stated in Chapter 2, similar questions
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can be posed regarding bainite nucleation at austenite grain boundaries. Does
bainite nucleate at the austenite grain boundaries themselves, or at dislocations
piled up at the grain boundaries? And in autocatalysis, does bainite nucleate at
the B/A interface itself, or at dislocations close to the interface? And how can
the nucleation at interfaces be combined with the theory of nucleation by the
dissociation of dislocations?

Such questions cannot be answered by the model proposed in this dissertation.
A satisfactory answer may require near atomic resolution in situ experiments,
high fidelity atomistic simulations, or a combination of both. However, the model
presented here gives important insights.

First, the kinetics of bainite formation was successfully replicated by consider-
ing a linear relationship between temperature and activation energy for nucle-
ation (Figure 3.4). Such a relationship is consistent the mechanism of nucleation
by dissociation of dislocations.

Second, the activation energies for bainite nucleation at the different sites were
found to differ by usually less than 5 %. Such a small difference may indicate
that the same mechanism operates during bainite nucleation at or near AGBs,
B/A interfaces, and M/A interfaces. The difference between activation energies
might then be because of different localized factors, such as carbon segregation
changing the local driving force for nucleation.

Third, there is a correlation between the bainite acceleration induced by prior
martensite and autocatalysis in martensite formation. A possible explanation for
the correlation is that both bainite and martensite nucleate at or near the M/A
interface. The correlation is shown in Figure 3.12 by plotting the values of 𝑆MA,
found using the bainite model, and the rate of martensite formation. However,
this correlation can be qualitatively verified even without recurring to the model.
Figure 3.13 shows the fraction of bainite normalized by the remaining austenite
after martensite formation as a function of holding time at different tempera-
tures for steel 1.5Si (Figure 3.13a) and 0.6Si (Figure 3.13b). For both steels, the
fastest kinetics of bainite formation is at 345 ◦C, with a 0.20 volume fraction of
prior martensite. Also, for both steels, the rate of martensite formation is at its
maximum at a 0.20 volume fraction of martensite, as shown in Figure 3.12.

Another aspect that might influence the intensity of the acceleration is the
residual stress introduced by martensite formation. However, at least for the
conditions tested in this chapter, stress does not seem to play a major role. This
is verified by the result shown in Figure 3.10. A significant stress relaxation is
expected to have occurred in steel 0.8C during heating to 330 ◦C. Ribamar et al.
[34] studied the stress relief in austenite during tempering of a steel similar in
chemical composition to steel 0.8C by in situ synchrotron X-ray diffraction. While
at 230 ◦C almost no stress relief had taken place, at around 300 ◦C a sharp drop in
residual stress started taking place. Therefore, even though the sample heated
to 330 ◦C underwent stress relief, the kinetics of bainite formation at 230 ◦C in this
sample was similar to that of the sample directly heated to 230 ◦C after quenching
(Figure 3.10).
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Figure 3.13. Kinetics of bainite formation in the presence of martensite for steels a.
1.5Si and b. 0.6Si.

3.5.3. Uncertainties in the model
In Chapter 2, it was shown that the uncertainty in the activation energies for nu-
cleation mainly arises from the uncertainty in the input parameters, not from the
fitting procedure itself. The same is true for the new parameters included to ac-
count for the presence of prior martensite. For instance, 𝑆MA is multiplied by 𝑢L
to calculate 𝑓MAmax according to Equation (3.4). Thus, a 50 % uncertainty for the
input value of 𝑢L may result in a 50 % uncertainty in the output 𝑆MA. However,
given the correlation between 𝑆MA, kinetics of bainite formation, and autocataly-
sis in martensite shown in Figure 3.12 and Figure 3.13, and the trend for different
steels shown in Table 3.2, the relationship between 𝑆MA, fraction of martensite,
and steel composition seems to have been correctly captured.

Despite the possible high uncertainty in the value of 𝑆MA, the fraction of bainite
nucleated at the M/A interface also seems to have been correctly captured. This
is confirmed by the shape of the curves of bainite formation (Figure 3.5), the
effect of boron alloying (Figure 3.6), and the effect of prior austenite grain size
(Figure 3.7).

3.6. Conclusion
This chapter introduced a new analytical model for the kinetics of bainite forma-
tion in the presence of martensite, which was developed by expanding the model
presented in Chapter 2. The proposed model correctly captured the influence of
prior martensite on the kinetics of bainite formation. This was achieved by distin-
guishing the fraction of bainite nucleated at each type of nucleation site: austen-
ite grain boundaries, bainite/austenite interfaces, and martensite/austenite inter-
faces.

Applying the model to experimental data revealed that when prior martensite
was present at a volume fraction higher than 0.10, most bainite nucleation events
occurred at or near the martensite/austenite interface. The origin of the acceler-
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ation induced by prior martensite is the large area per volume of M/A interfaces
(in the order of 106 m−1), which can serve as nucleation site for most of the bai-
nite sub-units. Such acceleration is more pronounced at higher temperatures,
possibly because bainite sub-units are larger the higher the temperature.

Combining the model with measuring the thermal gradients in the dilatome-
try samples showed that the two-order-of-magnitude increase in the initial rate
of bainite nucleation previously reported in the literature [2] is a measuring ar-
tifact from quenching dilatometers. Instead of bainite formation, the high rate
of transformation comes from martensite formation at the colder regions of the
dilatometry sample. Additionally, because of thermal gradients, a small fraction
of martensite (< 0.05) formed even when the holding temperature was above 𝑀S.
This resulted in a bainite acceleration above 𝑀S which is similar to the swing-back
effect reported in the literature [10].

When M/A interfaces are the main nucleation site, changing the austenite grain
size or the chemistry of the austenite grain boundaries, such as by boron seg-
regation, does not influence the kinetics of bainite formation. This opens up
new possibilities for steel design. Traditionally, bainitic steels need to be alloyed
with elements that increase the steel’s hardenability, such as manganese, nickel,
chromium, or molybdenum. However, such elements slow down bainite forma-
tion. Unlike such elements, the effect of boron on hardenability originates from
its segregation to austenite grain boundaries. Therefore, when prior martensite
is present, boron loses its retarding effect on bainite formation. Thus, boron can
be used in a unique way, which increases the hardenability of the steel without
jeopardizing the kinetics of bainite formation. Additionally, boron is the most ef-
fective element in increasing the hardenability, with 20 ppm yielding the same
increase in hardenability as 0.6 wt.% Mn or 2 wt.% Ni [35]. Substituting 2 wt.% Ni
by 20 ppm of B decreases the equivalent CO2 emissions by 200 kg per ton of steel
while also reducing the associated costs by 44 USD per ton of steel [36]. Boron
also increases the cohesion of austenite grain boundaries, which might increase
the steel’s toughness and resistance to hydrogen embrittlement [37–39].
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4
Shortening the heat treatment

of third generation advanced
high strength steels by forming

carbide free bainite in the
presence of martensite

Successful implementation of third generation advanced high strength steels (3rd gen
AHSS) can be accelerated by developing steels that can be heat treated in existing
industrial lines. Here, we develop new carbide free bainitic (CFB) steels in which
bainite formation is accelerated by a 0.2 volume fraction prior martensite and thus
can be realized in 5 minutes, making them suitable for manufacturing in modern con-
tinuous annealing lines for bare steel strips. The resulting microstructure consists of
bainitic ferrite, tempered martensite, and retained austenite. Carbon and silicon had
the most pronounced effect on the mechanical properties among the studied alloying
elements (niobium, chromium, molybdenum) because of their influence on the frac-
tion and stability of retained austenite. Our proposed treatment, called here bainite
accelerated by martensite (BAM), showed higher strength and lower global formabil-
ity than traditional CFB without prior martensite (also called TRIP-assisted bainitic
ferrite, TBF) and quenched and partitioned (Q&P) steels. Five of the designed steels
showed tensile strength higher than 1370 MPa, a total elongation higher than 8 %,
and hole expansion capacity higher than 30 %, and thus meet the requirements for the
strongest commercial grades of complex phase steels with improved formability. This
work broadens the possibilities of using existing industrial lines for manufacturing
novel 3rd gen AHSS.

To be submitted for publication.
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4.1. Introduction

T he pressure on the automotive industry to simultaneously decrease car
weight and increase passenger safety has stimulated the quick development

of novel high strength sheet steels in the past 30 years, such as the so-called
advanced high strength steels (AHSS) [1]. The first generation (1st gen) of AHSS
achieved higher ultimate tensile strength (UTS) than the then-available commer-
cial steels, although with limited ductility (e.g. 5 % total elongation at 1180 MPa
ultimate tensile strength – UTS – for a complex-phase grade [2]). The balance
of strength and ductility came by combining a soft ferrite matrix with hard
martensite or bainite regions and, in some cases, regions of retained austenite.
The family of 1st gen AHSS includes dual phase (DP) [3], transformation induced
plasticity aided (TRIP) [4], and complex phase (CP) [5] steels.

As there is still a large pressure to reduce carbon emissions in the automotive
industry by reducing car weight, the combination of strength and ductility achiev-
able in 1st gen AHSS is not sufficient for current and future demands. Highly
alloyed austenitic steels exhibiting twinning induced plasticity (TWIP) achieve a
much higher combination of ductility and strength (e.g. 70 % total elongation
at 1200 MPa of UTS [6]). These alloys were called 2nd gen AHSS. However, the
elevated cost associated with high alloying restricted the widespread industrial
application of such steels [1].

A 3rd generation of AHSS started being developed in the mid 2000s with the
goal of achieving better strength-ductility balance than the 1st gen AHSS but with
much lower alloying than 2nd gen AHSS. The improved mechanical properties
with respect to 1st gen AHSS were achieved by avoiding or drastically reducing
ferrite formation and introducing a larger fraction of retained austenite. Promi-
nent members of the third generation of AHSS family are carbide-free bainitic
(CFB) [7] – also called TRIP-assisted bainitic ferrite, TBF – and quenched and par-
titioned (Q&P) [8] steels. Medium manganese steels, which are also members of
the 3rd gen AHSS family, still have a significant ferrite fraction, such as in 1st gen
AHSS, but have a large fraction of manganese-enriched retained austenite [9].

Despite 3rd gen AHSS being intensively researched since 2005, their global
commercialization started only around 2020 [10]. One of the reasons for this
delay is that, despite such steels having lower alloying content than 2nd gen
AHSS, the necessary heat treatment could not be directly performed in existing
industrial lines dedicated to 1st gen AHSS. The general treatment of Q&P steels
is two-step, which involves quenching to a temperature 𝑇Q, which controls the
martensite fraction, and reheating to a temperature 𝑇P for carbon diffusion and
partitioning [11–13]. It is possible to achieve mechanical properties suitable for
3rd gen AHSS with a one-step Q&P (𝑇P = 𝑇Q), which does not require reheating,
but, at low 𝑇P, carbon may not sufficiently homogenize in the remaining austenite
[14]. Therefore, the alloy design should be tuned to avoid the formation of fresh
martensite during cooling to room temperature, which can compromise the local
formability of the steel.

TBF steels adopt a heat treatment comparable to 1st gen TRIP steels, with the
main difference being that in TBF steels, bainite is formed after full austenitiza-
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tion, while in 1st gen TRIP steels bainite is formed after intercritical annealing. To
achieve sufficient hardenability and avoid ferrite formation, the alloying content
in TBF steels is higher than in 1st gen TRIP steels, which in turn slows down the
kinetics of bainite formation, rendering it too long to be used in some industrial
lines. In continuous annealing lines for bare cold-rolled steels, bainite forma-
tion happens in the overaging section and is restricted to a maximum of 10 min
for 2 mm thickness strips and 6 min for 1 mm thickness strips [1]. However, in
many recently developed TBF steels with mechanical properties compatible with
3rd gen AHSS, the required time for bainite formation is between 7 and 90 min
[15–22]. Short times (below 7 min) were tested in the works of Sugimoto et al.
[7, 23–27] and Ebner et al. [28]. Despite being restricted to such short times,
Sugimoto et al. achieved a 1370 MPa tensile strength with 30 % hole expan-
sion capacity (HEC) – which is a measure of local formability [29] – and 8 % total
elongation [26]. Such results, which were the best combination of strength and
formability, were achieved for a single condition out of 50 tested combinations of
different niobium contents and isothermal holding temperatures. Moreover, the
isothermal holding temperature that led to these specific mechanical properties
was 100 ◦C below the martensite start temperature (𝑀S), and hence the majority
phase was tempered martensite – not bainite.

This Chapter studies the influence of alloying elements (C, Si, Mn, Cr, Mo, and
Nb) on the microstructure, kinetics, and mechanical properties of 3rd gen ad-
vanced high strength sheet steels designed to be manufactured in continuous
annealing lines. A careful balance between the elements is needed because the
alloying should be high enough to ensure sufficient hardenability and avoid fer-
rite formation but lean enough so that bainite can be formed in the overaging
section of existing modern continuous annealing lines. To help achieve this bal-
ance, bainite was formed at around 20 ◦C below 𝑀S in the presence of around 0.2
volume fraction of prior martensite to take advantage of the martensite-induced
bainite acceleration discussed in Chapter 3 and by Dhara et al. [30]. This heat
treatment, called here bainite accelerated by martensite (BAM), is benchmarked
against conventional TBF and two-step Q&P heat treatments. The proposed ma-
terial and heat treatment achieves a UTS of 1420 MPa, a total elongation of 9 %,
and a HEC of 30 % after isothermal bainite formation for 300 s. Such properties
meet the requirements of the new steel grade CR1000Y1370T-CH, which is the
strongest complex phase steel with improved formability in VDA’s (German Asso-
ciation of the Automotive Industry) recent standard for 3rd gen AHSS [31], while
having a heat treatment suitable for modern continuous annealing lines.

4.2. Experimental procedure
Steel ingots with eight different chemical compositions (Table 4.1) and 25 kg each
were manufactured at Tata Steel (IJmuiden, The Netherlands) using a vacuum in-
duction melting furnace. The compositions were selected to allow the study of
the effects of C, Mn, Si, Cr, Mo, and Nb content. The ingots were reheated to
1230 ◦C, annealed for 45 min, and rough milled from 100 to 40 mm thick. Each
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roughed ingot was cut into 70 mm long blocks and each block was reheated to
1230 ◦C for 30 min and hot rolled in five steps from 40 to 3.8 mm thick. Hot rolling
started at 1170 ◦C and finished at 900 ◦C. The hot rolled slabs were transported
to a Run-Out-Table simulator in which slabs were cooled with a cooling rate of 30–
40 ◦C s−1 to arrive at a coiling temperature of about 630 ◦C. The slabs were put in
the furnace, and a standard coiling simulation program was applied. The coiling
temperature of 630 ◦C and slow furnace cooling ensure that a ferrite-pearlite mi-
crostructure is formed in the hot rolled slabs. Finally, the pickled slabs were cold
rolled to a final thickness of 1 mm and cut to appropriate sizes for dilatometry and
annealing in a continuous annealing simulator (CASim).

Table 4.1. Chemical composition of the steels tested and relevant temperatures of the
heat treatment in the CASim. Ref is the reference composition, and all other steels are
named based on the change in their composition with respect to the reference material.
𝑀S is the martensite start temperature, and the meaning of the other temperatures is
found in the heat treatment scheme in Figure 4.1b.

S
te

e
l

Ref 0.6Si 1.0Si 0.02Nb
1.7Mn-
0.6Cr

1.7Mn-
0.6Cr-
0.2Mo

0.27C-
1.7Mn-
0.6Cr

0.30C-
1.7Mn-
0.6Cr

C
h
e
m

ic
a
l

co
m

-
p
o
si

ti
o
n

(w
t.

%
) C 0.240 0.246 0.246 0.241 0.241 0.234 0.273 0.304

Mn 2.28 2.26 2.34 2.31 1.68 1.73 1.73 1.71
Si 1.51 0.61 1.05 1.55 1.54 1.56 1.49 1.46
Cr - - - - 0.59 0.59 0.59 0.58
Mo - - - - - 0.18 - -
Nb - - - 0.026 - - - -

Te
m

p
e
ra

tu
re

(◦
C

)

𝑀S 359 355 370 370 374 370 351 330
𝑇aus 900 840 865 900 910 910 900 890
𝑇TBF 390 390 390 390 390 390 390 390
𝑇BAM 340 340 340 340 350 350 330 310
𝑇Q 280 280 280 280 290 290 270 250
𝑇P 400 400 400 400 400 400 400 400

Phase fractions (retained austenite, tempered martensite, fresh martensite,
and bainite) and the kinetics of bainite formation were measured using dilatom-
etry and X-ray diffraction (XRD). A Bähr 805 A/T dilatometer was used in quench
mode with quartz rods, He-flow cooling, and 10 × 5 × 1 mm3 samples cut from
the cold rolled sheets, with the long direction of the sample parallel to the rolling
direction. One thermocouple was spot-welded at the center of the sample, which
was used for temperature control, and one spot-welded 1 mm from the border
of the sample, which was used to measure the thermal gradient at the sample
[32]. XRD experiments were performed in a Bruker D8 Advance diffractometer
in a Bragg-Bretano geometry with graphite monochromator and Vantec position-
sensitive detector using Co Kα radiation and operating at 40 kV and 40 mA with a
divergence slit V4. The step size was 0.035◦ (2𝜃), and the counting time per step
was 3 s.
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a CASimbDilatometer

Figure 4.1. Heat treatments applied in a. the dilatometer and b. the CASIM. Natural
cooling was used in the dilatometer for isothermal treatments below 450 ◦C to minimize
the thermal gradients in the sample [32]. 𝑇aus, 𝑇Q, 𝑇P, 𝑇TBF, and 𝑇BAM for the CASim are
given for each steel in Table 4.1. 𝑇aus for the dilatometer is similar to 𝑇aus for the CASim,
unless otherwise stated.

Samples of selected steels were heat treated in the dilatometer, according to
the thermal profiles of Figure 4.1a, to measure the fraction of austenite decom-
posed as a function of temperature during cooling and of time during isothermal
holding. The phase fractions were calculated using the lever rule with the non-
linear coefficients of thermal expansion of iron [33]. The distance between the
expansion curves for austenite and martensite/bainite was adjusted to match the
fraction of retained austenite at room temperature measured by XRD. The same
procedure was applied in previous works [34]. The fraction of retained austen-
ite was measured from the XRD experiments following the procedure of Jatczak
[35]. Three body-centered cubic (BCC) peaks – {110}, {200}, and {211} – and
four face-centered cubic (FCC) peaks – {111}, {200}, {220}, and {311} – were
integrated using xrdfit [36].

To analyze the mechanical properties, the cold rolled sheets were heat treated
in a continuous annealing simulator (CASim) according to the heat treatments
shown in Figure 4.1b, which are named BAM (bainite accelerated by marten-
site), TBF (TRIP-assisted bainitic ferrite), and Q&P (quenched and partitioned).
BAM also stands for the initials of the expected phases: bainite, austenite, and
martensite. In the CASim, the extremities of the steel sheet (550 mm in length
and 100 mm in width) are clamped by metallic grips, and the heat treatment is ap-
plied by Joule heating. Two sheets were made for each combination of steel and
heat treatment. Two JIS5 tensile samples [37] were cut from one of the sheets,
and two HEC samples (90 × 90 mm2) were cut from the other sheet. After tensile
testing, one 10×10×1 mm3 sample was cut from the head of the specimen, which
was undeformed, and one was cut from the deformed part of the specimen, close
to – but not including – the neck. The cross-sections normal to the transversal
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direction of such samples were ground and polished, using the same procedure
used for microstructural characterization described in the following paragraph,
and analyzed in the XRD to measure the fraction of retained austenite.

Microstructural characterization was carried out in the scanning electron mi-
croscopes (SEM) JEOL JSM-6500F and Thermo Fisher Helios G4 UXe PFIB. Samples
were cut from the head of the tensile test specimens, and the cross-section nor-
mal to the transversal direction was analyzed. All samples were ground up to
2000 mesh silicon carbide grinding paper, polished up to 1µm diamond suspen-
sion, and etched with Nital 2 %.

4.3. Results
4.3.1. Kinetics of bainite formation
Figure 4.2 shows the kinetics of bainite formation for the reference steel and steel
0.6Si. Based on the dilatometry cooling curves, no austenite decomposition took
place during cooling from austenitization to the isothermal holding temperature.
In the reference steel, which is alloyed with 1.5Si, the transformation reaches
stasis before austenite is fully decomposed. The bainite fraction formed at stasis
increases with decreasing temperature. This phenomenon, referred to as incom-
plete reaction, is common in steels alloyed with silicon. Silicon retards cementite
formation, and carbon which is in excess of the carbon solubility in bainitic fer-
rite is partitioned to the austenite. The driving force for bainite nucleation and
growth decreases as austenite is enriched with carbon, until the point at which
bainite cannot form anymore. The carbon content in austenite at stasis can be
calculated either using the 𝑇0 or 𝑇 ′

0 temperatures, which assume the diffusionless
theory of bainite formation [38], or using the 𝑊𝐵s temperature, which assumes
the diffusional theory [39]. Both theories indicate that the lower the temperature
the higher the carbon content in austenite at stasis and the higher the fraction of
bainite at stasis.

The austenite remaining after bainite formation in the reference steel can
transform to martensite upon cooling to room temperature. Figure 4.2b shows
the change in length during the final cooling for the different isothermal tem-
peratures tested. The volume fraction of martensite formed during cooling,
calculated from the lever rule, was 0.26 for isothermal holding at 455 ◦C, 0.08 for
isothermal holding at 415 ◦C, and less than 0.05 for all other temperatures. The
fraction of martensite formed during cooling decreases with isothermal holding
temperature because the remaining austenite is more enriched in carbon after
bainite formation at lower temperatures (based on the 𝑇 ′

0 and𝑊𝐵S temperatures)
and, consequently, its martensite start temperature is lower [40].

Figure 4.2a shows that the kinetics of bainite formation is accelerated by de-
creasing the isothermal holding temperature in steel Ref even without the pres-
ence of prior martensite. This effect is because of the incomplete transformation,
as less bainite is formed at higher temperatures. For steel 0.6Si, which almost
fully transforms to bainite at any given temperature, the kinetics of bainite forma-
tion slows down when the temperature is decreased from 450 ◦C down to 380 ◦C,
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Figure 4.2. Kinetics of bainite formation at different isothermal temperatures for steel a.
Ref and c. 0.6Si; and b. change in length during cooling after bainite formation for steel
Ref, in which a deviation from the nonlinear expansion coefficient indicates the formation
of martensite. 𝑇aus was 925 ◦C for steel Ref and 875 ◦C for steel 0.6Si.

as Figure 4.2c shows. The opposite trend to steel Ref indicates that the incom-
plete reaction phenomenon played a strong role in accelerating bainite formation
at lower temperatures for steel Ref.

In Steel 0.6Si, from 360 ◦C and below, some martensite is formed prior to
bainite formation, and the kinetics of bainite formation is accelerated. Despite
360 ◦C being 5 ◦C above 𝑀S for steel 0.6Si, there was an undershoot in the tem-
perature during cooling – especially at the border of the sample, which was in
contact with the cold dilatometer rods –, and a volume fraction of 0.02 to 0.05
of martensite was formed. Such a low fraction was already efficient in accelerat-
ing bainite formation. At 350 ◦C, with a prior martensite fraction of 0.09, bainite
formation is faster than at 450 ◦C. Such results confirm that the effect of bai-
nite acceleration by the presence of prior martensite operates in these steels.
The curves of bainite formation for steels Ref and 0.6Si are presented here to
illustrate the bainite-accelerating effect induced by prior martensite. All other
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compositions were also tested, and a similar accelerating effect was observed
for all steels.

4.3.2. Microstructure
Figure 4.3 shows the microstructure of the different steels after being treated
in the CASim. The microstructures consist of bainitic ferrite, films of retained
austenite, martensite/austenite (MA) islands, and, for the heat treatments BAM
and Q&P, tempered martensite. Some carbides may be present, especially in the
steel 0.6Si. The fraction of retained austenite measured by XRD is presented in
Figure 4.4. No proeutectoid ferrite was observed in any of the samples.

The reference steel showed large MA islands after the TBF treatment. After the
BAM treatment, the MA islands are smaller and more dispersed. Such MA islands
are formed from the austenite remaining after the end of the isothermal holding
step. This remaining austenite partly transforms to martensite upon cooling to
room temperature. In the BAM treatment, bainite formation is faster, and the
fraction of remaining austenite is lower than in the TBF (Figure 4.2a), which con-
tributes to having fewer and smaller islands of remaining austenite.

The size of MA islands in the Q&P treatment was similar to those in TBF for the
reference steel. Such MA islands are formed from the austenite remaining after
quenching to 𝑇Q that did not decompose into bainite during partitioning at 𝑇P. The
martensite fraction formed upon quenching to 𝑇Q was estimated to be 0.80, and
the volume fraction of retained austenite was measured as 0.14 by XRD. Thus,
most of the austenite remaining after quenching to 𝑇Q does not decompose into
bainite during partitioning and is retained at room temperature.

In steel 0.6Si, the low silicon content resulted in less retained austenite, as
shown in Figure 4.4, and possibly more carbide formation. However, a few MA
islands were still found in steel 0.6Si, as can be observed in Figure 4.3. Such
MA islands mostly lie in bands parallel to the rolling direction and are probably
in regions with pronounced chemical segregation of alloying elements, such as
manganese. These regions are formed during the solidification of the steel in-
gots.

The addition of 0.026 wt.% Nb changed the morphology of the MA islands and
of the films of retained austenite. In the reference steel with the TBF treatment,
there were thin, elongated films of retained austenite, and the MA islands were
large and blocky. Conversely, in steel 0.02Nb, there were significantly fewer films
of retained austenite, and the MA islands were smaller and globular.

The mechanism by which niobium changed the morphology of the MA islands
and the films of retained austenite is not clear. One possibility is that the pres-
ence of niobium carbides induces the intragranular nucleation of bainite at the
carbide/austenite interface. According to Thermo-Calc equilibrium simulations
using the database TCFE12 [41], 98 % of the niobium atoms are in undissolved
NbC carbides at the austenitization temperature (900 ◦C). Additionally, niobium
strongly segregates to austenite grain boundaries and hinders grain growth [42].
Therefore, the change in morphology could also be caused by the change in prior
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austenite grain size or by a change in the nucleation rate of bainite at austenite
grain boundaries caused by the higher niobium content at such boundaries.

The substitution of 0.6 wt.% Mn for 0.6 wt.% Cr in steel 1.7Mn-0.6Cr refined the
MA islands in the TBF treatment, possibly due to faster kinetics of bainite forma-
tion, as Figure 4.5 shows. In the BAM treatment, a few large regions with carbide
precipitation inside were present, as indicated in Figure 4.3. Such areas are typi-
cal of tempered martensite [43] formed slightly below 𝑀S [44].

4.3.3. Mechanical properties

Figure 4.6 shows the plot of the total elongation (TE), which is a measurement of
the global formability, and of the hole expansion capacity (HEC), which is a mea-
surement of the global formability, against the ultimate tensile strength (UTS) of
the steels annealed in the CASim. The highest UTS was achieved by the BAM
steels, followed by the Q&P and the TBF steels. The trend for total elongation
was the opposite, with the TBF steels having the highest elongation, followed by
the Q&P and the BAM steels. The highest HEC was achieved by the Q&P steels,
followed by the BAM and the TBF steels. Table 4.2 presents the average mechan-
ical properties grouped by heat treatment, also including the BAM treatment with
300 s of isothermal holding time. The mechanical properties for each individual
combination of steel and heat treatment are shown in Appendix B.

Table 4.2. Mechanical properties of the steels heat treated in the CASim for each heat
treatment. Values are the average and standard deviation for each group, with each heat
treatment group including the eight chemical compositions from Table 4.1.

Heat treatment YS (MPa) UTS (MPa) TE (%) HEC (%)

BAM (600 s) 1083 ± 18 1405 ± 79 8 ± 1 35 ± 10
BAM (300 s) 1023 ± 55 1451 ± 102 9 ± 1 30 ± 8
TBF 854 ± 54 1201 ± 98 12 ± 2 28 ± 9
Q&P 1116 ± 36 1276 ± 60 11 ± 2 39 ± 14

From an industrial and commercial point of view, the mechanical properties
achieved can be benchmarked against the recently approved VDA standard 239-
100, which includes requirements for complex and dual phase steels with im-
proved formability (CH and DH, respectively). Despite the different naming, CH
and DH grades can be considered to encompass TBF and Q&P steels [47, 48].
The stronger grade in these families is called CR1000Y1370T-CH, with YS be-
tween 1000 MPa and 1250 MPa, UTS between 1370 MPa and 1550 MPa, and total
elongation above 5 %. Including an extra requirement of HEC > 30 %, to ensure
sufficient local formability, five steels with the BAM 300 s treatment meet these
specifications and deliver a surplus in total elongation, which goes up to 9 %: Ref,
0.6Si, 1.0Si, 1.7Mn-0.6Cr, and 1.7Mn-0.6Cr-0.2Mo.
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Figure 4.3. Microstructure of samples treated in the CASim. Columns indicate the steel
and rows indicate the heat treatment. Annotations indicate bainitic ferrite (BF), tempered
martensite (TM), islands of martensite and austenite (MA), and films of retained austenite
(RA). Images were acquired in the SEM and the samples were etched with Nital 2 %. The
isothermal holding time for the BAM samples was 600 s (continues on the next page)



4.3. Results

4

87

Figure 4.3. Part 2 of the Figure (continued).
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Figure 4.4. Volume fraction of retained austenite measured in the specimens for tensile
testing in the undeformed and in the deformed region of the specimens. The isother-
mal holding time for the BAM samples was 600 s. The reduced fraction in the deformed
regions indicates that austenite transformed to martensite during tensile testing. The ab-
solute uncertainty of the measured fractions is largely influenced by the texture resulting
from cold rolling [45], which could not be estimated because it would require multiple ex-
periments. However, as the production and rolling parameters of all steels were the same
and the XRD patterns were taken from the same orientation in all samples, the uncertainty
in the difference in the austenite fraction between steels should be much smaller (around
0.01–0.02 [46].)

4.4. Discussion
4.4.1. Effect of the heat treatment
The macroscopic mechanical properties depend on the mechanical properties
of the individual phases that constitute the steel’s microstructure, and on how
these different microstructural constituents interact. A simple yet reasonably ac-
curate assumption is that the strength is given by the average of the individual
strength of the microstructure constituents – retained austenite, bainite, tem-
pered martensite, and fresh martensite, in the present case – weighted by their
volume fraction [15].

BAM steels achieved 200 MPa higher UTS and YS than TBF steels. In both groups
of steels, bainite constitutes the major phase (70 to 90 %) and is thus expected to
be the most important microstructure constituent controlling the strength. While
bainite was formed at 390 ◦C for all TBF steels, it was formed at 310 to 350 ◦C
in BAM steels. Bainite formed at lower temperatures is finer and, consequently,
stronger. The thickness of bainite plates can be estimated as a function of tem-
perature as [49]

𝑢T = 0.2
(𝑇 − 528)

150
, (4.1)

where 𝑢T is the thickness in µm and 𝑇 is the temperature in kelvin. The strength-
ening contribution from the size of bainite plates is estimated as [50]

𝜎T =
115
2𝑢T

, (4.2)

where 𝜎T is the strengthening contribution in MPa.
From Figure 4.1, the average thickness of bainite plates is 0.180µm at 390 ◦C

(average TBF temperature) and 0.111µm at 338 ◦C (average BAM temperature).
From Equation (4.2), the size contribution to the strength of bainite is 319 MPa
for TBF and 519 MPa for BAM. The 200 MPa increase in strength predicted for bai-
nite is consistent with the experimental measurements summarized in Table 4.2:
On average, UTS increased by 200 MPa and YS increased by 230 MPa from TBF
to BAM with 600 s isothermal holding. Figure 4.7 shows the change in UTS and
YS for individual steels, and such a strengthening was seen in all cases. The in-
crease in UTS varied from 102 MPa (1.7Mn-0.6Cr-0.2Mo) to 284 MPa (1.0Si), and
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the increase in YS varied from 150 MPa (1.7Mn-0.6Cr-0.2Mo) to 330 MPa (0.30C-
1.7Mn-0.6Cr).

The higher strength for BAM compared to TBF reported here contrasts with the
work of Navarro-López et al. [16], who reported the same UTS for BAM and TBF.
However, in their work, a higher fraction of fresh martensite (≈ 0.12) was formed
for TBF than for BAM (≈ 0.03 to 0.05). Such fresh martensite is formed from the
carbon-enriched austenite and hence is expected to be much stronger than the
bainitic ferrite or the tempered martensite. Conversely, in the present work only
a low fraction of fresh martensite (< 0.05) is formed after both TBF and BAM
treatments.

Retained austenite is a minority phase, with a volume fraction of up to 0.16.
However, thanks to the TRIP effect, it can have a pronounced effect on the global
formability of steels. The XRD results presented in Figure 4.4 show that the frac-
tion of retained austenite is, on average, 33 % lower in the deformed regions of
the tensile specimen than in the undeformed regions. This result confirms that
part of the austenite transformed into martensite during deformation, which in-
dicates that the TRIP effect took place.

In Figure 4.8a, the volume fraction of retained austenite is plotted against the
total elongation for all steels. There is a positive correlation between the fraction
of retained austenite and the total elongation, which is because of the TRIP ef-
fect, as indicated by the results from XRD. Steels that underwent the BAM heat
treatment have a lower austenite fraction than TBF and Q&P, which is possibly
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Figure 4.6. Ultimate tensile strength vs a. total elongation and b. hole expansion
capacity of all steels treated in the CASim. Shape of the markers indicates the chemical
composition, and the color indicates the heat treatment. The isothermal holding time for
the BAM samples was 600 s.

the reason for their limited elongation. Figure 4.7 shows that, for all steels, the
TBF heat treatment resulted in higher total elongation than the BAM treatment.

The transformation of austenite to martensite during deformation can have a
positive effect on global formability, as deduced from the increase in total elon-
gation. However, it can also have a negative impact on local formability, as indi-
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Figure 4.7. Mechanical properties of BAM steels with 600 s isothermal holding time com-
pared to TBF steels.

cated by the lower hole expansion capacity. Martensite formed from the carbon-
enriched retained austenite is much harder than other microstructure features
because of its high carbon content; large differences in hardness between mi-
crostructure features are harmful to local formability [29]. Figure 4.8b shows
that there is a negative correlation between the fraction of retained austenite
and the hole expansion capacity.

Compared to TBF, BAM has a lower fraction of retained austenite and, in turn,
presents slightly higher HEC (Figure 4.7). However, Q&P showed a higher HEC
than BAM, despite the Q&P having more retained austenite. A possible reason
for this result is the carbon heterogeneity in austenite. The partitioning step for
Q&P took place at 400 ◦C, while bainite formation for BAM took place at temper-
atures ranging from 310 to 350 ◦C, and hence carbon distribution in austenite
might be more homogeneous in Q&P than in BAM steels. Under strain, austenite
with heterogenous carbon distribution will generate martensite with a gradient
in hardness – which negatively impacts HEC [51]. Also, any region of retained
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Figure 4.8. Volume fraction of retained austenite plotted against a total elongation and b
hole expansion capacity. Shape of the markers indicates the chemical composition, color
indicates the treatment, and dashed line is the linear trend. The isothermal holding time
for the BAM samples was 600 s.

austenite that is relatively poor on carbon could readily transform to marten-
site even under low stress. A different origin for the higher HEC for Q&P steels
could be the effect of martensite tempering. During partitioning, the martensite
formed during the initial quench is tempered. If the mechanical properties of the
strongly tempered martensite in Q&P steels are more homogeneous in compari-
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son to the mixture of softly tempered martensite and carbide free bainite in the
BAM samples, this leads to an improved HEC.

The ratio between the YS and UTS, called yield ratio (YR), has been shown
to correlate with the HEC. Kim et al. [51] gathered data on the YR and HEC
from different families of steels (DP, Q&P, TRIP, TWIP, martensitic, and medium
manganese) and found a linear trend between YR and HEC. Figure 4.9 shows the
YR plotted against HEC for the steels developed in the present study. Although
Figure 4.9 also shows a linear trend between YR and HEC, as found Kim et al.,
a single linear trend did not fit well all data points. Instead, grouping steels by
heat treatment and calculating the linear trend separately for each group results
in a more accurate trend. This result shows that even though YR correlates with
HEC, this correlation is more accurate when used to compare steels with similar
microstructures that underwent similar heat treatments.
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indicates the chemical composition, color indicates the treatment, and dashed lines are
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4.4.2. Effect of chemical composition
In Figure 4.6, the mechanical properties for all chemical compositions and three
different heat treatments were shown. The chemical compositions of the steels
differ from each other in their content of silicon, carbon, manganese, chromium,
molybdenum, and niobium – Table 4.1. Carbon and silicon were the elements
that influenced the mechanical properties the most. Figure 4.10a,b show that
both carbon and silicon increase the UTS while increasing (or maintaining) the
total elongation. However, the trend is the opposite for the YS and the HEC, as
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shown in Figure 4.10c,d. Both carbon and silicon decrease YS (or only slightly
increase it, such as carbon in Q&P, Figure 4.10d) and HEC. No specific trend was
found for the other alloying elements.

The pronounced effect of silicon and carbon on the mechanical properties
could be related to their higher influence on the fraction and stability of retained
austenite as compared to the other alloying elements investigated in the present
work. As shown in Figure 4.8, the fraction of retained austenite is positively cor-
related with the total elongation, but negatively correlated with the HEC. Silicon
increases the fraction of retained austenite (Figure 4.4) by inhibiting carbide for-
mation [40], which in turn negatively affects the HEC. Retained austenite is less
strong than bainite and martensite, and thus contributes little to the YS, which
is possibly why increasing silicon content decreased YS. However, upon plastic
deformation, the carbon-enriched retained austenite transforms into strong fresh
martensite that increases the UTS. A similar mechanism might be operating for
carbon. For instance, for TBF, increasing carbon also led to a higher fraction of
retained austenite, UTS, and total elongation, and to a lower YS and HEC.

Despite the weak influence on the mechanical properties, substituting 0.6 wt.%
Mn by 0.6 wt.% Cr refined the MA blocks (Figure 4.3) due to a higher kinetics of
bainite formation (Figure 4.5). Even though bainite formation was faster in steel
1.7Mn-0.6Cr, no proeutectoid ferrite was found, neither in the microstructural
characterization nor in the dilatometry curves, which indicates the steel has suf-
ficient hardenability. The present finding that 0.6 wt.% Mn has the same effect
on the hardenability as 0.6 wt.% Cr is consistent with the results presented by
Grange [52].

The faster bainite kinetics while maintaining hardenability by the partial sub-
stitution of manganese for chromium can be explained in terms of driving force
and diffusivity. In bainite formation, there is no diffusion of substitutional alloying
elements [53]. Thus, substitutional alloying elements influence the kinetics of
bainite formation mostly by their effect on the driving force. Figure 4.11a shows
that the partial substitution of manganese for chromium increases the driving
force for bainite nucleation, which in turn accelerates bainite formation [54, 55].

Conversely, there is significant diffusion of substitutional alloying elements dur-
ing the formation of proeutectoid ferrite. Such elements can partition between
austenite and ferrite and segregate to the interface. Hence, substitutional alloy-
ing elements influence the overall kinetics of ferrite formation by their effect not
only on the driving force but on the average atomic mobility. Figure 4.11a shows
that the partial substitution of manganese for chromium increases the driving
force for ferrite nucleation, which is expected to accelerate the formation of fer-
rite. However, the diffusion coefficient of the solute atoms in austenite and ferrite
also heavily influences the kinetics of ferrite formation [56]. Figure 4.11b shows
that the diffusion coefficient of chromium is around one order of magnitude lower
than that of manganese both in austenite and in ferrite. Thus, even though par-
tially substituting manganese for chromium increases the driving force for ferrite
formation, it decreases the rate at which solute atoms can be transferred across
the moving ferrite/austenite interface. The overall effect of this substitution will
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Figure 4.10. Effect of a,c. silicon and b,d. carbon on the balance between a,b. UTS
and total elongation and c,d. YS and HEC. Shape of the markers indicates the chemical
composition, and the color indicates the heat treatment. The isothermal holding time for
the BAM samples was 600 s (continues on the next page).

depend on the balance between the effect of driving force and diffusion coeffi-
cient, as well as on the segregation of elements to the ferrite/austenite interface,
which slows down the transformation because of the solute drag effect [57].
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Figure 4.10. Part 2 of the Figure (continued).

4.5. Conclusion
This Chapter presented the design of a new 3rd gen AHSS that can be man-

ufactured in existing continuous annealing lines for 1 mm thickness bare steel
strips. Five different chemical compositions (Ref., 0.6Si, 1.0Si, 1.7Mn-0.6Cr, and
1.7Mn-0.6Cr-0.2Mo) met the requirements of steel grade CR1000Y1370UTS-CH –
even delivering a surplus in total elongation – while showing a HEC value equal
to or higher than 30 %. This was achieved by balancing the chemical composition
of steels to simultaneously have sufficient hardenability – meaning little to no
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The driving forces were calculated using the ferrite precipitation model within the steel
model library of Thermo-Calc considering paraprecipitate for bainite and orthoprecipitate
for ferrite.

formation of proeutectoid ferrite during cooling with rates typical of continuous
annealing lines – and fast bainite kinetics. In the steels called BAM (bainite accel-
erated by martensite), the formation of a volume fraction of around 0.2 of prior
martensite accelerated bainite formation and allowed an isothermal holding time
of only 300 s. The effect of varying the content of selected alloying elements (C,
Mn, Si, Cr, Mo, and Nb) and varying the heat treatment (BAM, TBF, and Q&P) on
the microstructure and mechanical properties of the steels were studied, and it
was found that:

- Bainite formation is significantly accelerated by fractions of prior marten-
site as low as 0.05. This pronounced acceleration effect at low fractions of
martensite can be used to shorten the heat treatment time of steels while
maintaining a mostly bainitic microstructure.

- BAM heat treatment led to higher UTS but lower total elongation than TBF
and Q&P because of its finer bainite laths and lower fraction of retained
austenite. However, the lower fraction of retained austenite improved its
local formability compared to TBF. This trend was verified for the steels and
conditions tested here and might be different for different steel grades and
ranges of temperature.

- Carbon and silicon are the elements that influence the mechanical proper-
ties the most because of their higher influence on the fraction and stability
of retained austenite.
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- The partial substitution of manganese for chromium accelerated bainite ki-
netics without any noticeable negative effect on hardenability. This partial
substitution can be further investigated in future works to shorten even
more the required time for bainite formation in 3rd gen AHSS.
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5
Bainite formation observed by in

situ transmission electron
microscopy

The diffusional and diffusionless theories of bainite formation disagree on the growth
mechanism of bainite plates (also called sub-units). While the diffusional theory ar-
gues for a constant lengthening rate controlled by carbon diffusion in the austenite,
the diffusionless theory argues for a growth rate that could approach the speed of
sound. Real-time observations of bainite growth by laser confocal microscopy could
not confirm either theory because the theoretical size of bainite sub-units is smaller
than the spatial resolution of the technique. In this Chapter, bainite formation is ob-
served at a higher resolution by in situ transmission electron microscopy (TEM). The
starting material is a steel with 1.24 wt.%C that retains from 0.2 to 0.4 volume frac-
tion of austenite after quenching to room temperature. The quenched samples were
heated to 280 ◦C inside the TEM to observe the decomposition of retained austenite
into bainite. Bainite plates were found to grow continuously at lengthening rates
ranging from 20 to 55 nm s−1 and at a thickening rate of around 1.6 nm s−1. The
observed growth behavior is in line with the diffusional theory of bainite formation.
This Chapter also discusses the implications of the diffusional theory for the model
developed in Chapters 2 and 3 and discusses ideas for future experiments using in
situ TEM intended for further clarifying the role of carbon diffusion in the growth of
bainite plates.

To be submitted for publication.
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108 5. Bainite formation observed by in situ TEM

5.1. Introduction

T he role of carbon diffusion in bainitic transformation is still under debate [1].
While the diffusionless theory claims bainitic ferrite grows with the same car-

bon content as the parent austenite [2], the diffusional theory claims carbon dif-
fusion takes place during the growth of bainitic ferrite and that carbon diffusion
controls the growth rate [3]. The evidence for either theory is mainly indirect –
surface relief [4], slight tetragonality and carbon supersaturation in bainitic fer-
rite [5], and lengthening rate of bainite sheaves predicted by carbon diffusion [3]
– as there is no experimental technique that can track in situ the formation of bai-
nite and carbon distribution at the required time and spatial resolution. Although
the diffusional theory claims carbon diffusion takes place during the growth of
bainite, many recent models based on the diffusional theory consider the trans-
formation to be displacive – that is, the transformation involves a shear compo-
nent that creates an energy barrier for bainite formation and causes the surface
relief, and the substitutional elements across rearrange themselves across the
moving interface by the movement of disconnections or dislocations [6].

The growth of individual bainite sheaves can be measured in situ by hot stage
optical microscopy [7] and usually matches the order of magnitude of the ex-
pected lengthening rate for a process controlled by carbon diffusion [3]. This ap-
parent good match is taken as evidence supporting the diffusional theory. How-
ever, the diffusionless theory proposes that bainite sheaves grow by the suc-
cessive nucleation of bainite sub-units, which might not be resolved in most hot
stage optical microscopy studies. Figure 5.1 illustrates the different proposed
mechanisms for the growth of a bainitic sheaf.

The spatial resolution necessary to resolve individual sub-units depends on the
length of those sub-units. Based on transmission electron microscopy (TEM) im-
ages, Bhadeshia proposed sub-units are 10µm long [2]. However, as discussed
in Chapter 2, this might be an overestimation, and the length might be closer
to 1µm. In the hot stage laser confocal microscopy experiments of Hawkins and
Barford [7] and Hu et al. [8], the growth of bainite sheaves was resolved up
to 1µm, and the growth still seemed to be continuous and at a constant rate.
Their results indicate that the sheaves either grow continuously, as proposed by
the diffusional theory, or that the length of sub-units is around 1µm or less, as
proposed in Chapter 2.

Higher resolution observations using hot stage TEM were carried out by Zhao
et al. [9] and by Nutter et al. [10]. The lengthening rate of bainite plates ranged
from 0.01 to 30µm s−1 in their studies, which lies within the typical range of
lengthening rates predicted by the diffusional theory. While Zhao et al. observed
a somewhat constant lengthening rate of bainite plates, Nutter et al. observed
a stepped growth with a succession of growth stages followed by stasis stages.
Carbide formation was not detected in any of their works as they used steels al-
loyed with silicon. Additionally, the work of Nutter et al. discussed experimental
challenges with the observation of bainite by hot stage TEM. The challenges were
related to the high temperatures necessary for the austenitization step, such as
the thickening of the thin foils by surface diffusion, evaporation of alloying ele-
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Figure 5.1. Mechanism of formation of lower bainite according to the diffusionless (up-
per) and diffusional (lower) theories of bainite formation.

ments (mainly manganese), and drift of the field of view during fast cooling.
This chapter presents the preliminary results of a new observation of bainite

formation by hot stage TEM. The challenges involved with austenitizing inside the
TEM are avoided by preparing the specimen from a steel with a low 𝑀S (around
125 ◦C) that retains a 0.2 to 0.4 volume fraction of retained austenite at room
temperature. Then, in the hot stage TEM, the specimen is heated up to only
280 ◦C, a temperature at which the retained austenite decomposes into lower
bainite. The analysis of the results is still ongoing, and thus this chapter focuses
on presenting the setup of the experiment, some preliminary results and images,
possible paths to analyze the results, and suggestions for future experiments.

5.2. Choice of material
The first requirement for the desired experiment is that the 𝑀S of the steel is such
that after quenching to room temperature, the fraction of retained austenite is
large enough to be easily observed in the TEM, and that the regions of retained
austenite are large enough to allow bainite sheaves to grow. The 𝑀S tempera-
ture of steels can be estimated using the empirical equation proposed by van
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Bohemen [11],

𝑀S = 565− 600 [1 − exp (−0.96𝑥C)] − 31𝑥Mn − 13𝑥Si − 10𝑥Cr − 18𝑥Ni − 12𝑥Mo, (5.1)

where 𝑥𝑖 is the content of element 𝑖 (𝑖 = C, Mn, Si, Cr, Ni, or Mo) in weight percent.
From Equation (5.1), carbon is the most efficient element in decreasing the 𝑀S.

Manganese, silicon, chromium, nickel, and molybdenum also decrease 𝑀S, but
the addition of such elements is avoided here mostly because it slows down the
kinetics of bainite formation. In the so-called nanobainitic steels, which have a
high carbon content (around 1 wt.%) and are alloyed with manganese, silicon,
and chromium, the formation of bainite can take up to a few days [12], which is
impractical for in situ observation. Silicon is also avoided here because it hin-
ders the formation of cementite, as discussed in Chapter 4, and the observation
of carbide formation can help differentiate between the diffusional and the dif-
fusionless theory. As Figure 5.1 shows, the diffusionless theory predicts that the
carbides found inside the bainitic ferrite in lower bainite are nucleated inside the
supersaturated plates of bainitic ferrite. On the other hand, the diffusional theory
predicts that these carbides nucleate at the bainitic ferrite/austenite interface,
and as the bainitic ferrite grows, these carbides get trapped inside the bainitic
ferrite.

The selected material is a Fe-1.24C-0.2Mn-0.15Si-0.15Cr-0.015Al (wt.%) steel,
with an 𝑀S of around 125 ◦C, measured in the dilatometry experiments shown
in Figure 5.2a,b. After quenching to room temperature, a volume fraction of re-
tained austenite of around 0.2 is present, as measured by X-ray diffraction (XRD)
and shown in Figure 5.2c. Figure 5.2d shows that after reheating to 280 ◦C and
holding for 120 min, the retained austenite is almost fully decomposed (0.02
volume fraction remaining). The decomposition of retained austenite is also
confirmed by analyzing the microstructure. Figure 5.2e shows the microstruc-
ture after quenching consists of fresh martensite and retained austenite. After
isothermal holding at 280 ◦C, the microstructure consists mostly of regions with
extensive carbide precipitation and only small and dispersed regions of retained
austenite, as shown Figure 5.2f. The regions with extensive carbide precipita-
tion can be either tempered martensite or lower bainite, as both microstructure
constituents are virtually indistinguishable from each other.

Figure 5.2g,h show the electron backscatter diffraction (EBSD) maps of the steel
after quenching and after the decomposition of retained austenite. In the EBSD
map of the quenched sample, the volume fraction of austenite was 0.44. While
it is common for EBSD to yield different values of retained austenite than XRD,
the trend is usually the inverse, with XRD indicating a higher fraction of austenite
[14], as EBSD is more sensitive to the formation of strain-induced martensite
during sample preparation, and it might not capture small regions of retained
austenite. After the isothermal holding at 280 ◦C, no austenite was detected in
the EBSD.

Another important aspect is the temperature of bainite formation. It is impor-
tant to choose a temperature in which bainite is expected to form according to
both theories. The critical temperature of bainite formation according to the diffu-
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Figure 5.2. Analysis of phase transformations during quenching and reheating to 280 ◦C.
a. time-temperature profile of the heat treatment performed in the dilatometer. b. rela-
tive change in length as a function of temperature as measured in the dilatometer, indicat-
ing the 𝑀S temperature. No net expansion was detected during bainite formation possibly
because of the counteracting contraction caused by martensite tempering and carbide
formation. c. XRD results after quenching. 𝑐/𝑎 ratio of the tetragonal martensite lattice
(I4/mmm) indicates a carbon content of 1.05 wt.% [13]. d. XRD results after isothermal
holding at 280 ◦C. e. SEM image after quenching, sample etched with Nital 2 %. f. SEM
image after isothermal holding at 280 ◦C, sample etched with Nital 2 %. g. EBSD phase
map after quenching. h. EBSD inverse pole figure of bcc phase after isothermal holding
at 280 ◦C

sionless theory is given by 𝑇h, 𝑇0, and 𝑇 ′
0, defined in Chapter 2. For the diffusional

theory, this critical temperature is called 𝑊𝐵S, as the diffusional theory claims
there is no difference between Widmanstätten ferrite and bainite [15]. Table 5.1
shows the critical temperatures calculated using Thermo-Calc, and all temper-
atures are below 280 ◦C. Therefore, the product of austenite decomposition is
expected to be bainite according to both theories.

Table 5.1. Critical temperatures of bainite formation calculated using Thermo-Calc with
database TCFE12.

𝑊𝐵S (◦C) 𝑇h (◦C) 𝑇0 (◦C) 𝑇 ′
0 (◦C)

560 590 367 303

To investigate if bainite is the product of austenite decomposition of this steel at
280 ◦C, a specimen was heat treated in the dilatometer following a temperature
profile similar to the one in Figure 5.2a, but instead of quenching to room tem-
perature after austenitization, the sample was quenched to 280 ◦C directly after
austenitization and held isothermally for one hour. Figure 5.3a shows the relative
change in length during isothermal holding at 280 ◦C. The sample expands fol-
lowing a sigmoidal-shaped curve and reaches stasis at a 0.22 % expansion after
around 2000 s, indicating austenite decomposition is finished after the one-hour
holding. Figure 5.3b shows the microstructure of the steel after the heat treat-
ment is lower bainite, as it consists of a fine dispersion of carbides inside a ferritic
matrix.

5.3. Experimental procedure
Dilatometry samples (10 × 4 × 1.5 mm3) were cut from a 1.5 mm thick cold rolled
strip of a Fe-1.24C-0.2Mn-0.15Si-0.15Cr-0.015Al steel. Dilatometry and sample
preparation followed the procedure described in Chapter 4. Data acquisition for
XRD also followed the procedure from Chapter 4, but phase quantification was
carried out using Rietveld refinement in the software MAUD [16]. EBSD maps
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Figure 5.3. Sample heat treated isothermally at 280 ◦C after austenitization, without
prior quenching to room temperature. a. relative change in length during holding at
280 ◦C measured by dilatometry. b. TEM image showing the microstructure of the material
is lower bainite, as it consists of a fine dispersion of carbides (dark) in a plate-like ferritic
matrix (light).

were collected in a Thermo Fisher Helios G4 UXe PFIB equipped with an EDAX
EBSD detector, and the software OIM 8.0 was used for data analysis.

After heat treatment in the dilatometer, the samples for TEM were prepared by
first manually grinding the dilatometry samples with a 320 mesh silicon carbide
paper to a thickness of 0.1 mm. Then, 3 mm diameter discs were cut from the
ground samples. These discs were electropolished in a STRUERS Tenupol-5 unit
cooled down by a Julabo FP-50 refrigerated circulator operating at −15 ◦C using a
5 % perchloric acid, 35 % 2-butoxyethanol, and 60 % methanol solution. TEM anal-
ysis was conducted in a JEOL JEM-F200 operating at 200 kV and equipped with a
cold emission gun. The samples were mounted in GATAN 628 single tilt heating
holder with a tantalum furnace and Hexring mechanism for sample securing. The
images were collected using a GATAN Oneview IS camera at a collection rate of
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25 frames per second. The equipment and procedure used for the hot stage TEM
experiments (except sample preparation) were the same as those used by Nutter
et al., and more details can be found in their work [10].

5.4. Results
Figure 5.4 shows the typical microstructure as observed in the TEM before heat-
ing. The electropolishing etched more intensely the austenite than the marten-
site, and thus martensitic regions were usually thicker than austenitic regions and
appeared darker. This effect was observed in all samples. A more uniform polish-
ing could possibly have been obtained using the same electropolishing procedure
as Nutter et al. [10], which involved cooling to −40 ◦C. However, as cooling to
such low temperatures could transform the retained austenite to martensite, it
was discarded.

1 µm

austenite

Figure 5.4. TEM image showing microstructure after quenching and before heating to
280 ◦C. Dark regions are fresh martensite, and bright regions are retained austenite.

Figure 5.5 shows the growth of a bainite sheaf at 280 ◦C. The nucleation of the
first plate of the sheaf was not observed in real time, but it could be traced back
to a martensite/austenite (M/A) interface to the left of the displayed images. In
Figure 5.5, 𝑡 = 0 s is considered as the time at which the sheaf was first observed;
at this time, the specimen had achieved 280 ◦C for a few minutes. At 𝑡 = 0 s, the
thickness of the plate is around 10 nm. The plate then thickens continuously, and
at 𝑡 = 52 s, its thickness is around 30 nm. The lengthening of the sheaf is not
continuous, but a two-stage process, as previously reported by Nutter et al. [10],
in a repeating succession of growth and stasis stages. The average lengthening
rate from 𝑡 = 0 s to 𝑡 = 52 s, including the stasis stages, was 8 nm s−1. During the
growth stages, the lengthening rate achieved velocities up to 20 nm s−1.

After a stasis stage, lengthening appeared to resume by the nucleation of a
new plate of bainite at or close to the tip of the original plate, giving rise to the
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Figure 5.5. Growth of a bainite sheaf during isothermal holding in the hot stage TEM at
280 ◦C. All times are relative to the time at which the top left image was taken.

characteristic sheaf morphology of bainite. This nucleation of new plates is better
visualized in the video available in Appendix C and in the observation shown in
Figure 5.6. No carbides could be observed.
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Figure 5.6. Growth of a bainite sheaf during isothermal holding in the hot stage TEM at
280 ◦C. The bainite/austenite interface is marked by a white line for better visualization.
Images in b1–6. and c1–6. are from magnified regions of the area shown in images a1–6.,
with the approximate regions shown in a6. All times are relative to the time at which image
a1) was taken. The images without the lines and annotations are shown in Figure C.1
(Appendix C) (continues on the next page)

The formation of bainite was observed in a second sample, and it was formed
in a region of retained austenite sandwiched between two plates of martensite,
as shown in Figure 5.6a1. Bainite seemed to have nucleated at the upper M/A
interface in Figure 5.6a1 and lengthened sideways following the M/A interface.
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Figure 5.6. Part 2 of the Figure (continued).

At 𝑡 = 90 s, bainite grew to consume the whole M/A interface, and the new bai-
nite/austenite (B/A) interface is marked in Figure 5.6a2. However, during this
stage (𝑡 = 0 to 𝑡 = 90 s), the bainite plate was still only a few nanometers thick,
and the resolution of the images captured is not high enough to confirm that bai-
nite indeed consumed the M/A interface by sideways lengthening. The bainite
plate that nucleated at the M/A interface thickened continuously to a thickness of
up to 400 nm at its largest section (Figure 5.6a2–6). The average thickening rate
from 𝑡 = 0 to 𝑡 = 250 s was 1.6 nm s−1.
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At 𝑡 = 251 s, a new plate of bainite emerged at the B/A interface (Figure 5.6b1).
It was not possible to distinguish if it corresponds to a new plate nucleated at
the B/A interface or to the growth of a protuberance from the B/A interface. This
new plate started lengthening at an 8 to 9◦ of misorientation from the length-
ening direction of the initial plate (considering that the initial plate grew parallel
to the M/A interface), as shown in Figure 5.7a. From 𝑡 = 251 s to 𝑡 = 258 s (Fig-
ure 5.6b1–4), the bainite plate lengthened continuously at an average velocity of
55 nm s−1. At around 𝑡 = 260 s, a new plate of bainite nucleated close to or at
the tip of a pre-existing plate. This new plate started lengthening almost parallel
to the pre-existing plate, with a misorientation of around 4 to 5◦, shown in Fig-
ure 5.7b. At 𝑡 = 290 s, again, a new plate nucleated close to or at the tip of a
previously formed plate. Figure 5.7c1 shows the new plate at 𝑡 = 292 s at a 2◦

misorientation regarding the prior plate. The new plate then grows to merge with
the preexisting plate. At 𝑡 = 350 s, the two plates are completely merged, and
a small dark line-shaped region that could be a carbide particle or a dislocation
loop is at the merging point of the two plates (Figure 5.7c2).

Figure 5.7. Creation of new plates of bainite, indicated by white arrows, close to or at
the tip of pre-existing bainite plates. The direction of growth of the new plates is slightly
misoriented in relation to the direction of growth of the pre-existing plates. a. plate
shown in Figure 5.6b1–4 growing at an 8 to 9◦ misorientation from the growth direction of
the preexisting plate, which is the plate shown in Figure 5.6a1-6 that grew along the M/A
interface. b. formation of a new plate at a 4 to 5◦ misorientation. c1. formation of a new
plate at a 2◦ misorientation and c2. trace left behind by the merging of the two plates.
All images are from the same heating experiment shown in Figure 5.6, and all times are
relative to the time at which the image in Figure 5.6a1 was taken.

At around 𝑡 = 300 s, a new plate of bainite, shown in Figure 5.8, nucleated close
to or at the B/A interface. This new plate lengthened almost parallel to the plate
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shown in Figure 5.6b. In addition to lengthening, the plate continuously thickened
until it touched the preexisting plate of bainite shown in Figure 5.6b. When both
plates touched, they seemed to merge. Figure 5.8 shows the merging process
and the trace of the interface where the two plates merged.

Figure 5.8. Formation of a new plate of bainite (lower plate) and its sideways merging
with a preexisting plate of bainite. The upper plate of bainite is the plate shown in Fig-
ure 5.6b. The continuous white line marks the B/A interface, and the dotted white line
marks the trace of where both plates merged. All times are relative to the time at which
the image in Figure 5.6a1 was taken. The images without the lines and annotations are
shown in Figure C.2

5.5. Discussion
5.5.1. Nucleation
The formation of bainite could be observed in two different specimens. In both
cases, the first plates of bainite nucleated at or close to the M/A interface. Given
the spatial resolution, it was not possible to distinguish exactly where bainite nu-
cleated: if at the interface or at dislocations near the interface. Another site at
which plates of bainite nucleated is at or close to the B/A interface. This nucle-
ation took place both at the tip of existing bainite plates (Figure 5.7b,c) or at the
wavy B/A interface (Figure 5.6b and Figure 5.8). Such nucleation of new plates, of-
ten called autocatalysis or sympathetic nucleation, is an important aspect of the
diffusionless theory of bainite formation. However, the formation of new plates
(also called sub-units) is not necessarily an indication of a diffusionless theory. It
rather implies that elastic stresses are accumulating at the interface and stop-
ping the growth of the preexisting bainitic plate [17]. Therefore, the observation
of autocatalytic – or sympathetic – nucleation is in line with the displacive com-
ponent of both the diffusionless and the diffusional theory [18].
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After nucleation at a B/A interface, the new plate of bainite started growing
almost parallel to the growth direction of the preexisting plate at which it nucle-
ated, with a misorientation varying from 2 to 9◦ (Figure 5.7). This is similar to an
observation made by Olson, Bhadeshia, Edmonds, and Cohen [19, 20] shown in
Figure 5.9, and therefore this misorientation is not an artifact of forming bainite
in a thin film. The microstructure in Figure 5.9 consists of small bainite sub-units
adjacent to a bainite sheaf in a partially transformed steel. Olson et al. [20] and
Bhadeshia [2] argued that these plates, indicated by arrows in Figure 5.9, are
below the operational nucleus size required for rapid, martensite-like, diffusion-
less growth. They also claimed that a piece of evidence for these sub-units being
below the operational size for diffusionless growth is that no intermediate-sized
sub-units were found, only large or small. Despite the relatively small size of the
sub-units marked in Figure 5.9, it can be argued that they are already too large to
be considered sub-operational. The plate marked by a white arrow in Figure 5.9
is around 120 nmin thickness and 700 nm in length, which corresponds to a few
billions of atoms of iron. This is much larger than the typical tens or hundreds of
atoms expected for the critical nucleus size of martensite or bainite (for instance,
from ref. [21] and from the activation volume 𝑉∗ calculated in Chapter 2).

Figure 5.8 shows a plate of bainite that nucleated and grew sideways and par-
allel to the direction in which another plate was already growing. After some
time, this new plate and the preexisting plate merged. This observation might
explain why Olson et al. and Bhadeshia [2, 20] did not observe intermediate-
sized plates: After enough time, such small plates tend to merge into the main
sheaf. Figure 5.7c2 shows that a line of dislocations or carbides might be present
at the intersection between two plates that merged together. In Figure 5.9, the
white dotted arrows point to similar lines in the sheaf that could have a large den-
sity of dislocations and at which two plates might have merged. The separation
between the regions indicated by the dotted arrows is around the same length as
the small plate indicated by the white solid arrow. Regularly spaced lines in a bai-
nite sheaf were also observed by Timokhina et al. [22]. Such lines were spaced
in a few hundred nanometers, and the authors attributed them to the nucleation
of new plates of bainite at the tip of the leading bainite plate. Timokhina et al.
also found that these lines marked a slight change of orientation (1 to 2◦) in the
bainite sheafs, such that a misorientation of 8◦ was found between two points in
the same bainitic sheaf at a 0.7µm distance from each other.

5.5.2. Growth
In the experiments presented in this Chapter, the growth of bainite was observed
with a resolution of a few nanometers and at a collection rate of 25 frames
per second. Such spatial and temporal resolution should be enough to resolve
individual sub-units, thus overcoming the limitation of confocal optical micro-
scopes. Even so, the observed lengthening rate of bainite plates varied from 20
to 55 nm s−1. This lengthening rate is much closer than that expected for the
diffusional theory than for the diffusionless theory. The estimated lengthening
rate based on carbon diffusion [3], calculated using Thermo-Calc 2023a coupled
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Figure 5.9. Small plates in a bainite sheaf in a partially transformed Fe-3.0Mn-2.1Si-
0.43C steel isothermally treated at 286 ◦C. Dark regions are austenite, and bright regions
are bainitic ferrite. The small plates are at an angle of 7 to 9◦ from the plate of bainite
from which they nucleated. Reprinted from Acta Metallurgica, 37, G.B. Olson, H.K.D.H.
Bhadeshia, M. Cohen, Coupled diffusional/displacive transformations, 381–390 (1989) [20]
with permission from Elsevier. Angles between the bainite plates were manually added
and are not part of the original image.

with the databases TCFE12 and MOBFE7, which uses the modified Zener-Hillert
equation proposed by Leach et al. [3], was 34 nm s−1, while the lengthening rate
expected for a martensitic-like diffusionless growth can be as high as 30 m s−1

[20].
The average thickening rate observed in the experiments shown in Figure 5.6a

was 1.6 nm s−1, which is below the thickening rate expected for an interface
movement controlled solely by carbon diffusion, as shown in Figure 5.10. How-
ever, it is faster than the expected thermally activated thickening rate for a semi-
coherent interface calculated according to the model from Santofimia et al. [23],

𝑣 =
𝑑4𝑣D

𝑘𝑇
exp

(
− 𝑄

𝑅𝑇

)
Δ𝐺, (5.2)

where 𝑣 is the interface velocity, 𝑑 is the interatomic distance across the inter-
face, estimated as 0.255 nm, 𝑣D is the Debye frequency, taken as 6.15× 1013 s−1,
𝑘 is Boltzmann’s constant, 𝑇 is the temperature in kelvin, 𝑄 is the migration acti-
vation energy, estimated as 165 kJ mol−1 for a semicoherent interface based on
the measurement of de Knijf et al. [24] for an M/A interface or 140 kJ mol−1 for an
incoherent interface [25], 𝑅 is the universal gas constant, and Δ𝐺 is the driving
force.

The simulations in Figure 5.10 consider that thickening is controlled only by ei-
ther carbon diffusion or interface mobility. However, carbide precipitation might
affect the thickening of bainite plates by locally decreasing the carbon content of
austenite. At 280 ◦C, the carbon content in austenite in paraequilibrium with ce-
mentite for the steel used here is 0.05 wt.%. At this carbon content, the 𝑀S of the
austenite is estimated from Equation (5.1) to be 527 ◦C. Therefore, if cementite
nucleates at the B/A interface and locally depletes austenite of its carbon, it is
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Figure 5.10. Simulated (solid lines) and experimentally measured (markers) thickening
of a bainite plate. The carbon diffusion controlled simulation was performed using the
diffusion module of Thermo-Calc 2023a with databases TCFE12 and MOBFE7, considering
a flat bcc region of 1 nm, with 0.02 wt.% C, adjacent to a 1µm fcc region, with 1.24 wt.%
C, being isothermally held at 280 ◦C. The interface mobility controlled simulation was
performed using Equation (5.2), with 𝑄 = 140 kJ mol−1 for the incoherent interface and
𝑄 = 165 kJ mol−1 for the semicoherent interface. The experimental thickness was mea-
sured from the images shown in Figure 5.6a.

possible to have fast, martensite-like growth of bainite at such depleted regions.
The presence of carbides at the bainite/austenite interface was observed in the
micrograph in the inset of Figure 5.2f(i). A higher magnification image is shown in
Figure C.3.

Spanos et al. [26] already proposed that the thickening of bainite plates in
lower bainite is aided by cementite nucleation at the B/A interface, as illustrated
in a reprint of their sketch in Figure 5.11. They proposed that bainitic ferrite first
forms as a thin, elongated plate, free from carbides, and then cementite forms at
the B/A interface as regularly spaced discs, and that the bainite plate proceeds
to thicken in the space between the cementite particles. Although the formation
of carbides could not be detected in the experiments presented here, the growth
of bainitic ferrite shown in Figures 5.5 and 5.6 is similar to the sketch proposed
by Spanos et al. First, thin and elongated bainite plates were formed, and then
the plates gradually thickened.

Figure 5.11. Mechanism of lower bainite formation proposed by Spanos et al. [26].
Reproduced with permission from Springer Nature.
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The thickening assisted by carbide precipitation at the B/A interface might help
to explain the fine structure of low temperature carbide free bainitic steels [12].
By alloying the steel with silicon, carbide precipitation at the B/A interface is de-
layed or even suppressed. Therefore, the thickening of bainite plates might rely
on the thermally assisted interface movement of a semicoherent bcc/fcc inter-
face, which has very low mobility – especially at low temperatures –, as shown
in Figure 5.10. Additionally, carbon partitioning to the austenite gradually de-
creases the driving force for interface movement and consequently the velocity
of the interface.

Although the lengthening rate measured here agrees with the Thermo-Calc
simulations, the ones also measured in a hot stage TEM by Zhao et al. [9] and
Nutter et al. [10] do not. Zhao et al. measured a lengthening rate of 0.14µm s−1

for a Fe-0.43C-1.1Mn-1.4Si-0.9Cr-0.5Ni-0.1Mo steel at 305 ◦C, while Thermo-Calc
predicts only a 0.004µm s−1 lengthening rate. Nutter et al. found rates mostly
between 0.01 to 1µm s−1, with the highest measured rate at 30µm s−1 (which
is the detection limit in their experiment), while Thermo-Calc predicts a rate of
0.03µm s−1 nm/s for a Fe-0.3C-0.5Mn-1.5Si-0.1Mo steel at 300 ◦C.

A lengthening rate faster than permitted by carbon diffusion could possibly be
explained by growth with carbon supersaturation, such as in the model proposed
by Olson et al. [20] and the model proposed by Hillert [17, 27]. Both models,
although based on different assumptions, propose a smoother transition from a
diffusional process to a diffusionless process. According to both models, at lower
driving forces, a diffusional process close to local equilibrium is favored. As the
driving force increases, the bcc product (Widmanstätten ferrite or bainite) de-
viates from local equilibrium and is formed with higher carbon supersaturation.
At some point, when the driving force is high enough, a complete diffusionless
transformation is possible. Because of carbon supersaturation, the lengthening
rate can be higher than that predicted by considering local equilibrium at the
B/A interface. Dai et al. recently proposed a diffusion controlled growth model
that includes carbon supersaturation, but their model predicts that supersatura-
tion originates from a solute drag effect of carbon at the B/A interface, and thus
supersaturation leads to a lower growth rate than predicted by local equilibrium
[28].

In the experiments presented here, the driving force for a diffusionless transfor-
mation, calculated using Thermo-Calc, is 550 J mol−1. For Zhao et al., the driving
force is 1859 J mol−1; and for Nutter et al., it is between 1865 and 2297 J mol−1

(range given by the possible Mn evaporation). Therefore, in the present work,
the driving force is lower, and the lengthening rate is closer than that predicted
by local equilibrium. For Zhao et al. and Nutter et al., the driving force for dif-
fusionless transformation is higher, and bainite might have formed with carbon
supersaturation, and thus at a lengthening rate faster than predicted by local
equilibrium.
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5.6. Implications for the diffusionless-based model
In Chapters 2 and 3 of this dissertation, a model based on the diffusionless the-
ory of bainite formation was developed. In the present chapter, observation of
bainite growth by in situ TEM indicates that the growth of bainite is much closer
to the one predicted by carbon diffusion than to the fast, martensitic-like growth
predicted by the diffusionless theory. Therefore, it is important to discuss the
implications of the TEM observations for the model proposed in this thesis.

First, a few of the assumptions made when developing the model were con-
firmed by the TEM observations. All initial nucleation sites of bainite sheaves
could be traced to a martensite/austenite interface. In the absence of marten-
site, the model considers that the sheaves of bainite grow by the successive
nucleation of sub-units, rather than the constant growth of a single plate. Nucle-
ation of sub-units at the B/A interface was observed in the experiments of this
Chapter, and it could be an important aspect controlling the kinetics of bainite
formation.

The main point of disagreement between the model and the experiments pre-
sented here is the growth rate of the bainite sub-units. From a fundamental point
of view, the assumption made when developing the model was that the growth of
sub-units approaches that of martensite, which in turn may approach the speed
of sound. From a mathematical point of view, the assumption is that the growth
of sub-units to their final size is much faster than the time required for the nu-
cleation of new sub-units at the B/A interface, and thus, nucleation is the rate-
limiting factor in bainite formation. Both assumptions are contradicted by the
experiments presented here and by the ones from Zhao et al. and Nutter et al,
as all observations indicate that both the nucleation and the growth of bainite
sub-units happen at a similar time scale and are thus important to the overall
kinetics.

Based on the model’s outcome and validation, two main hypotheses were for-
mulated. The first hypothesis is that the difference in activation energy for bai-
nite nucleation at austenite grain boundaries and at bainite/austenite interfaces
controls the effect of prior austenite grain size on bainite formation kinetics.
The second hypothesis is that enough potential nucleation sites are created at
the martensite/austenite interface to account for most of the bainite nucleation
events. These two hypotheses do not rely on a diffusionless growth mechanism
and can still hold true even if the growth of sub-units is controlled by carbon
diffusion.

The model proposed in this thesis could be further improved by considering
the overall kinetics to depend on both the nucleation and the growth of bainite
sub-units. While the treatment of nucleation can be maintained as it is, a new
expression for the growth of sub-units is needed. The growth should include
not only lengthening but thickening. The lengthening rate of sub-units can be
estimated using diffusional models that include carbon supersaturation in the
bainitic ferrite, such as the models of Olson et al. [20] and Hillert [17, 27]. A
model for the thickening rate needs to include carbon diffusion in the austenite,
interface mobility, and possible carbide precipitation at the B/A interface. It is
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also important to consider the accumulation of stress and strain surrounding the
sub-units, which limits their size. Considering both the nucleation and growth
of bainite sub-units might make the problem too complex to be reduced into an
analytical model. Therefore, models that represent the microstructure evolution
in 2D or 3D, such as cellular automata and phase-field, might be more suitable.

5.7. Future experiments
The experiments in this Chapter were facilitated by choosing a steel with low
𝑀S that retains a large fraction of retained austenite after quenching to room
temperature. Using this approach, bainite formation could be observed in the
hot stage TEM by heating only to 280 ◦C. This avoids complications of heating
the sample at high temperatures inside the TEM, such as evaporation of high
vapor pressure elements, thickening of the specimen, and sample drift during
cooling. A high carbon steel was chosen, as carbon is the element that mostly
influences 𝑀S without having such a pronounced effect on the kinetics of bainite
formation. However, different compositions can be tested for different purposes.

Carbon, in addition to its effect on 𝑀S, increases the driving force for carbide
formation while decreasing the driving force for bcc formation, as Figure 5.12
shows. Therefore, by increasing the carbon content, the more carbide formation
might influence and change the morphology of bainite, such as by the formation
of inverse bainite [29].
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Figure 5.12. Driving force for cementite and bcc nucleation from austenite for the Fe-C
system at 280 ◦C calculated using Thermo-Calc.

To avoid carbide formation, the steel can be alloyed with silicon. A suitable
composition might be similar to that of nanobainitic carbide free steels, such
as the Fe-0.98C-1.46Si-1.89Mn-0.26Mo-1.26Cr steel studied by Garcia-Mateo et
al. [12], which has an 𝑀S of 120 ◦C. However, bainite formation in this steel
is extremely sluggish, and in situ experiments might become unpractical. The
composition might be adjusted by slightly increasing carbon content, to ensure a
low 𝑀S, and decreasing the content of manganese. Another suitable composition
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could be the Fe-1.07C-2.2Si-2.9Mn (𝑀S = 41 ◦C) steel that Toji et al. used to
analyze the effect of prior martensite on the formation of bainite [30].

Alloying the steel with silicon is an interesting strategy to study the effect of
carbide precipitation at the B/A interface on the thickening of bainite plates. If
carbide formation at the B/A interface assists plate thickening, as Spanos et al.
[26] proposed, then bainite plates in Si alloyed steels should thicken more slowly,
possibly at a rate controlled by the thermally activated interface migration from
Equation (5.2).

The experiments discussed so far involve quenching the steel to room temper-
ature outside the TEM (in the dilatometer, for instance) to start with a microstruc-
ture containing retained austenite and analyzing the decomposition of retained
austenite to bainite. However, it is also possible to austenitize the steel in the hot
stage TEM, as done by Nutter et al. [10]. To avoid the complications associated
with high temperatures, a few strategies can be used.

The first issue faced by Nutter was manganese evaporation. The bulk Mn con-
centration in the steel was 3 %, but after the high temperature experiments, it
was only 0.5 %. Manganese was added to the steel to ensure sufficient harden-
ability, as the cooling rate inside the TEM is limited (≈ 20 ◦C min−1). Better results
can be achieved by substituting manganese with other elements that also in-
crease the steel’s hardenability but that have a lower vapor pressure. Figure 5.13
shows that at 1000 ◦C, manganese has a vapor pressure five orders of magnitude
higher than that of iron and thus is more prone to evaporation. Chromium and
nickel have a similar vapor pressure as that of iron, and molybdenum has a much
lower vapor pressure than iron. Therefore, alloying the steel with Cr, Ni, and
Mo to ensure sufficient hardenability might be a better choice than alloying with
Mn, and might avoid problems related to evaporation at high temperatures. Both
carbon and silicon have a lower vapor pressure than iron [31, 32].
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Data from reference [33].

A second issue encountered by Nutter was the thickening of the thin foil by sur-
face diffusion of atoms from the thicker regions of the sample to the thinner re-
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gions of the sample. This thickening can be reduced by using a steel with a lower
austenitization temperature, which can be achieved by adjusting the carbon con-
tent to match the eutectoid point and by alloying with austenite-stabilizing el-
ements such as nickel. Nutter et al. used an austenitization temperature of
1000 ◦C in their experiments. If, instead, an austenitization temperature of 800 ◦C
were to be used, then the surface self-diffusion coefficient of iron would decrease
by 50 to 70 times for austenite and ferrite, respectively [34], which would greatly
slow down the thickening of the thin regions of the TEM specimen.

The third issue related to high temperature austenitization in the TEM is sam-
ple drift. Unfortunately, this issue cannot be solved by changing the chemical
composition of the specimen. However, if the steel has sufficient hardenability
and bainite formation is slow enough, there should be enough time to correct for
sample drift during cooling without missing the beginning of bainite formation.
Another important aspect that might improve the robustness of the results is to
use a double-tilt holder. In the present experiments, only a single-tilt holder was
available, and it was not possible to tilt the specimen to reveal microstructure
features (such as dislocations) or to study the orientation relationship between
bainite and austenite. Also, with a double tilt, it is possible to start the experi-
ment with the austenite at a strong diffracting angle to the beam, such that it
appears dark in the bright field image. Then, when bainite forms, there’ll be a
sharper contrast between bainite and austenite, which will allow a more accurate
measurement of the lengthening and thickening rates.

A double tilt can also help in observing the presence of carbides. In the exper-
iments presented here, no carbide formation could be detected. However, this
does not mean that carbides were not formed. The difficulty in detecting the
presence of carbides lies mostly in their small size and in analyzing the imaging
contrast inside the bainite plates. The holding time at 280 ◦C inside the TEM was
only about 10 min, and thus carbides are expected to be much smaller than the
ones shown in Figure 5.3b for a sample isothermally treated in the dilatometer at
280 ◦C for one hour. Also, a clear contrast in the image is to be expected only if
the radius of the disc-shaped carbides spans along the thickness of the sample.
Even so, with a double tilt holder, it might be possible to take better diffraction
patterns to investigate the presence of cementite particles inside bainite plates
and at the B/A interface.

A final aspect that needs to be mentioned is sample preparation. The best re-
sults are achieved by electropolishing at −40 ◦C . However, at this temperature,
the retained austenite might decompose into martensite. By electropolishing
at −15 ◦C, austenitic regions of the sample got thinner than martensitic regions
of the sample. A second possibility, which was not tested here, is to prepare
the samples by focused ion beam (FIB). This technique avoids cooling down the
sample and allows preparing the TEM sample from a selected region of the mi-
crostructure.
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5.8. Preliminary conclusions and future analysis
The experiments performed in this Chapter showed the decomposition of austen-
ite at 280 ◦C by in situ hot stage TEM. Based on the thermodynamic limits of
both diffusionless and diffusional theory, the product of this decomposition is ex-
pected to be bainite, and the morphology of the product formed is similar to that
of bainite. The bainitic reaction proceeded by the successive nucleation of plates
(also called sub-units), and the lengthening rate of such plates ranged from 20 to
55 nm s−1, which is consistent with the modified Zener-Hillert equation developed
by Leach et al. [3] for a carbon diffusion controlled lengthening of bainite plates.
The plates thickened continuously – at least until reaching an obstacle such as
another plate –, and the measured thickening rate was 1.6 nm s−1 for the plate
shown in Figure 5.6a. The observations are in line with the displacive-diffusional
theory of bainite formation.

A few more analyses can still be carried out with the data presented here.
For instance, in Figure 5.10, only purely diffusion controlled and interface con-
trolled thickening rates were calculated. However, a mixed mode can also be
calculated. The lengthening rate calculated using Thermo-Calc, which assumes
local equilibrium at the B/A interfaces, matched the rates observed in the present
experiments. However, it is interesting to also apply models that allow the super-
saturation of carbon in bainitic ferrite, such as the ones from Hillert [27] and from
Olson et al. [20], especially to analyze if they match the observations presented
here and also the lengthening rates measured by Zhao et al. and Nutter et al.,
which were faster than predicted by local equilibrium.

In the past 94 years, since the classical work of Davenport and Bain in 1930
[35], bainite has been widely discussed in the literature, and many models were
proposed to represent the morphology [36], crystallography [37], and kinetics
[3, 38] of bainite formation. It is worthwhile to revisit this literature and compare
the proposed mechanisms to the recent high-resolution observations of bainite
formation, such as the one presented here. Finally, it is also important to an-
alyze the differences between displacive transformations – such as bainite and
martensite – when they happen in the bulk and when they happen in thin films.
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T his dissertation presented an extensive analysis of different aspects of bai-
nite formation in steels. The first part of the thesis, which includes Chapters 2

and 3, presents a new kinetic model of bainite formation. The second part (Chap-
ter 4) presents the design of a third generation advanced high strength steel
that can be manufactured in existing continuous annealing lines. The last part
(Chapter 5) presents high resolution observations of bainite formation by in situ
transmission electron microscopy. The contributions of each part will be summa-
rized below and will be followed by recommendations for future work.

6.1. Modeling the kinetics of bainite formation
A new kinetic model of bainite formation was developed by independently cal-
culating site saturation for each type of nucleation site. Chapter 2 studied the
cases in which the possible nucleation sites are the austenite grain boundaries
(AGBs) and the bainite/austenite (B/A) interface. When the austenite grain size
is refined, it can either accelerate or decelerate the formation of bainite, de-
pending on the chemical composition of the steel and the temperature of bainite
formation. The model was able to reproduce both effects, and it showed that the
opposing effects might be controlled by the difference in activation energies at
the AGBs and B/A interfaces. In Chapter 3, the model was extended to the case
in which prior martensite is present, and it was possible to show, aided by the
model, that the accelerating effect of martensite is caused by the large number
of potential nucleation sites that are created at the martensite/austenite (M/A)
interface.

The main contribution, in terms of kinetic modeling, was introducing a max-
imum fraction of the transformation product that each type of nucleation site
can give rise to. Thus, the model developed here can be extended to cases in
which other types of potential nucleation sites for bainite are present, such as
ferrite/austenite interfaces and carbide/austenite interfaces. Also, the model is
not limited to bainite formation in steels. It can be applied to any type of trans-
formation in which different types of potential nucleation sites are present, and
after a nucleation event, the product of transformation can only grow to a limited
size, and thus each type of nucleation site has a limited fraction of the product
phase that it can give rise to.

One of the most important discoveries was that martensite/austenite interfaces
are the main site of bainite nucleation – given that enough martensite is present.
Thus, the hardenability of steels can be increased by segregation of elements
(such as boron) to the austenite grain boundaries without slowing down bainite
formation in the presence of martensite, as the new martensite/austenite inter-
faces created during quenching are free from segregation. By partially substitut-
ing elements added for hardenability – such as manganese, chromium, or nickel
– with boron, which is the most effective element for hardenability, the emission
of equivalent CO2 could be reduced by up to 200 kg per ton of steel [1], while
also reducing the costs of production and shortening the time for the formation
of bainite in the presence of martensite. This strategy – which can be called
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selective segregation, as austenite grain boundaries are enriched in boron, but
the new martensite/austenite interfaces are free from segregation – can possibly
be extended to other materials that undergo martensitic transformation, such as
titanium alloys.

6.2. Design of novel third generation advanced high
strength steels

Chapter 4 presented the design of a new family of third generation advanced high
strength steels. By careful alloy design to balance the hardenability and kinetics
of bainite formation and by taking advantage of the accelerating effect of prior
martensite on the kinetics of bainite formation, the steels developed can be man-
ufactured in existing modern continuous annealing lines, with bainite formation
realized under 300 s.

Five compositions, including the reference composition Fe-0.24C-2.3Mn-1.5Si
(wt.%), achieved an ultimate tensile strength higher than 1370 MPa and ten-
sile elongation higher than 5 %, which meets the requirements of steel grade
CR1000Y1370UTS-CH of VDA’s (German Association of the Automotive Industry)
most recent standard for high strength sheet steels [2]. The isothermal bainite
formation, designed for the overaging section of continuous annealing lines, was
carried out at approximately 20 ◦C below the martensite start temperature (𝑀S)
of the steels for 300 s. This proposed heat treatment, called BAM (bainite accel-
erated by martensite), yields higher ultimate tensile strength than conventional
bainite formation above 𝑀S, as bainite laths are finer when formed at lower tem-
peratures.

6.3. in situ high resolution observation of bainite
formation

In Chapter 5, bainite formation was observed by in situ transmission electron
microscopy (TEM). To avoid the difficulties associated with heating the sample to
high temperatures in the TEM – such as foil thickening, evaporation of elements,
and sample drift during cooling [3] –, a steel with low 𝑀S (≈ 125 ◦C) was used, so
that some austenite is retained at room temperature after quenching. The only
step performed inside the TEM was heating the quenched steel, which consisted
of a martensitic-austenitic microstructure, to 280 ◦C for the retained austenite
to decompose into bainite, thus circumventing the difficulties associated with
heating to high temperatures inside the TEM.

The formation and growth of individual bainite plates could be observed in high
resolution. The lengthening rates closely matched the expected rate, according
to the modified Zener-Hillert model [4], for a process controlled by carbon dif-
fusion. Therefore, the results presented in Chapter 5 directly contradict one of
the assumptions made when developing the model in Chapters 2 and 3, which is
that plates of bainite grow much faster than is allowed by carbon diffusion and
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are thus initially supersaturated in carbon. While this may have major implica-
tions in the model, and the growth rate of individual bainite plates might need
to be included in the model to better capture the kinetics of bainite formation,
it does not contradict the most important insights drawn from the model, which
were related to the nucleation sites of bainite and not to the growth of individual
plates.

In addition to showing that the highest resolution in situ observations of bainite
formation match the diffusional theory better than the diffusionless one, Chap-
ter 5 also discusses ideas and setups for new in situ TEM experiments. The com-
parison between such proposed experiments and the diffusional and diffusion-
less theories of bainite formation might yield key contributions to unraveling the
widely discussed mechanism of bainite formation.

6.4. Recommendation for future works
Segregation of alloying elements to austenite grain boundaries and the effect of
prior austenite grain size

In Chapter 2, it was proposed that the difference in activation energy for bainite
nucleation at AGBs and B/A interfaces is one of the key factors controlling the ef-
fect of prior austenite grain size (PAGS) on bainite formation kinetics. This propo-
sition can be tested using steels that contain alloying elements that strongly seg-
regate to AGBs, such as boron. The results in Figure 3.10 indicate that boron
influences the kinetics of bainite formation by changing the activation energy of
bainite nucleation at AGBs. Therefore, steels that differ in chemical composition
only by their boron content (such as steels 3B and 17B in Chapter 3) can be used
to directly study the influence of the activation energy for bainite nucleation at
AGBs on the effect of PAGS on bainite formation kinetics.

Since the boron content is usually in the range of a few ppm, it is not expected
that boron will affect the average driving force for bainite nucleation and the yield
strength of austenite, and therefore it is also interesting to study how the bainite
plate thickness varies as a function of PAGS in steels with different boron content.
This study might help to correlate the plate thickness with the kinetics of bainite
formation and to clarify if, for instance, faster bainite formation results in more
impingement events that limit the thickening of bainite plates.

The austenitization step in such experiments need extra consideration. PAGS
is usually controlled by the austenitization temperature. However, the austeniti-
zation temperature also controls the equilibrium content of alloying elements at
AGBs [5]. It might be a good practice to, after austenitization at any given tem-
perature, have an isothermal holding step slightly above Ae3 to ensure the same
content of alloying elements segregated to AGBs in all samples.

Autocatalysis in martensite formation

Figure 3.12 showed that the rate of martensite formation per fraction of austen-
ite available is not constant throughout martensite formation, as assumed by
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Koistinen-Marburger’s (KM) equation [6] and as proposed by Magee in the deriva-
tion of KM’s equation [7]. It has been proposed that the increase in martensite
formation rate could be because of chemical inhomogeneities in the material [8].
It could also be proposed that is an artifact of measurement because of the ther-
mal gradients present in dilatometry samples (Figure 3.8). However, we also
analyzed martensite formation in situ by synchrotron X-ray diffraction (XRD) –
experiments which were not included in this dissertaion – in samples that were
homogenized at 1250 ◦C for 48 h. The size of the X-ray beam was 1 × 1 mm2 and
directed at the center of the specimen, which avoids the thermal gradient, while
the homogenization treatment avoids (or at least minimizes) the chemical inho-
mogeneity. Even so, a similar curve to that of Figure 3.12 was observed. There-
fore, this phenomenon is intrinsic to martensite formation, and not an artifact of
measurement.

Models that consider autocatalysis in martensite have been proposed, such
as the one by Khan et al. [9] and Huyan et al. [10]. Both models introduce
a term proportional to the fraction of martensite when calculating the rate of
transformation to account for autocatalysis. Consequently, both models predict
that the rate of martensite formation per available fraction of austenite increases
linearly as a function of martensite fraction until the end of the transformation.
However, as Figure 3.12 shows, the rate first increases, reaches a maximum at
a fraction of 0.2 to 0.3, and then decreases. In Chapter 3 it is proposed that
autocatalysis is controlled by the area of M/A interface rather than the fraction
of martensite – Equation (3.24) –, which would explain the shape of the curve in
Figure 3.12.

It would be valuable to our understanding of martensite formation to develop
new kinetic models based on the assumption of autocatalysis dominated by
the area of M/A interfaces, as proposed on Equation (3.24). To make sure such
a model correctly captures autocatalysis, this new model should be validated
against curves of the rate of martensite formation per available fraction of
austenite rather than simply curves of martensite fraction as a function of tem-
perature. It is also important to verify if there are any pronounced competing
phenomena happening, such as bainite formation or carbon partitioning to the
austenite. For instance, in Figure 3.12, since bainite formation is fast (0.02 s−1)
and natural cooling in the dilatometer is used (< 20 ◦C s−1 when below 𝑀S), it
is possible that bainite formation has affected the results. This could be further
investigated by using different cooling rates – however, at the cost of introducing
larger thermal gradients in the samples.

The most difficult aspect in developing such a model might be choosing a
function to represent the evolution of the area of M/A interface as a function
of martensite fraction. Such a function could be derived from experiments, geo-
metrical analysis, or 2D and 3D simulations of microstructure evolution.

Analyzing the autocatalysis in martensite, as proposed here, could lead to the
development of more physically accurate models of martensite formation, with
possibly better predictive capabilities. It could also help to explain the effect of al-
loying elements on the kinetics of martensite formation, which are usually taken



6

138 6. Conclusion

into account in the empirical alpha parameter of the KM equation [11]. Also, since
autocatalysis in martensite formation might be linked to the accelerating of bai-
nite formation, a better understanding of autocatalysis in martensite could help
to better understand this accelerating effect. In turn, this might aid the design of
even shorter and more energy efficient heat treatments for bainite formation.

In situ observation of bainite by TEM

A few ideas for future work using in situ TEM were discussed in Section 5.7. How-
ever, given the potential of these experiments to clarify the role of carbon dif-
fusion during the growth of bainite laths (diffusional and diffusionless theory of
bainite formation, Figure 5.1), a few ideas are given here:

- Observe bainite formation in steels alloyed with silicon, preferentially with
a chemical composition close to that of nanobainitic steels [12], in which
fine laths of bainite (< 0.1 µm) are separated by films of retained austenite.
If the same fine microstructure is observed forming in situ in the TEM, it
is a piece of evidence that the mechanism of bainite transformation in the
thin foil is similar to that of bulk, and it will help to elucidate the effect of
carbides on the thickening of bainite laths.

- Observe martensite formation in situ in the TEM. This will require using a
steel alloyed with elements that increase the hardenability and that have a
low vapor pressure. Comparing the temperature of martensite formation to
that of bulk samples can clarify what is the effect of using a thin foil on the
energy barrier for a displacive transformation.

- Using a double tilt holder to better observe dislocations, carbides, and ori-
entation relationships. If a double tilt holder is not available, it is possible
to interrupt bainite formation by turning off the heating stage when a lath
of bainite is growing. Then, the sample can be transported to a double tilt
holder. This type of experiment with interrupted bainite formation also al-
lows to analyze a snapshot of the transformation. Then, it is possible to
analyze the presence of carbides at the interfaces, the character of the in-
terface, and possibly the carbon distribution around and within the bainite
lath. However, the interrupted treatment requires that no transformation
or interface movement happens during cooling.

Combining nucleation-based models with diffusional growth

In Chapters 2 and 3, a kinetic model of bainite formation based on the nucle-
ation rate was proposed. The assumption that nucleation of bainite laths is the
rate-controlling factor in bainite formation comes from the diffusionless theory.
However, considering the diffusional theory, both the nucleation and growth of
laths could control the overall kinetics. Therefore, it is interesting to modify the
model proposed in Chapters 2 and 3 to include the growth of individual laths. If
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the nucleation of the laths is considered to take place by the dissociation of dis-
locations, then the equations for the nucleation rate in the model proposed here
do not need to be modified.

Nucleation of bainite

The model proposed in Chapters 2 and 3 considers that bainite nucleates by a
mechanism similar to that of martensite, with the main difference being that
carbon diffusion takes place during bainite nucleation and that the dissociation of
dislocations is aided by thermal activation in the case of bainite. This assumption
is shared by other kinetic models that adopt the diffusionless theory of bainite
formation [13–16] – even though the diffusionless growth and the nucleation by
dissociation of dislocations are not necessarily linked. However, as discussed in
Chapter 2, the direct correspondence of martensite and bainite nucleation raises
a few questions.

First, bainite sheaves are often observed to nucleate at austenite grain bound-
aries. Conversely, there is evidence that martensite nucleates inside austenite
grains. This evidence is mainly from works, such as the one of Magee [17], us-
ing small Fe-Ni particles. In these experiments, micrometric and submicrometric
particles that were fully austenitic at room temperature were cooled down to be-
low room temperature to form isothermal martensite. By correlating number of
particles in which any fraction of martensite was formed to the size of such parti-
cles, it is possible to estimate the density of initially present potential nucleation
sites. As this number scales with the volume of the particle, it was concluded that
nucleation sites are present in the volume – that is, inside the austenite grains
– rather than at austenite grain boundaries or at the surface of the particles. A
similar experiment with bainite would be interesting and might allow to better
compare the nucleation of bainite to that of martensite. It would be necessary
to use a steel that is still austenitic at room temperature and can transform to
bainite upon heating.

A second question that can be raised is how the mechanism of nucleation by
dissociation of dislocations leads to the observation that bainite sheafs mostly nu-
cleate at austenite grain boundaries. It is not clear if this is because the density of
dislocations is higher close to austenite grain boundaries, or if bainite nucleates
from dislocations or disconnections at the grain boundaries. As it is extremely dif-
ficult to observe nucleation experimentally, this question might be better tackled
by theoretical analysis, atomistic simulations, or carefully designed experiments
to control the distribution of dislocations within the austenite grains.
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A
Appendix to Chapter 2

A.1. Effect of carbon enrichment
The theoretical analysis in Sections 2.3.1 and 2.3.2 considered that no carbon
enrichment of the austenite took place (𝑋b = 𝑋). To study the influence of car-
bon enrichment on the effect of the prior austenite grain size, we repeated the
simulations shown in Figures 2.2 to 2.4 but considered different levels of carbon
enrichment of the austenite. The results are shown in Figures A.1 to A.3 and indi-
cate that the carbon enrichment of austenite has no noticeable influence on the
effect of the prior austenite grain size on bainite formation kinetics.

A.2. Ratio 𝑓BA/ 𝑓AGB at the end of the transformation
Figure 2.4e and Figure A.3e show that according to the model developed in the
present work, the ratio of autocatalytically nucleated bainite to grain boundary
nucleated bainite at the end of the transformation ( 𝑓BA/ 𝑓AGB) is a linear function
of the prior austenite grain size. Such a relationship can be derived from the
following reasoning.

First, we consider that the total fraction of bainite nucleated at prior austenite
grain boundaries at the end of the transformation is proportional to the interface
area of those boundaries, 𝑆AGB. Since the interface area 𝑆AGB is inversely propor-
tional to the prior austenite grain size, 𝑑γ [1], we arrive at the proportionality in
Equation (A.1).

𝑓AGB,final ∝ 𝑆AGB ∝ 1
𝑑γ
, (A.1)

where 𝑓AGB,final refers to the fraction of bainite nucleated at prior austenite grain
boundaries at the end of the transformation. Because of the proportionality,
𝑓AGB,final can be written as

𝑓AGB,final =
𝑘

𝑑γ
, (A.2)

where 𝑘 is a proportionality constant.
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Figure A.1. Simulated kinetics of bainite formation considering the same parameters
used in Figure 2.2, but 𝑋 = 0.02283 (equivalent to 0.5 wt.%), 𝑋b = 0.8𝑋, 𝑇 ′0 = 400 ◦C, and
𝐶2 = 7500 K/at.fr.

The ratio 𝑓BA/ 𝑓AGB at the end of the transformation can be written as

𝑓BA,final

𝑓AGB,final
=
𝑓final − 𝑓AGB,final

𝑓AGB,final
, (A.3)

where 𝑓final is the total fraction of bainite at the end of the transformation and
𝑓BA,final is the fraction of autocatalytically nucleated bainite at the end of the
transformation. Substituting Equation (A.2) in Equation (A.3),

𝑓BA,final

𝑓AGB,final
=
𝑓final

𝑘
𝑑γ − 1, (A.4)

which is the linear relationship seen in Figure 2.4e and Figure A.3e.
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Figure A.2. Simulated kinetics of bainite formation considering the same parameters
used in Figure 2.3, but 𝑋 = 0.02283 (equivalent to 0.5 wt.%), 𝑋b = 0.8𝑋, 𝑇 ′0 = 400 ◦C, and
𝐶2 = 7500 K/at.fr.

A.3. Uncertainty in estimating the activation energies
for bainite nucleation

The uncertainty in the estimated values of the activation energies is calculated
by taking into account the uncertainty associated with the fitting procedure itself,
𝜎𝑄,fit, and with the uncertainty in the input parameters of the model, 𝜎𝑄,input. The
uncertainty 𝜎𝑄,fit is calculated automatically by Lmfit [2] and was, in all cases,
smaller than 0.1 kJ mol−1.

To calculate the uncertainty related to the input parameters, we considered a
10 % uncertainty in the values of the prior austenite grain size, 𝑑γ , 10 % uncer-
tainty in the bainite plate thickness, 𝑢T, and 50 % uncertainty in the bainite plate
aspect ratio, 𝑢AR. Then, we varied 𝑑γ , 𝑢T, and 𝑢AR within their uncertainty range
and refitted the model to the experimental data to get new values of 𝑄AGB𝑋

and
𝑄BA𝑋.
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1200

1200

Figure A.3. Simulated kinetics of bainite formation considering the same parameters
used in Figure 2.4, but 𝑋 = 0.02283 (equivalent to 0.5 wt.%), 𝑋b = 0.8𝑋, 𝑇 ′0 = 400 ◦C, and
𝐶2 = 7500 K/at.fr.

Figure A.4 shows such a procedure and the range of values of activation en-
ergies found for steel B isothermally treated at 370 °C. The estimated activa-
tion energy, 𝑄, depends on the estimated value of the input parameters (𝑄 =
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Figure A.4. Activation energies for bainite nucleation extracted from fitting as a function
of the assumed values of a. prior austenite grain size, 𝑑γ , b. thickness of the bainite sub-
unit, 𝑢T, and c. aspect ratio of the bainite sub-unit, 𝑢AR, for isothermal bainite formation
in steel B treated at 370 ◦C.

The uncertainties in 𝑄 induced by the uncertainty in each input parameter are
calculated as

𝜎𝑄,𝑖 =
max

{
𝑄 (𝑖)

}
− min

{
𝑄 (𝑖)

}
2

(A.5)

where 𝑖 can be 𝑑γ , 𝑢T, or 𝑢AR and 𝑄 can be 𝑄AGB𝑋
, 𝑄BA𝑋, or Δ𝑄. Finally, the



A

148 A. Appendix to Chapter 2

total uncertainty 𝑄 is given by the Pythagorean sum of all uncertainties, that is

𝜎𝑄 =

√︃
𝜎𝑄,fit2 + 𝜎𝑄,𝑑γ

2 + 𝜎𝑄,𝑢T
2 + 𝜎𝑄,𝑢AR

2. (A.6)

The uncertainties calculated from Equations (A.5) and (A.6) are displayed in Ta-
ble A.1. The largest source of uncertainty in the estimation of activation energies
is the uncertainty in the aspect ratio of the bainite sub-unit, 𝑢AR.

Table A.1. Uncertainty in the activation energies for bainite nucleation in steel B treated
at 370 ◦C.

𝜎𝑄,fit 𝜎𝑄,𝑑γ
𝜎𝑄,𝑢T 𝜎𝑄,𝑢AR 𝜎𝑄

kJ mol−1 kJ mol−1 kJ mol−1 kJ mol−1 kJ mol−1

𝑄AGB𝑋
0.1 0.9 2.0 9.3 9.6

𝑄BA𝑋 0.1 0.0 1.0 2.5 2.7
Δ𝑄 0.1 0.9 0.9 7.1 7.2
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Table B.1. Mechanical properties of the steels heat treated in the CASim. The value
presented is the mean of two tests, and the error is the average absolute deviation from
the mean.

Heat
treatment

Steel YS (MPa) UTS (MPa) TE (%) HEC (%)

BAM Ref 1069 ± 11 1413 ± 5 9.5 ± 1.0 36 ± 4
(600 s) 0.6Si 1089 ± 8 1314 ± 15 5.5 ± 0.1 58 ± 2

1.0Si 1059 ± 4 1355 ± 20 8.7 ± 0.5 37 ± 1
0.02Nb 1063 ± 8 1366 ± 12 7.5 ± 0.2 31 ± 4
1.7Mn-0.6Cr 1089 ± 2 1391 ± 2 8.5 ± 1.0 31 ± 1
1.7Mn-0.6Cr-
0.2Mo

1083 ± 6 1380 ± 2 10.4 ± 0.5 29 ± 4

0.27C-1.7Mn-
0.6Cr

1105 ± 15 1452 ± 17 7.9 ± 0.3 33 ± 4

0.30C-1.7Mn-
0.6Cr

1106 ± 9 1573 ± 15 7.8 ± 0.6 26 ± 3

BAM Ref 1026 1427 9.0 32
(300 s) 0.6Si 1077 1390 8.1 40

1.0Si 1018 1414 8.0 37
0.02Nb 933 1394 9.6 25
1.7Mn-0.6Cr 1039 1396 9.2 33
1.7Mn-0.6Cr-
0.2Mo

1018 1382 9.9 33

0.27C-1.7Mn-
0.6Cr

1103 1541 9.2 19

0.30C-1.7Mn-
0.6Cr

966 1669 8.5 19

TBF Ref 813 ± 58 1177 ± 26 11.6 ± 1.8 24 ± 1

Continued on next page
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Table B.1. (Continued)

Heat
treatment

Steel YS (MPa) UTS (MPa) TE (%) HEC (%)

0.6Si 870 ± 23 1069 ± 31 7.2 ± 1.3 46 ± 1
1.0Si 803 ± 4 1071 ± 3 12.3 ± 0.3 30 ± 5
0.02Nb 853 ± 8 1154 ± 1 12.2 ± 0.9 28 ± 3
1.7Mn-0.6Cr 903 ± 13 1246 ± 2 12.1 ± 0.5 33 ± 10
1.7Mn-0.6Cr-
0.2Mo

938 ± 7 1278 ± 8 13.0 ± 0.7 28 ± 5

0.27C-1.7Mn-
0.6Cr

879 ± 20 1285 ± 2 14.0 ± 0.4 20 ± 1

0.30C-1.7Mn-
0.6Cr

778 ± 15 1325 ± 4 15.5 ± 0.3 16 ± 1

Q&P Ref 1061 ± 20 1231 ± 9 12.4 ± 1.2 42 ± 10
0.6Si 1108 ± 4 1205 ± 5 6.4 ± 0.7 70 ± 3
1.0Si 1091 ± 22 1218 ± 13 9.3 ± 0.7 46 ± 2
0.02Nb 1134 ± 15 1269 ± 9 11.3 ± 1.3 32 ± 1
1.7Mn-0.6Cr 1112 ± 16 1286 ± 8 11.3 ± 0.1 38 ± 2
1.7Mn-0.6Cr-
0.2Mo

1107 ± 15 1297 ± 12 12.1 ± 0.2 31 ± 4

0.27C-1.7Mn-
0.6Cr

1145 ± 2 1326 ± 5 11.6 ± 0.1 31 ± 3

0.30C-1.7Mn-
0.6Cr

1167 ± 27 1371 ± 15 13.4 ± 0.5 26 ± 4
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The full videos can be downloaded from:
https://doi.org/10.4121/6f40147a-d36f-4ef2-9b5e-950f35fba57a
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Figure C.1. Same as Figure 5.6, but without the lines and annotations (continues on the
next page)
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Figure C.1. Part 2 of the Figure (continued).
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Figure C.2. Same as Figure 5.8, but without the lines and annotations

Figure C.3. Magnified image of Figure 5.2f(i).



Ultra aequinoxialem non peccari.

Caspar Barlaeus, 1647

Não existe pecado do lado de baixo do equador
Vamos fazer um pecado rasgado, suado, a todo vapor

Chico Buarque and Ruy Guerra, 1973
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