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SUMMARY

Advanced high-strength steels (AHSS) are multiphase steels which provide higher strength

with good workability than conventional steels. They allow the manufacturing of lighter

vehicles while maintaining safety and performance. More than 60% of the total body

weight of modern-day automotive vehicles is made of AHSS and approximately half of

this share belongs to Dual-Phase (DP) steels. DP steels are thus an important class of

AHSS, which after their introduction in the 1970s, continue to be the mainstay of the

automotive industry even today with many questions regarding their properties still

unanswered. This work is an attempt to model the accommodation of the martensitic

phase transformation strains by ferritic matrix in Dual-Phase (DP) steels and is a step

toward better understanding and prediction of the mechanical behaviour of DP steels.

This thesis begins with Chapter 1 presenting a brief history of steel development and

elucidates how the work presented in this PhD thesis fits in the overall steel research

& development parlance. The microstructure of DP steels consists of hard martensite

embedded in a soft ferritic matrix. The martensite results from the phase transformation

of austenite upon rapid cooling. The volume increase and shape change associated with

this phase transformation is majorly accommodated in the DP microstructure by the

deformation of the soft ferritic matrix surrounding the newly formed martensite. This

transformation-induced deformation of ferrite influences the local properties of ferrite

and thus the global mechanical behaviour of DP steels.

Chapter 2 presents a critical review of the experimental and modelling techniques em-

ployed in previous works to study the transformation-induced deformation of ferrite. Al-

though research articles highlighting the significant influence of transformation-induced

deformation of ferrite on the global mechanical properties of DP steels appeared in the

literature as early as the 1970s, till date there does not exist a model which accurately

predicts the extent of local transformation-induced deformation of ferrite. Direct ex-

perimental measurements of transformation-induced deformation of ferrite are made

difficult by the fact that martensite has a complex hierarchical microstructure resulting

from the progressive formation of several structural sub-units (called laths) oriented

differently in space. Moreover, martensitic transformation is displacive and proceeds at

the speed of sound. Hence it is difficult to capture the deformation of ferrite caused by

individual sub-units of martensite microstructure.

Several attempts have been made in the past to model the transformation-induced de-

formation of ferrite. The analytical models usually assumed martensite morphology to

9



10 SUMMARY

be spherical and phase-transformation deformation to consist of only isotropic volu-

metric expansion. Since real-life microstructures consist of complex morphologies and

martensitic phase-transformation strain is anisotropic, the existing analytical models

are not suitable for the accurate prediction of transformation-induced deformation of

ferrite. More recently, numerical models were employed to simulate the transformation-

induced deformation of ferrite. However, the shear component of martensitic phase

transformation strain was not considered in the simulations, thus possibly resulting in

an underestimation of the transformation-induced deformation of ferrite. Despite the

limitations and the assumptions involved, these modelling studies provided sufficient

proof that transformation-induced deformation of ferrite significantly affects the global

mechanical behaviour of DP steels.

The transformation-induced deformation of ferrite is expected to vary as per the local mi-

crostructural characteristics of DP steel. Therefore, accurate modelling of transformation-

induced deformation of ferrite is only possible if the local crystallographic, morphological

and compositional characteristics of the microstructure and their evolution are known.

For this, a Cellular-Automata-based microstructure evolution model is used for generat-

ing virtual DP microstructures. The model can track the aforementioned characteristics.

The plastically deformed ferrite regions were introduced as dislocations-rich regions

(called interphase layer) of strain hardened ferrite at ferrite/martensite interfaces. The

uniaxial tensile test response of the virtual microstructure was simulated using a crystal

plasticity-based micromechanical simulation package. The combined microstructure

evolution and micromechanics modelling framework is presented in Chapter 3.

Despite the modelling capability, the challenge remained to ascertain the extent of

transformation-induced deformation of ferrite and the mechanisms explaining how it is

influenced by local microstructural characteristics. This is addressed in Chapter 4, which

discusses the findings of an electron backscatter diffraction (EBSD) experiments-based

study, which was performed with a focus on investigating the relationship between the

crystallographic orientations of ferrite and martensite, and the transformation-induced

deformation of ferrite.

It was found that the transformation-induced deformation observed in ferrite grains can

be distinguished as either a type I long-range (LR) deformation that spans most of the

ferrite grain, or a type II short-range (SR) deformation in the form of a deformed ferrite

region adjacent to the ferrite/martensite phase boundary. When prior austenite grain

size (PAGS) is small, austenite may transform into a martensitic variant having a (110)

close-packed plane-parallel (CPPP) relationship with neighbouring ferrite. This enables

effective relaxation of transformation stresses by relatively easy deformation of ferrite via

slip transmission and results in type I LR deformation. Type II SR deformation appears to

be governed mostly by carbon content and degree of self-accommodation in martensite.

This clearly showed that crystallographic orientations of ferrite and martensite variants

play an important role in determining the extent of transformation-induced deformation
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of ferrite.

Generally, the PAGS in DP steel microstructures is relatively small. Therefore, not all

twenty-four martensite variants form out of a prior austenite grain (PAG). The modelling

assumption that the martensitic transformation strain only involves isotropic dilatation,

does not remain reasonable enough in the case of such small PAGS. The assumption of

isotropic dilatation would imply that the shear deformation associated with the formation

of martensitic variants, oriented differently in space, cancels each other out leaving only

the unidirectional dilatation part for consideration in modelling studies. However, in the

case of DP steels, the small prior austenite grain size (PAGS) allows only the formation of

a few martensitic variants. This can be expected to result in sizeable shear strains which

can not be neglected.

In Chapter 5, the disadvantages of simplifying the anisotropic transformation strain to

isotropic dilatation are explained using a novel methodology comprising sequential ex-

perimental and numerical research on DP steels. This methodology combines the results

of PAG reconstruction, phenomenological theory of martensite crystallography and elec-

tron backscatter diffraction orientation data to estimate variant-specific transformation

deformation. Subsequently, the results of full-field micromechanical calculations on a

virtual DP steel microstructure are compared with experimental EBSD kernel average

misorientation and geometrically necessary dislocation measurement results. It is shown

that neglecting the shear deformation associated with the martensitic transformation

leads to significant underestimation in the prediction of transformation-induced strains

in ferrite.

Chapter 6 investigates the influence of self-accommodation by martensite variant forma-

tion on transformation-induced deformation of ferrite via micromechanical modelling

and verified using published EBSD experimental data. The results of the calculations

revealed that the average von-Mises equivalent strain in ferrite decreases as more and

more variants form from a PAG and reaches a minimum when all twenty-four variants

form. An increase in the number of variants leads to a more localised strain field in ferrite.

This is because of a decrease in the effective shear magnitude of the PAG, which cancels

out completely when all twenty-four variants are formed.

Finally, Chapter 7 presents the key takeaways from the study. Possible applications of this

study are also discussed and future research paths are suggested. This PhD thesis provides

fresh perspectives to bridge the gaps in our understanding of transformation-induced

deformation of ferrite. The scientific findings can be used for developing predictive tools

for studying the mechanical behaviour of not only DP steels but any multiphase steels

which exhibit plastic accommodation and residual stresses in their microstructure due to

martensitic phase transformation.





SAMENVATTING

Geavanceerd hoge sterkte staal (AHSS) bestaat uit meerdere fases die samen sterker

en beter vervormbaar zijn dan conventioneel staal. Dit staat de productie van lichtere

voertuigen toe, terwijl de veiligheid en prestatie zijn gewaarborgd. Meer dan 60% van het

totale gewicht van moderne voertuigen bestaat uit AHSS en ongeveer de helft daarvan is

twee fase staal (DP). DP staal is dus een belangrijke groep binnen AHSS, die sinds zijn

introductie in de jaren ’70 nog steeds de hoeksteen van de automobielindustrie vormt.

Er zijn nog steeds veel onbeantwoorde vragen over de eigenschappen van DP staal. Dit

werk is een poging om de accommodatie in een ferritische matrix van de vervorming door

de martensitische transformatie te modelleren. Daarnaast is dit werk een stap richting

verdieping in kennis over en voorspelling van het mechanische gedrag van DP staal.

Dit proefschrift begint met hoofdstuk 1, dat een korte geschiedenis van de ontwikkeling

van staal geeft. Daarnaast wordt verduidelijkt hoe dit proefschrift past in de algemene

wetenschappelijk discussie met betrekking tot onderzoek en ontwikkelingen op het ge-

bied van staal. De microstructuur van DP bestaat uit hard martensiet ingebed in een

zachte ferritische matrix. Martensiet is het resultaat van een faseovergang van auste-

niet na snelle afkoeling. De volume-toename en vormverandering die daarbij horen,

worden grotendeels geaccommodeerd in de DP microstructuur door de vervorming van

de zachte ferritische matrix rondom nieuw gevormd martensiet. Deze door de trans-

formatie veroorzaakte rekken in ferriet beïnvloeden lokale eigenschappen en dus het

geobserveerde mechanische gedrag van DP staal.

Hoofdstuk 2 presenteert een kritisch overzicht van de experimentele en modelleer tech-

nieken in eerdere werken door de transformatie veroorzaakte rekken in ferriet bestuderen.

Hoewel de eerste literatuur waarin het belang van de invloed van transformatie veroorza-

akte rekken op de geobserveerde mechanische eigenschappen van DP beschreven wordt

al in de jaren ‘70 verscheen, bestaat er tot nu toe geen model dat de omvang van lokale

transformatie veroorzaakte rekken in ferriet nauwkeurig voorspelt. Directe experimentele

meting van transformatie veroorzaakte rekken in ferriet wordt bemoeilijkt door het feit dat

martensiet een complexe, hiërarchische microstructuur heeft. Dit is het resultaat van de

progressieve vorming van verschillende structurele subeenheden (”laths” genaamd) met

een variërende globale morfologie. Bovendien voltrekt de martensitische transformatie

zich met de snelheid van het geluid. Het is daarom moeilijk om de rekken in het ferriet

door individuele martensitische eenheden te observeren.

Er zijn verschillende pogingen gedaan om de transformatie veroorzaakte vervorming
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14 SAMENVATTING

van ferriet te modelleren. Analytische modellen nemen gewoonlijk aan dat martensiet

bolvormig is en de fasetransformatie alleen bestaat uit isotrope expansie. Omdat de

microstructuur in de werkelijkheid complexe morfologieën bevat en de martensitische

transformatie rek anisotropisch is, zijn de bestaande analytische modellen niet geschikt

voor de nauwkeurige voorspelling van de transformatie veroorzaakte rekken in ferriet.

Recenter worden numerieke modellen ingezet om de transformatie veroorzaakte rekken

in ferriet te simuleren. Echter, de afschuifcomponent van de martensitische transformatie

rek wordt in deze simulaties niet betracht. Dit leidt mogelijk tot onderschatting van de

transformatie veroorzaakte vervorming van ferriet. Desondanks hebben deze studies

voldoende bewijs geleverd dat de transformatie veroorzaakte rekken in ferriet merkbaar

invloed hebben op het geobserveerde mechanische gedrag van DP staal.

De vervorming van ferriet veroorzaakt door transformaties kan afhangen van de plaatseli-

jke microstructuur eigenschappen van DP staal. Daarom is het nauwkeurig modelleren

van de vervorming in ferriet door deze transformatie alleen mogelijk als de plaatselijke

kristalstructuur, korrelvorm en samenstelling van de microstructuur, en hun evolutie bek-

end is. Daarom wordt een “Cellular-Automata” model van de evolutie van de microstruc-

tuur gebruikt om synthetische microstructuren van DP staal te genereren. Het model

beschrijft de evolutie van de voorgenoemde microstructuur kenmerken. De plastisch ver-

vormde regio’s in ferriet worden geïntroduceerd als dislocatierijke lagen (’fasegrensvlak la-

gen’ genaamd) van verhard ferriet op de ferriet/martensiet grensvlakken. Enkele richtings-

trekproeven van de virtuele microstructuren zijn gesimuleerd met behulp van een op

”crystal plasticity”-gebaseerd micromechanicsa simulatiepakket. Het gecombineerde

raamwerk voor microstructuur evolutie en micromechanicamodel beschrijving wordt

gepresenteerd in hoofdstuk 3.

Ondanks alles wat modellen kunnen blijft het een uitdaging om de omvang van transformatie-

geïnduceerde rek van ferriet vast te stellen. Daarnaast moeten de verantwoordelijke

mechanismes, en hoe deze beïnvloed worden door lokale microstructuur kenmerken,

bepaald worden. Dit wordt behandeld in hoofdstuk 4 dat de bevindingen bespreekt van

een onderzoek door middel van ”electron backscatter diffraction” (EBSD) experimenten.

Het onderzoeksdoel is om de relatie tussen de kristal oriëntatie van ferriet en martensiet,

en de transformatie-geïnduceerde rek in ferriet te onderzoeken.

Het is gebleken dat de transformatie-geïnduceerde vervorming gemeten in ferritische

korrels kan worden gecategoriseerd in: type I lange-afstand (LR) vervorming die het

grootste deel van het ferriet korrel bestrijkt; of, type II korte-afstand (SR) vervorming in

de vorm van een vervormd ferriet volume aan het ferriet/martensiet grensvlak. Wanneer

de initiële austenitische korrelgrootte (PAGS) klein is, kan austeniet transformeren in

een martensitische variant met een (110) “parallelle dicht gestapelde vlakken” (CPPP)

relatie met naburig ferriet. Hierdoor kan een directe transformatiespanningsreductie

gerealiseerd worden door relatief makkelijke ferriet deformatie geïnduceerd door slip

overdracht. Dit resulteert in type I LR vervorming. Type II SR vervorming hangt vooral af
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van het koolstofgehalte en de mate van zelfaccommodatie in martensiet. Dit laat duidelijk

zien dat de kristal oriëntatie van ferriet- en martensiet varianten een belangrijke rol spelen

bij het bepalen van het bereik van de transformatie-geïnduceerde rekken in ferriet.

Over het algemeen zijn PAGSs in DP staal relatief klein. Daarom vormen niet alle vieren-

twintig martensiet varianten zich uit een initiële austenitische korrel (PAG). De mode-

laanname dat de martensitische transformatie rekken alleen uit isotrope expansie bestaat

is onredelijk in kleine PAGS. De aanname van isotrope expansie zou betekenen dat de

afschuivingen die samenhangen met de vorming van de martensiet varianten met ver-

schillende oriëntaties, elkaar opheffen. Alleen expansie is dan van belang in model studies.

Maar bij DP staal staat de kleine PAGS slechts de vorming van enkele varianten toe. Het is

te verwachten dat dit resulteert in aanmerkelijke afschuiving die niet veronachtzaamd

mag worden.

Hoofdstuk 5 beschrijft de beperking van het vereenvoudigen van de anisotrope transfor-

matie tot isotrope uitzetting met behulp van een nieuwe methodologie. Deze methodolo-

gie bestaat uit experimenteel en opvolgend numeriek onderzoek in DP staal. Dit com-

bineert de resultaten van PAG-reconstructie, fenomenologische theorie van martensiet

kristallografie en oriëntaties uit EBSD metingen om de variant-specifieke transformatie

rekken te schatten. Vervolgens worden de resultaten van ”full-field” micromechanische

berekeningen op een virtuele DP microstructuur vergeleken met experimentele EBSD

misorientatie en geometrische dislocatie metingen. Hieruit blijkt dat het niet in acht

nemen van de afschuiving, geassocieerd met de martensitische transformatie, leidt tot

een aanmerkelijke onderschatting van de transformatie-geïnduceerde rekken in ferriet.

Hoofdstuk 6 onderzoekt de invloed van zelfaccommodatie via de vorming van martensiet

varianten op de rekken in ferriet door middel van een micromechanisch model. Deze

invloed is geverifieerd met gepubliceerde EBSD data. Uit berekeningen blijkt dat de

gemiddelde von-Mises equivalente rek in ferriet afneemt naarmate er meer varianten

uit een gegeven PAG ontstaan. De equivalente rek minimaliseert met alle vierentwintig

varianten. Een toename in het aantal varianten leidt tot meer lokale vorming van rek in

ferriet. Dit komt door een afname van de effectieve afschuiving in de PAG, die volledig

verdwijnt wanneer alle vierentwintig varianten zich vormen.

Tot slot presenteert hoofdstuk 7 de belangrijkste bevindingen van het onderzoek. Mo-

gelijke toepassingen worden besproken en toekomstige onderzoeksrichtingen worden

gesuggereerd. Dit proefschrift biedt nieuwe inzichten om de gaten in onze kennis van

de transformatie-geïnduceerde rekken in ferriet te overbruggen. De wetenschappeli-

jke bevindingen kunnen worden gebruikt om voorspelling te maken in studies van het

mechanische gedrag van niet alleen DP staal; maar ook in elke ander meer-fase staal dat

plastische accommodatie en residuele spanningen vertoont in diens microstructuur als

gevolg van de martensitische fasetransformatie.
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INTRODUCTION

Who really knows, and who can swear,

How creation came, when or where!

Even gods came after creation’s day,

Who really knows and who can truly say,

When and how did creation start?

Did He do it? Or did He not?

Only He, up there, knows, maybe;

Or perhaps, not even He.

-Rig Veda 10:129

“The task is ... not so much to see what no one has yet seen;

but to think what nobody has yet thought,

about that which everybody sees.”

-Erwin Schrodinger
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T he curiosity of humankind has known little bounds. Their relentless pursuit to gain

a greater understanding of nature has unravelled great discoveries over thousands

of years. Many of those discoveries were so revolutionary that they changed the course

of human history and form the bedrock of modern-day society. The story of steel, the

world’s most important engineering material, shares similar attributes. It was rather a

chance discovery by ancient blacksmiths, who found that iron hardens by absorbing

carbon when left in charcoal furnaces. Now in the 21st century, a relative of the same

carbon-containing iron, commonly called steel, finds utility in innumerable modern-day

applications.

The history of steel can be understood by tracing the evolution of iron usage in different

parts of the world. The use of wrought iron began in Mesopotamia and Anatolia in the 3rd

millennium BCE, marking the beginning of the iron age [1]. Wrought iron is almost pure

iron, malleable and tough. By the 8th century BCE, iron castings began to be produced

regularly in China [1]. Cast iron contains 2-4 wt.% carbon and is hard and brittle. In

southern India, an outstanding grade of steel called ‘wootz steel’ was first produced in the

4th century BCE and was used by middle-eastern blacksmiths to produce unprecedented

steel weaponry known as ‘Damascus steel’ [2]. Steel generally contains 0.2-2 wt.% of

carbon and has a superior combination of strength and ductility than both wrought and

cast iron.

Blast furnaces began to be used in Europe for large-scale production of cast iron in the

12th century CE [1]. However, the impetus for the mass production of steel came from

the invention of Bessemer’s process in 1856 [3]. Since then, the steelmaking process has

seen remarkable progress. The key feature of Bessemer’s and all subsequent steelmaking

processes is the removal of carbon and other elements by oxidation to obtain liquid iron

with desired composition [4]. With the immense diversity of microstructures that can be

produced, steel continues to meet the ever-increasing demands from several industries

utilising steel in a variety of applications.

The second half of the 20th century saw a rapid increase in the application-specific

microstructure design of steels. Most of the development was geared towards achieving

higher corrosion resistance, tensile strength, ductility and fracture toughness. Figure

1.1 shows the global formability diagram (2021) [5], popularly known as the ‘banana

diagram’, which classifies different steel grades depending upon their tensile strength and

percentage elongation (ductility) into the following categories: (i) Conventional steels (ii)

1st (iii) 2nd and (iv) 3rd generation of advanced high strength steels (AHSS).

Conventional steels primarily contain ferrite, with some pearlite present occasionally.

AHSS are multiphase steels containing one or more phases apart from ferrite, cementite

and pearlite. The development of AHSS was majorly fuelled by the automotive industry as

they provide much higher strength with good workability than conventional steel [6], thus

allowing the manufacturing of lighter vehicles while maintaining safety and performance.
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Figure 1.1: Global formability diagram 2021.

More than 60% of the total body weight of modern-day automotive vehicles is made of

AHSS, with more than 30% made of Dual-phase (DP) steels [7]. DP steels belong to the 1st

generation of AHSS [4], whereas the 2nd and 3rd generations of AHSS contain steel grades

such as twinning induced plasticity (TWIP) steels, quenched and partitioned (Q&P) steels

and carbide-free bainitic (CFB) steel.

The motive behind the development of successive generations of steel grades has been to

impart high strength and large ductility to steels, at a reasonable cost. Much of the current

efforts in the research and development of formable steels concern the 3rd generation

of AHSS. Although there has been substantial advancement in our understanding of

DP steels since their introduction in the 1970s [8], they continue to be the mainstay of

the automotive industry even today with many fundamental questions regarding their

properties still unanswered.

The microstructure of DP steels consists of hard martensite embedded in a soft ferrite

matrix, which provides them with the combination of good strength and ductility for

which they are widely known [9]. The DP steels are typically produced when steels kept at

intercritical temperatures are rapidly cooled. The steel microstructure at an intercritical

temperature consists of the ferrite and austenite phases. Rapid cooling causes a phase

transformation from austenite to martensite resulting in a ferrite/martensite dual-phase

microstructure.

The newly formed martensite has a higher volume and a different shape than the prior

austenite [10]. Moreover, the formation of martensite occurs against the mechanical

constraint imposed by the presence of ferrite in the surroundings. The transformation

strain caused by volume and shape change must therefore be ‘accommodated’ in the
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microstructure, majorly by the deformation of the softer ferrite matrix [11], [12]. This

deformation alters the local mechanical properties of ferrite, which in turn influences the

global mechanical properties of DP steel [13], [14].

A significant part of current research on DP steels is focused on creating models which

accurately predict their performance during use in various applications. This helps in

the development of advanced application-specific DP steel grades. Although research

articles advocating the significant influence of transformation strain accommodation

by ferrite on the global mechanical properties of DP steels appeared in the literature as

early as the 1970s [15], till date there does not exist a model which accurately predicts

the local variation in transformation-induced deformation of ferrite. Direct experimental

measurement of transformation-induced deformation of ferrite is made difficult by the

fact that the martensitic transformation is displacive and proceeds at the speed of sound.

Bridging the gaps in our understanding of transformation-induced deformation of ferrite

needs fresh perspectives to improve existing experimental and modelling techniques.

Through experiments and numerical modelling, this thesis identifies some crucial but

commonly ignored aspects of martensitic microstructure and investigates their influence

on the transformation-induced deformation of ferrite in DP steels.

In this thesis, Chapter 1 and 2 present a brief history of steel development and a review of

the previous studies addressing characterisation and modelling of the transformation-

induced deformation of ferrite in DP steels. In Chapter 3, a combined microstructure

evolution and micromechanical modelling framework is presented to incorporate the

effect of transformation-induced deformation of ferrite on overall mechanical behaviour

of DP steels. The influence of local microstructure features on transformation-induced

deformation of ferrite is investigated experimentally in Chapter 4. In Chapter 5, a se-

quential experimental and numerical research on DP steels is performed to estimate

the deformation of ferrite grains induced by formation of various martensitic variant in

their neighbourhood. In Chapter 6, the influence of self-accommodation by martensite

variant formation on transformation-induced deformation of ferrite is investigated via

micromechanical modelling and verified using published experimental research data.

Finally, Chapter 7 presents the key takeaways from the study. Furthermore, practical

applications of this study are discussed and future research paths are also suggested.
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MODELLING OF

TRANSFORMATION-INDUCED

DEFORMATION OF FERRITE: STATE

OF THE ART

This chapter is based on the scientific article: V. Atreya, C. Bos, and M. J. Santofimia, “Characterisation and
modelling of transformation-induced deformation of ferrite: A Review.” (To be submitted).
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F errite-martensite dual-phase (DP) steels offer a good combination of strength and

ductility due to a microstructure consisting of hard martensite embedded in a soft

ferritic matrix. The martensite is formed via the phase transformation of austenite during

quenching. The volume increase and shape change accompanying the phase transforma-

tion are accommodated by the deformation of the surrounding ferrite matrix in DP steels,

generating high stresses and dislocation densities. Transformation-induced deformation

of ferrite affects the subsequent mechanical behaviour of DP steels. Hence, for the rapid

development of DP steels with application-specific mechanical properties, it is pertinent to

experimentally characterise the transformation-induced deformation of ferrite and develop

models to estimate the same. The experimental characterisation is usually performed using

techniques such as transmission electron microscopy, electron backscatter diffraction and

hardness measurement. Modelling techniques include analytical and numerical modelling,

where the numerical modelling approaches consist of representative volume element-based

computational micromechanics and phase-field modelling. A critical review of the afore-

mentioned experimental and modelling techniques is presented herewith. Gaps in the

understanding of transformation-induced deformation of ferrite are also discussed, along

with the scope of further research.

2.1. BACKGROUND
DP steels generally constitute more than 30 wt.% of an automotive vehicle’s body struc-

ture [1] and are used in the manufacturing of automotive parts such as dash cross mem-

ber, A-pillar, B-pillar, front rail closeout, and roof structures [2], [3]. The reason for the

widespread use of DP steels in the automotive industry is that they provide a good combi-

nation of strength and ductility due to their microstructure, in which 10-40 vol.% of the

hard martensitic phase is dispersed in a soft ferrite matrix [4]–[6].

Martensite in DP steels forms upon phase transformation of austenite during quenching.

The martensitic transformation is displacive and involves a macroscopic volume increase

and shape change in the form of unidirectional dilatation perpendicular to the habit

plane (also called the invariant plane of transformation) and shear parallel to the habit

plane respectively, as schematically shown in figure 2.1(a) [7]. This volume increase and

shape change is accommodated in the microstructure by the deformation of the ferrite

matrix surrounding the martensite.

The microstructure of martensite is hierarchical. The basic structural unit in low-carbon

martensite, called lath, can have one of the 24 Kurdjumov-Sachs (K-S) spatial orientations

known as variants. Figure 2.1(b) is a schematic showing the hierarchical microstructure of

martensite. The laths arrange themselves in groups called sub-blocks, blocks and packets

depending on their orientation [8], [9]. Table 2.1 describes all 24 K-S variant orientations

and the corresponding closed packed/bain group [10]. The formation of every martensitic

variant involves the macroscopic volume increase and shape change shown in figure

2.1(a).
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Figure 2.1: (a) A schematic showing the dilatation and shear involved in martensitic transformation (b)
Hierarchical microstructure of martensite showing laths arranged in groups called sub-blocks, blocks and

packets depending on spatial orientation.

Figure 2.2(a) shows a typical heat treatment schedule applied to an initial cold-rolled

ferrite-pearlite microstructure to obtain the dual-phase microstructure. The heat treat-

ment involves intercritical annealing between Ac1 and Ac3 temperatures, which are the

critical temperatures indicating the start and finish of austenite formation during heating.

During quenching, the martensitic transformation begins at the martensite start (Ms) tem-

perature and progresses upon further cooling. The ferrite matrix undergoes deformation

due to the progress of the martensite formation in this duration. This accommodation

of the martensitic transformation gives rise to internal stresses in the microstructure.

The stresses often exceed the elastic limit of ferrite locally, resulting in plastic flow and

increased dislocation density in the ferrite regions near martensite [4], [11]–[13].

The transformation-induced deformation of ferrite can be considered as a pre-strain to

which the ferrite is subjected before any external load is applied to the DP steel specimen.

This pre-strain has a significant bearing on the mechanical behaviour of DP steels upon

application of an external load. An earlier study reported that even at very low global

strain values ( 10−6), the dislocations in ferrite near inhomogeneities such as martensite

can move relatively large distances (> 60µm) away from their source under localised

stress concentrations [4].

Direct experimental measurements of transformation-induced deformation of ferrite

either in the form of strains, stresses or accumulated dislocations in ferrite are rare. There

are two reasons for this. First, martensite has a complex hierarchical microstructure re-

sulting from the progressive formation of several structural sub-units oriented differently

in space. Second, martensitic transformation is displacive and proceeds at the speed of
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Table 2.1: Twenty-four martensite variants with the corresponding parallel planes and directions in the parent
fcc austenite, along with the corresponding closed packed and bain groups [10]

Variant number Plane parallel Direction parallel CP group Bain group

V1 (111)γ||(011)α [101]γ||[111]α CP1 B1

V2 [101]γ||[111]α B2

V3 [011]γ||[111]α B3

V4 [011]γ||[111]α B1

V5 [110]γ||[111]α B2

V6 [110]γ||[111]α B3

V7 (111)γ||(011)α [101]γ||[111]α CP2 B2

V8 [101]γ||[111]α B1

V9 [110]γ||[111]α B3

V10 [110]γ||[111]α B2

V11 [011]γ||[111]α B1

V12 [011]γ||[111]α B3

V13 (111)γ||(011)α [011]γ||[111]α CP3 B1

V14 [011]γ||[111]α B3

V15 [10[1]γ||[111]α B2

V16 [101]γ||[111]α B1

V17 [110]γ||[111]α B3

V18 [110]γ||[111]α B2

V19 (111)γ||(011)α [110]γ||[111]α CP4 B3

V20 [110]γ||[111]α B2

V21 [011]γ||[111]α B1

V22 [011]γ||[111]α B3

V23 [101]γ||[111]α B2

V24 [101]γ||[111]α B1

sound. Hence it is difficult to capture the deformation of ferrite caused by individual

sub-units of martensite microstructure. Despite this, several attempts have been made

in the past to measure and model the transformation-induced deformation of ferrite.

This chapter collects and discusses experimental and modelling approaches previously

used to understand the effect of martensitic transformation on the ferrite matrix in DP

microstructures and, in general, on the overall mechanical behaviour of DP steels. Exist-

ing conceptual and technological challenges are also discussed, along with the scope of

further research.
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2.2. EFFECT OF MICROSTRUCTURE ON THE MECHANICAL BE-

HAVIOUR OF DP STEELS
The mechanical behaviour of steels is determined by the properties of the constituent

phases and their interaction upon external loading. In this regard, several microstructural

features play a key role in determining the mechanical behaviour of DP steels. The

strength of DP steel increases as the ferrite or martensite grain size decreases [14]–[17],

following the Hall-Petch relationship. For the same martensite volume fraction, finer DP

microstructures exhibit higher work hardening rates and larger ductility limits [18], [19].

When the martensite volume fraction increases, the strength of DP steels increases [16],

[20]–[22].

A comparison of flow curves of DP steel with other types of high-strength steel is shown

in figure 2.2(b) [23]. The figure illustrates the important characteristics of a typical DP

steel flow curve, namely, continuous yielding, low elastic limit, and high initial work

hardening rate. These characteristics allow for a more uniform distribution of strain

during the forming process, preventing any local thinning [24], [25]. DP steels provide

larger formability at a high strength level than most steels.

Figure 2.2: (a) Typical heat treatment schedule to obtain DP steel microstructure. (b) Comparison of flow curves
of different types of steels: High-strength low-alloy (HSLA) steels, Pearlite-ferrite steels, Dual-Phase (DP) steels,

Transformation-induced plasticity (TRIP) steels and Twinning-induced plasticity (TWIP) steels.

The aforementioned characteristics of the DP steel flow curve are closely linked to the

transformation-induced deformation of ferrite [11]–[13], [26]. The process of accom-

modating newly formed martensite results in high stresses in the ferrite matrix which

can easily exceed the elastic limit causing local plastic flow [4], [11]–[13], resulting in an

increase in the yield strength of ferrite. High local elastic stresses persist in the ferrite

matrix even after the plastic flow has ceased. A large amount of unpinned dislocations
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are generated in the ferrite matrix due to plastic deformation [4], [27], [28].

With pre-existing local high elastic stresses in the ferrite matrix, the newly created un-

pinned dislocations need only a minor increment in local stresses to start moving. Usu-

ally, a small external load is sufficient to initiate local plastic deformation [4], [12], [13].

Thus the yielding of DP steels begins at stress levels much lower than the yield stress of

constituent ferrite and it is difficult to locate a sharp yield point [12], [13]. The typical

stress-strain curves of DP steels thus show continuously yielding.

2.3. EXPERIMENTAL CHARACTERISATION OF TRANSFORMATION-

INDUCED DEFORMATION OF FERRITE

2.3.1. DISLOCATION DENSITY MEASUREMENT USING TRANSMISSION ELEC-
TRON MICROSCOPY ( TEM)

The transformation-induced deformation of ferrite can be observed using transmission

electron microscopy (TEM) in the form of regions with high dislocation density in ferrite

near phase boundaries as shown in figure 2.3(a) [29]. The dislocations are seen as thin

thread-like structures and their density is highest near the phase boundary. Moving away

from the phase boundary towards the ferrite grain interior reveals a drastic decrease in the

dislocation density. Several previous studies have reported observing similar gradients of

dislocation density [27], [28], [30], [31].

A few studies attempted to actually calculate the dislocation density using TEM mi-

crographs [30], [31]. The dislocation density can be calculated by measuring the total

dislocation line length in a unit volume of the crystal, providing an estimate in terms

of length of m
m3 [30]. Timokhina et al. [30] calculated the average dislocation density of

ferrite in an intercritically annealed DP steel with 0.036 wt.% C and 15 vol.% martensite

to be approximately 1014 m−2. It was mentioned that the dislocation density near the

phase boundary was higher than the aforementioned value. Cai et al. [31] estimated the

dislocation density to be 1015 m−2 in the “tangles of highest density” within ferrite, for a

DP steel with 0.11 wt.% C and 28.6 vol.% martensite.

It is difficult to compare dislocation densities reported in the aforementioned studies since

the DP steel specimens they used had different carbon content, phase fractions and grain

sizes. A drawback of using TEM measurements is that the specimens are very thin, and

do not adequately represent the volume of the crystal. Moreover, TEM studies can only

be performed on a relatively small area of interest (< 1 µm). The observations therefore

cannot be extended for the entire specimen, unless a large number of observations are

made.
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2.3.2. STRAIN HARDENING ESTIMATION USING HARDNESS AND MICROPIL-
LAR COMPRESSION TESTS

The transformation-induced local plastic flow causes strain hardening of ferrite regions

near phase boundaries. Figure 2.3(b) shows the micro-hardness measurements of four

indents in a ferrite grain with increasing distance from martensite in a DP steel [32]. The

hardness values continuously decrease with increasing distance from martensite.

Kadkhodapour et al.[33], through nano hardness measurements, reported that the strength

of the deformed region was 75% higher than that of the ferrite matrix. However, Matsuno

et al.[34], using the same technique, did not find any interfacial hardening of ferrite for a

coarse-grain DP steel. All aforementioned works based on nano-hardness measurements

showed in general considerable scatter due to the possible influences of other phase/grain

boundaries, hidden martensite beneath the observed surface, or the difference in surface

heights of ferrite and martensite [32], [34], [35].

Micropillar compression tests also reveal a higher strength of ferrite near martensite-

ferrite phase boundaries. Using focused ion beam (FIB) milling, Armaki et al. [36] milled

three small micropillars in a ferrite grain, one in the grain interior and two near the phase

boundary. Compression tests on micropillars revealed that the grain interior was weaker.

However, with few measurements, it is uncertain if the higher strength of the other two

pillars was due to strain hardening caused by transformation-induced deformation, or a

mere coincidence.

Figure 2.3: (a) Transmission electron microscopy (TEM) micrograph showing high dislocation density in ferrite
close to martensite [29] (b) Decreasing hardness of ferrite matrix with increasing distance of nanoindents from

the ferrite (F)/martensite (M) phase boundary [32].

2.3.3. CRYSTAL ORIENTATION MAPPING USING ELECTRON BACKSCATTER

DIFFRACTION

Transformation-induced deformation of ferrite causes changes in the intra-grain unit-

cell orientations. The difference in the unit-cell orientations of neighbouring points
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within the ferrite grains can be estimated by electron backscatter diffraction (EBSD)

measurements. EBSD provides information about the underlying unit cell orientation

at every measurement point on the surface of the specimen. EBSD crystal orientation

data can be used to calculate the misorientation metrics such as the Kernel Average

Misorientation (KAM).

KAM is the average misorientation angle of nth nearest neighbours with respect to a

measurement point in EBSD. The boundary formed by nth nearest neighbours is called

a kernel. Figure 2.4(a) shows 1st, 2nd and 3rd nearest neighbours cells used to calculate

KAM using a hexagonal measurement grid. ω is the misorientation of the cell with

respect to central hexagonal cell O in grey, and its superscript n represents the nth nearest

neighbours used for calculation. The distance between two adjacent hexagonal cells is

the measurement step size.

KAM is also often used to calculate geometrically necessary dislocation (GND) density in

the qualitative study of transformation-induced deformation of ferrite grains [37], [38].

GNDs are the dislocations needed to maintain lattice continuity during deformation

and account for the curvature of the grain [39]–[43]. As can be seen in figure 2.4(b), a

non-uniform slip necessitates a curvature which is made possible by GNDs [44]. GNDs

are different from statistically stored dislocations (SSDs) which are a result of random

trappings of dislocations caused during uniform plastic strain. The simplest way to

calculate GND density from KAM measurements is by using the model of Kubin and

Mortensen [43]:

ρGN D = 2ν

ub
, (2.1)

where ρGN D is the GND density, ν is the misorientation with respect to the neighbouring

points, u is the distance between measurement points, and b is the magnitude of the

Burgers vector. KAM can be used instead of ν for calculating GND density.

Figures 2.5(a), 2.5(b) and 2.5(c) show the Image Quality (IQ), KAM and GND maps of a

region containing ferrite-martensite phase boundaries in an intercritically annealed and

quenched DP steel [37]. The ferrite grain is in the centre (light grey on IQ map), sharing a

fraction of its boundary with martensite (black on IQ map). As expected, martensite has

higher values of KAM and GND density. The ferrite grain shows a decreasing value of KAM

and GND density along the arrow ‘FM’, indicating decreasing transformation-induced

deformation going towards the ferrite grain interior. Such a trend is also reported in other

EBSD-based studies [38], [45].

However, it has also been reported in the literature that in the case of coarse-grained DP

steel, the deformation in ferrite grains near the ferrite-martensite phase boundary is so

low that it could not be identified by KAM or GND maps [34], [45]. It was also noticed that

some ferrite grains were deformed to a higher extent in their interior as well [34], [37],
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Figure 2.4: (a) 1st, 2nd and 3rd nearest neighbours used to calculate KAM; (b) GNDs facilitating the formation of
curvature in a crystal [44].

[45]. Figure 2.5(d) shows the KAM map of a ferrite grain designated as ‘F’ showing such

behaviour[45].

It should be noted that the calculated KAM and GND values are reasonably good for

comparative analysis of transformation-induced deformation of ferrite among DP steel

specimens of the same EBSD study. It is difficult to compare the values obtained from

specimens belonging to different studies because the measurements depend on factors

such as EBSD step size and the method employed to calculate KAM and GNDs which may

differ among different studies.

2.4. MODELLING APPROACHES
The early experimental observations of transformation-induced deformation of ferrite

near phase boundaries in DP steels led to the conjecture that the deformed ferrite must

play a significant role in the overall mechanical behaviour of DP steels [4], [27], [28].

Several analytical models were developed to predict the mechanical behaviour of DP

steels incorporating pre-existing stresses and strains in ferrite as a result of martensite

formation. Constant improvements in computational power enabled fast solutions to

numerical models for transformation-induced deformation. Henceforth, along with a

brief description, the major advantages and disadvantages of relevant analytical and

numerical models are discussed herewith.

2.4.1. ANALYTICAL MODELLING

DP steels can be considered a composite containing martensite particles with eigenstrain,

embedded in a ferrite matrix. Eigenstrains are strains produced without external loads,

such as during phase transformation or thermal expansion [46]. Considering martensite

islands in DP steels as spherical particles, several authors estimated the deformation of
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Figure 2.5: (a) Image Quality (IQ), (b) KAM, and (c) GND maps of a region containing ferrite-martensite phase
boundary [37] (d) IQ and KAM maps showing ferrite grain F more deformed in the interior [34].

surrounding ferrite using micromechanics based on Eshelby’s method [11], [26], [47].

Sakaki et al.[11] theoretically estimated equivalent plastic strain (ϵ) and equivalent stress

(σ) due to the formation of a spherical martensite of radius a from austenite in an infinite

ferrite matrix. The transformation strain (δ) was assumed to be an isotropic volumetric

strain whose magnitude varies linearly with the carbon content (XC ). Martensite was

assumed to be elastic while ferrite was assumed to be elastic-plastic. Figure 6(a) shows

the variation of equivalent strain with the distance r away from the ferrite/martensite

interface, for δ = 0.026 and ferrite yield strength, σy = 200 MPa. It can be seen that both

(ϵ) and (σ) reach a maximum value at the interface. Beyond a certain radial distance R

away from the interface, ϵ becomes zero and only elastic strain remains. R, therefore, is

the radius of the transformation-induced plastic zone, whose magnitude is given as:

R =
[

a3Eδ

3(1−ν)σy

] 1
3

, (2.2)

where a is the radius of the martensite island, E is Young’s modulus and ν is Poisson’s

ratio. Bourell et al. [26] derived a theoretical expression for the “effective plastic strain” in

ferrite, ϵpl
e , and used it for calculating the dislocation density, ρ, in plastically deformed

ferrite based on the following power-law relation:

ρ = ρ0 +C (ϵpl
e )g , (2.3)
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Figure 2.6: (a) Variation in equivalent plastic strain (ϵ) and equivalent stress ((σ)) as a function of the distance r
from the centre of a spherical martensite island [11]. ‘a’ represents the radius of the martensite island whereas

‘R’ represents the radius of the transformation-induced plastic zone (b) Variation in dislocation density of
ferrite, ρ, as a function of normalized distance r /R from the centre of the martensite island and ferrite yield

strength [26].

where C , ρ0, and g are material parameters. Figure 2.6(b) shows that the dislocation den-

sity decreases with increasing normalised distance r /R away from the martensite island

[26] for ferrite of different yield strengths σy . These results corroborate the experimental

observations made using TEM and EBSD measurements.

Analytical models provide estimations of the transformation-induced deformation of

ferrite and thus aid in improving the predictions of the overall mechanical behaviour of DP

steels. However, accurate local distribution of transformation-induced strains and stresses

cannot be obtained by considering simple spherical-shaped martensite islands in a ferrite

matrix. Micromechanical modelling has shown that a simple change in the assumed

shape of martensite islands from spherical to ellipse alters the work-hardening state of

ferrite matrix post-transformation and significantly affects the subsequent mechanical

behaviour of DP steels [47]. Since real DP microstructures have irregular morphologies,

complex stress/strain fields result in the ferrite matrix due to the formation of martensite.

Both fast and accurate solutions for these complex stress/strain fields cannot be obtained

through available analytical approaches.

2.4.2. NUMERICAL MODELLING

As discussed, microstructural characteristics such as ferrite/martensite grain shape and

sizes, composition, phase volume fractions, etc. determine the deformation field of
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ferrite caused by martensite formation. Different combinations of aforementioned mi-

crostructural features can produce a large number of possible outcomes for the ferrite

deformation field. In such a scenario, numerical models are preferred to find solutions

for the ferrite deformation field.

MICROMECHANICAL MODELLING USING REPRESENTATIVE VOLUME ELEMENTS (RVES)

A commonly used approach to mimic deformed ferrite regions in DP steel RVEs is to

consider an interphase layer of deformed and strain-hardened ferrite next to the fer-

rite/martensite interphase. The layer is considered the storage place of high GND density.

This approach has its origin in the ‘core and mantle’ approach proposed by Meyersm and

Ashworth [48] and Fu et al.[49] which has been used in previous studies to model the

deformed ferrite regions [33], [50].

The inset in figure 2.7(a) shows a simple unit cell representing a DP microstructure based

on the ‘core and mantle’ approach [33]. To elucidate the advantage of this approach,

the mechanical response of the unit cell under a virtual tensile test was simulated for

two different cases: with and without the interphase layer. The flow curves of ferrite

and martensite were determined experimentally. The properties of the interphase layer,

namely its strength and thickness, were estimated experimentally by performing nano

hardness measurements in the ferritic surroundings of the martensite islands [33].

It is evident from figure 2.7(a) that the flow curve estimated by including the interphase

layer is closer to the experimentally observed flow curve of DP steel. Figure 2.7(b) shows

the interphase layer modelled in a more complex virtual DP microstructure [51]. Intro-

ducing the interphase layer has the effect equivalent to increasing the volume fraction of

strain hardened ferrite. To gain true predictive capabilities, the properties of the inter-

phase layer, namely its strength and thickness, should be ascertained beforehand. In the

absence of any experimental evidence, both properties become free parameters that can

be modified to fit the model flow curve to the experimental one.

Ramazani et al. [2], [52] performed a two-step simulation using an EBSD-based 2-

dimensional RVE consisting of austenite and ferrite phases to obtain transformation-

induced strains and stresses in the RVE. Figure 2.8(a) shows the EBSD scan and (b) shows

the corresponding RVE built using the EBSD scan. In the first step, rapid cooling was

simulated on the RVE resulting in austenite to martensitic transformation via an isotropic

volumetric expansion, which results in accommodation deformation in the ferrite of the

RVE. The resulting plastic strains in the ferrite matrix of the RVE are shown in figure 2.8(c).

In the second step, a finite element method-based virtual tensile test simulation was

performed on the transformation-deformed RVE to obtain the flow curves as shown in

figure 2.8(d). The figure shows that the simulated DP steel flow curves incorporating the

transformation-induced deformation of ferrite (with GNDs) are in better agreement with

experimental curves than curves obtained from simulations without deformed ferrite
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Figure 2.7: (a) True stress vs true strain graph shows the experimental flow curves of ferrite, martensite, DP steel
and simulated flow curve of DP steel with and without interphase layer. Inset shows a simple virtual DP steel
model used in the study, consisting of a spherical martensite island surrounded by the ferrite matrix with an

interface layer of strain hardened ferrite in between [33] (b) Introduction of an interphase layer in a more
complex and realistic virtual microstructure model of DP steel [51].

zones (without GNDs). From the results of the study, the authors concluded that deformed

ferrite zones containing GNDs extend up to a distance of 0.25 times the size of martensite

islands away from the ferrite/martensite interface, and the increased strength of ferrite in

these zones is equal to 1.3 time the strength of ferrite grain interior [2], [52].

The advantage of such an approach is that there is no need to make any apriori assumption

about the characteristics of the deformed ferrite region. Instead, the distribution of

strains/stresses in ferrite is obtained as an intermediate result, to be used further in

predicting the overall mechanical behaviour of DP steels. It should be kept in mind that

the study only considered the volume increase during martensitic transformation, in the

form of isotropic expansion of prior austenite, neglecting the shear part of transformation

which causes the majority of shape change. Hence the good correspondence between the

KAM map of figure 2.8(a) and the equivalent plastic strain map of figure 2.8(c) may only

be a coincidence and not true for other locations in the microstructure.

From figures 2.7(a) and 2.8(d), it is seen that these studies gauge the success of modelling

transformation-induced deformation of ferrite based on improvements in simulated DP

steel flow curves. However, it should be kept in mind that the simulated stress-strain

responses are also influenced by factors such as material composition, phase properties

and the choice of strain hardening law.
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Figure 2.8: (a) EBSD scan of DP steel (b) Virtual RVE from EBSD scan (c) Plastic strain distribution after isotropic
expansion of austenite (d) Uniaxial tensile test simulations with GNDs (i.e., with deformed ferrite zones)

showing better match with experimental values [2].

PHASE-FIELD SIMULATIONS OF MARTENSITIC TRANSFORMATION IN DP STEEL

Phase-field modelling is a mathematical model to solve interfacial problems in which

the interface is considered diffused, which means that the internal properties over the

interface between two phases vary continuously. The advantage of a diffuse interface

approach is that it avoids the need to explicitly track the position of a moving phase

interface. There have been a number of studies in the past utilising phase-field models to

study some key aspects of complex martensitic microstructure evolution.

Phase-field modelling was first applied to martensitic transformations by Khachatu-

ryan and co-workers [53], [54], the theory is commonly referred to as the phase-field

micro-elasticity theory. Later, Yamanaka and co-workers also included plasticity in the

aforementioned theory to perform elastoplastic phase-field simulation of martensitic

transformation [55]–[57]. Yeddu et al. employed phase-field modelling to study various as-

pects of 3-dimensional martensitic microstructure evolution such as stress-assisted trans-

formation [58], the effect of martensite embryo potency [59], martensitic transformation

in polycrystals [60], and the effect of austenite grain size on martensitic transformations

[61].

Phase-field simulation of martensitic transformation in DP steel [62] reveals that the

higher stress regions in ferrite lie along the longitudinal ends of martensite laths as

shown in figures 2.9 (a) and (b). The simulations were carried out assuming purely

elastic behaviour for both ferrite and martensite. However, only the dilatation strain

associated with three Bain variants was considered instead of the shear and dilatation
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Figure 2.9: Phase-field simulation of (a) DP microstructure and (b) von Mises stress due to formation of
martensite inclusion in a ferrite matrix [62].

strain corresponding to the well-known 24 K-S variants. In a recent work, the shear and

dilatation strains were incorporated in phase-field modelling for studying the evolution

of fully martensitic microstructures [63].

Phase-field may be useful in studying martensitic microstructural evolution on a length

scale equivalent to the size of a single grain. For bigger microstructures containing hun-

dreds of ferrite/austenite grains, studying transformation-induced deformation of ferrite

by tracking austenite to martensite transformation, utilizing the phase-field approach

will be computationally extremely expensive.

2.5. CONCLUSIONS AND OUTLOOK
The martensitic transformation in DP steels causes deformation of the surrounding ferrite

matrix in the microstructure. The deformation results in local strain hardening and dislo-

cation accumulation in ferrite, which are important factors determining the mechanical

behaviour of DP steels. To accurately predict and improve the mechanical behaviour

of DP steels, it is important to consider the transformation-induced deformation of the

ferrite matrix in micromechanical calculations.

The experimental characterisation of transformation-induced deformation of ferrite car-

ried out by measuring dislocation densities using TEM or EBSD does not provide an

accurate quantitative measure of ferrite deformation. In TEM, the specimen used is very

thin and small, therefore it does not adequately represent the 3D volume of the specimen.

In EBSD, the results are dependent upon measurement conditions and instrument set-

tings. Micropillar compression tests performed till now lack enough statistical evidence

required to make any conclusions.

To model ferrite deformation due to martensitic transformation, several different ap-
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proaches have been used in the past, starting with physics-based analytical approaches.

Such analytical approaches assumed martensite morphology to be spherical and phase-

transformation deformation to consist of only isotropic volumetric expansion. Since

real-life microstructures consist of complex morphologies and martensitic phase-transfor-

mation deformation is anisotropic, the analytical models are not suitable for the accurate

prediction of mechanical properties of DP steel specimens.

More realistic analyses were performed through numerical simulations using powerful

computational capabilities. In one approach, transformation-induced ferrite regions were

modelled as a layer of deformed ferrite near the ferrite-martensite interface in the DP steel

RVE. In another, the formation of strain/stress fields in the ferrite of the DP steel RVE as a

result of martensitic volume expansion was simulated using the finite element method.

However, these approaches ignore the shear component of transformation strain, thus

possibly resulting in an underestimation of the transformation-induced deformation of

ferrite.

Phase-field modelling, which works on the minimization of Gibbs energy, has also been

utilised to estimate the transformation-induced deformation of ferrite. However, it suffers

from the difficulty of scaling up and modelling the transformation-induced deformation

of ferrite for a multi-crystal microstructure in a reasonable amount of time.

In a nutshell, to model the transformation-induced deformation of ferrite and thus accu-

rately predict the mechanical behaviour of DP steels, a modelling approach is required

which captures the distribution of local deformation of ferrite matrix in DP steels accu-

rately by incorporating the effects of crystallographic, morphological and compositional

characteristics of martensite.
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F rom previous experimental and modelling studies, it is understood that the transforma-

tion-induced deformation of ferrite is influenced by the crystallographic, morpholog-

ical and compositional characteristics of martensite in Dual-phase (DP) steels. In this

chapter, the effect of transformation-induced deformation of ferrite on the mechanical be-

haviour of DP steels is studied by modelling the plastically deformed regions in ferrite grains

as a separate strain hardened ferrite phase. This strain hardened ferrite phase is present at

the interface of regular ferrite and martensite in the virtual DP steel microstructures used

in this study. A Cellular Automata (CA) based microstructure evolution model is used to

create the virtual DP steel microstructure which also contains the strain hardened ferrite.

The mechanical behaviour is studied using the multi-physics crystal plasticity simulation

package called DAMASK. It was observed that the combined CA-DAMASK framework was

able to reproduce the trends observed in the literature and can be used to study the effect of

transformation-induced deformation of ferrite on the global mechanical properties of DP

steels. In future, the variations in local crystallographic, morphological and compositional

characteristics of martensite can also be incorporated into this framework.

3.1. INTRODUCTION
The transformation-induced deformation of ferrite grains is larger in the vicinity of fer-

rite/martensite phase boundaries than in the ferrite grain interiors. The resultant strain

gradient necessitates the generation of geometrically necessary dislocations (GNDs) to

maintain shape compatibility [2]–[5]. Therefore, the plastically deformed ferrite near

the ferrite/martensite interface is generally considered the storehouse of GNDs. These

GND-rich regions form a network of plastically deformed and strain-hardened regions of

ferrite [6].

The effect of plastically deformed ferrite regions on the mechanical behaviour of DP

steels can therefore be studied by introducing a GND-rich region (called interphase layer

in this study) of strain hardened ferrite at ferrite/martensite interfaces in virtual DP

microstructures for simulating the mechanical behaviour. This is similar to the ‘core and

mantle’ model of grain boundary hardening during the yielding of metals, where the core

is grain interior and the mantle is the strain-hardened region near grain boundaries [7],

[8].

Previous studies introduced the interphase layer in virtual DP microstructures to be

used in micromechanical calculations for simulating uniaxial tensile test of DP steels

[9]–[12]. The properties of the interphase layer, namely the thickness (or volume in

3D) and strength, were estimated either by experiments (hardness measurements [9]

and micropillar compression test[13]) or by micromechanical simulations of isotropic

dilatation during austenite to martensite transformation and the resulting deformation

in ferritic matrix [10], [11]. Although local variations were observed, a single value for

interphase layer thickness and strength was selected for the DP microstructure under

investigation to study the global mechanical behaviour of DP steels.
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In this chapter, the effect of transformation-induced deformation of ferrite on the uniaxial

tensile test response of DP steels is simulated. The interphase layer is introduced in

the virtual DP representative volume element (RVE) obtained using a cellular automata

(CA) based microstructure evolution modelling tool [14], [15]. An RVE is a volume of a

heterogeneous material which is large enough to statistically represent the material [16].

The uniaxial tensile test response of the RVE is simulated using a multi-physics crystal

plasticity simulation package called DAMASK [17], [18]. The development of a combined

CA-DAMASK framework is carried out keeping in mind its potential to model the global

mechanical behaviour of DP steels by incorporating the effects of local variations in the

transformation-induced deformation of ferrite.

3.2. SIMULATION TOOLS

3.2.1. CELLULAR AUTOMATA BASED MICROSTRUCTURE GENERATION

A cellular automata (CA) based model was used to create several DP steel microstructures.

For a complete description of the CA model, the reader is referred to references [14], [15].

Here, it is described in brief. The CA model works by discretising a polycrystalline material

into a 2D or 3D grid of cubic cells (of size δ), where every cell belongs to a grain of a specific

phase. In this study, the initial microstructures chosen for the simulations were Voronoi

based and fully austenitic, with specific grain sizes. At any particular time, the cells at

the interface transform according to the rules governing the metallurgical process taking

place. The relevant metallurgical processes for this study are ferrite nucleation in austenite

and ferrite growth, which are described briefly as follows. After the cooling is initiated

from austenitising temperature, new ferrite grains nucleate when the temperature drops

below Ae3, the local ferrite/austenite equilibrium temperature. The nucleation rate is

given by [14], [15]:

d N

d t
= KN N0

(kB T )

h
exp(

−Qd

kB T
)exp(

∆G∗

kB T
) , (3.1)

where N is the number of nuclei, t is the time, N0 is the total number of potential nucle-

ation sites, KN is a dimensionless rate constant, kB is the Boltzmann constant, h is the

Planck’s constant, Qd is the activation energy for self-diffusion of iron, T is the tempera-

ture, and ∆G∗ is the activation energy for nucleation. The growth of a ferrite grain at the

expense of austenite is based on a mixed-mode model. Accordingly, the ferrite interface

velocity is calculated as [14], [15]:

vαγ = Mαγ
0 exp(

−Q

RT
)∆Gαγ(xγ,i nt

c ,T ) , (3.2)

where Mαγ
0 is the pre-exponential factor, Q is the activation energy for interface mobility,

∆Gαγ is the driving force for the transformation based on xγ,i nt
c - the carbon concentration
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in the austenite phase at the interface. Every interface cell has a growth length L, which at

any time t+∆t is given by (L(t+δt ) = L(t )+∆tναγ). When the growth length exceeds δ, 2δ

or 3δ, the transformation of first, second or third neighbour cells take place respectively.

Once all the neighbours of the cell have transformed, its growth length becomes irrelevant

since it ceases to be an interfacial cell. Now the growth length of new interfacial cells

governs further transformation.

3.2.2. CRYSTAL PLASTICITY BASED MICROMECHANICAL SIMULATIONS

The uniaxial tensile test on output microstructure RVE of CA was simulated using the

crystal plasticity (CP) simulation software, DAMASK [17], [18]. The phenomenological

crystal plasticity formulation [19]–[21] was used in which the rate of change of slip resis-

tance (or the critically resolved shear stress (CRSS)), Ṡα, for a slip system α is given by the

relationship [20], [21]:

Ṡα =
24∑
β=1

γ̇βh0

∣∣∣∣∣1− Sβ

Sα∞

∣∣∣∣∣
w

sg n

(
1− Sβ

Sα∞

)
hαβ , (3.3)

where α and β are one of the twelve 110<111> or twelve 112<111> slip systems considered

for bcc crystals, hαβ and (w,h0) are interaction and fitting parameters respectively, γ̇ is

the shear rate and S∞ is the saturation shear stress. The shear on a slip system α evolves

at the rate:

γ̇α = γ̇0

∣∣∣∣ταSα

∣∣∣∣n

sg n(τα) , (3.4)

where τα is the resolved shear stress, n is a measure of slip rate sensitivity and γ̇0 is the

reference shear rate. The plastic velocity gradient is then determined by the superposition

of shear on all slip systems [20], [21]. The material parameters for this work are obtained

from the work of Tasan et al. [20], [21], where the authors obtained ferrite parameters

by employing a nanoindentation-based optimisation procedure. For martensite, the

parameters were found by fitting performed on the stress-strain curves of martensite

polycrystals. All the parameters and their values used are listed in table 3.1.

3.3. SIMULATION SETTINGS
The starting microstructure was a Voronoi-based polycrystalline austenite microstructure

at 1100° C. The 2D grid spacing and size of the simulation system were 0.5 µ and 125×
125µm2 respectively. The number of austenite grains in the starting microstructure is

inversely related to the average austenite grain size. As the microstructure cools and enters

the intercritical region, ferrite grains begin to nucleate and grow. Here, heterogeneous

corner nucleation of ferrite grains was considered. Smaller austenite grains result in
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Table 3.1: Crystal plasticity parameters for ferrite and martensite used in this study [20], [21].

Property Value(Ferrite) Value(Martensite) Unit

C11 233.3 x 109 417.4 x 109 Pa

C12 135.5 x 109 242.4 x 109 Pa

C44 118 x 109 211.1 x 109 Pa

γ̇0 1 x 10−3 1 x 10−3 ms−1

S0,{110} 96 x 106 406 x 106 Pa

S∞,{110} 222 x 106 873 x 106 Pa

S0,{112} 96 x 106 457 x 106 Pa

S∞,{112} 412 x 106 971 x 106 Pa

h0 1 x 109 563 x 109 Pa

hαβ 1.0 1.0

n 20 20

w 2.25 2.25

a higher density of ferrite nucleation sites. The ferrite nucleation rate is determined

by the value of parameters used in the nucleation rate equation. After reaching an

equilibrium state in the intercritical region, the microstructure was quenched to transform

the remaining austenite into martensite. Now, the ferrite cells adjacent to martensite

were assigned the properties of a strain-hardened ferrite phase and considered together

as an interphase layer. The final simulated microstructure is shown in figure 3.1.

Previous nanoindentation studies and modelling works have shown that the strain hard-

ened ferrite at the phase boundary has a yield strength which can be up to twice of that

in ferrite grain interior [9], [22], [23]. The increased strength due to strain-hardened was

incorporated in DAMASK as an increased critically resolved shear stress (CRSS) value

which is twice the value of CRSS for phase boundary ferrite. This follows from the fact

that the percentage increase in yield strength is comparable to the percentage increase in

CRSS [24], [25]. In the current study, microstructural RVEs having 10 vol.% of martensite

are used. Since only the interface cells are considered as part of the interphase layer, the

thickness of the layer is equal to grid spacing, i.e., 0.5 µm. The effect of strain hardened

ferrite layer is studied considering the following case studies:

• Case I: Effect of the interphase layer with varying prior austenite grain size. This is

supposed to affect the size of final martensite particles formed only. The simulation

sub-cases are identified by the letters SA for small austenite and LA as large austenite

grains.

• Case II: Effect of the interphase layer with varying ferrite grain size. The sub-cases

are identified as SF or LF for small and large ferrite grains, respectively. Note that

this change also affects martensite particle size.



50
CELLULAR AUTOMATA MODELLING OF TRANSFORMATION-INDUCED PLASTIC DEFORMATION

OF FERRITE IN DUAL-PHASE STEELS

Figure 3.1: Development of a DP microstructure using CA. (a) Dual-phase polycrystalline microstructure with
ferrite in blue and martensite in orange. Ferrite/ferrite grain boundaries are not shown (b) Magnified image of a

small region in (a), showing the thin interphase layer of strain hardened ferrite in grey at ferrite/martensite
interfaces.

The sizes of prior austenite grains, martensite particles and ferrite grains for all corre-

sponding cases are shown in table 3.2. All conditions listed above can have an interphase

layer (L) or no layer (NL). The simulation test sub-cases are therefore identified by three

sets of letters: L/NL-SA/LA-SF/LF. For example, a sub-case with no layer (NL), small

austenite (SA) and large ferrite (LF) grains is named NL-SA-LF. The microstructures corre-

sponding to all cases are shown in figure 3.2, showing martensite (orange) in the ferrite

matrix (blue). To study the mechanical behaviour, the microstructure RVE output of the

CA model is provided as the input for simulation in DAMASK. The uniaxial tensile tests

were simulated with a strain rate of 10−4 s−1.

Table 3.2: Average grain sizes (equivalent diameter in µm) of prior austenite, ferrite and martensite in DP steel
microstructures for four different cases. Every case has a layer (L) or no-layer (NL) sub-case.

Case Austenite Ferrite Martensite

LA/LF 4.5 16.1 3.5

SA/LF 3.2 15.6 3.0

LA/SF 4.5 7.0 3.0

SA/SF 3.2 5.7 2.4

3.4. RESULTS
Figure 3.3 shows the Von-Mises equivalent of true stress vs Von-Mises equivalent of true

strain for all the sub-cases. Two bands of curves can be seen. The lower band is the

grouping of all sub-cases without the interphase layer (NL-xx-xx). The curves are quite

close to each other and it is difficult to observe them separately at this scale. The sub-cases

with the interphase layer (L-xx-xx) show higher stress values and lie above the sub-cases
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Figure 3.2: DP microstructures consisting of martensite (orange) in a matrix of ferrite (blue) for different case
studies: (a) Large austenite/large ferrite (LA/LF) (b) Small austenite/large ferrite (SA/LF) (c) Large

austenite/small ferrite (LA/SF) (d) Small austenite/small ferrite (SA/SF).

without the interphase layer (NL-xx-xx). Figure 3.4 shows a magnification of the initial

part of curves in figure 3.3. All the sub-cases without the interphase layer show similar

curves, but there are differences in the curves of microstructures with the interphase

layer. The yield point is similar but the 0.2% offset yield stress increases in presence of the

interphase layer, the highest increase being in SA-SF from 240 MPa to 290 MPa.

3.5. DISCUSSION
There is a distinct difference between the strengths of microstructures with an interphase

layer and those without it. Introducing an interphase layer means a higher volume

fraction of a stronger material than ferrite. With the increasing strength of the interphase

layer, the flow curve is expected to move upwards.

If the ferrite grains are large, the size of prior austenite grains (or the final martensite

particles) does not play a significant role and the strength increase by the interphase layer

is the same with both large and small prior austenite grains, as can be seen by comparing
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Figure 3.3: Von-Mises equivalent of true stress vs true strain curve for all sub-cases.

Figure 3.4: Von-Mises equivalent of true stress vs true strain curve for all sub-cases in the range of 0-0.4% strain.

the curves L-LA-LF and L-SA-LF with corresponding no-layer (NL) sub-cases in figure 3.4.

The increase in strength due to the interphase layer is highest when the prior austenite

grains and ferrite grains both are small as can be seen by observing the curves NL-SA-SF

and L-SA-SF. This is because, in the case of small prior austenite and ferrite grain sizes,

the volume fraction of the strain-hardened ferrite is highest compared to other grain size

combinations.
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The fact that all sub-cases with no layer (NL) have overlapping flow curves points to the

fact that the crystal plasticity phenomenological power-law used in this work is insensitive

to the grain size of constituent phases. In such cases, size effects can truly be captured

if all the interfaces, including the ferrite-ferrite and martensite-martensite interfaces,

are modelled as ‘core and mantle’. However, the ferrite-martensite interfaces affect the

mechanical behaviour the most. The modelling of the interphase layer enables us to

observe the increase in strength with decreasing austenite (SA) or ferrite (SF) grain sizes,

or in other words, by increasing the ferrite-martensite interface area.

This has an important implication: strength depends not only on grain (or particle)

sizes of constituent phases but also on their spatial distribution which determines the

fraction of the ferrite-martensite interface area. Therefore, the increase in strength due

to ferrite-martensite interfaces using this approach may not be very pronounced if the

microstructure contains only several clusters of ferrite or martensite instead of a more

homogenous distribution.

3.6. CAPABILITIES OF A COMBINED MICROSTRUCTURE EVOLU-

TION AND MICROMECHANICAL MODELLING FRAMEWORK
The combined CA-DAMASK framework can model the transformation-induced defor-

mation of ferrite and reproduce the trends regarding the resultant increase in strength

of DP steels as reported in the literature [9]–[12]. An advantage of using the CA-based

microstructure modelling tool, keeping in mind the future application, is that it also gives

information about carbon content, grain orientation and morphology at any location

in the microstructure [14], [15]. This allows the flexibility to assign strain hardening

properties to the interphase layer (or the deformed ferrite region) depending upon lo-

cal martensite characteristics such as carbon content, crystallographic orientations, etc.

These characteristics can be used to obtain the magnitude and direction of the local

transformation shear and dilatation. The induced deformation in ferrite can then be

calculated using DAMASK.

3.7. CONCLUSIONS
In this work, martensitic transformation-induced deformation of ferrite in DP steels was

modelled as an interphase layer of strain-hardened ferrite using a cellular automata-based

microstructure evolution model and its tensile deformation response was simulated using

DAMASK. It was observed that modelling the interphase layer increases the strength of

DP steel microstructures. Moreover, the effect of the interphase layer is most prominent

when the prior austenite grain size and ferrite grain size are both small as this results in

maximum ferrite/martensite interface area. By modelling the interphase layer, it is also

possible to reproduce the size effect of ferrite grains and martensite particles on strength

of DP steels. Still, experimental investigations are required to identify important mi-
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crostructural characteristics which determine the extent of local transformation-induced

deformation of ferrite.
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T he influence of morphological and compositional characteristics of martensite on

transformation-induced deformation of ferrite has been studied in detail in previous

works. However, relatively less attention has been given to investigating the influence

of crystallographic orientations of the prior austenite grains, martensite variants and

the ferrite grains neighbouring the martensite. Using electron backscatter diffraction

measurements, this study identifies the crystallographic aspects which govern the extent

of transformation-induced deformation of ferrite grains. It is found that small austenite

grains tend to transform into martensitic variants having a close-packed plane parallel

relationship with adjacent ferrite grains, thus achieving relatively easy slip transmission

and resulting in a long-range deformation of ferrite grains. Additionally, it was also found

that some ferrite grains exhibit a short-range deformation limited to the vicinity of the

ferrite/martensite interface, which may be influenced by martensite carbon content or the

degree of self-accommodation in martensite.

4.1. INTRODUCTION
Dual-Phase (DP) steels belong to the first generation of advanced high-strength steels

(AHSS) [2] and are widely used in the automotive industry. DP steels consist of hard

martensite particles dispersed in a soft ferritic matrix, leading to a good combination

of strength and ductility [2]–[4]. In DP steels, martensite is typically formed from the

austenite present in an intercritical ferrite-austenite microstructure during rapid cool-

ing to room temperature. Martensite formation includes volume expansion and shape

change, which takes place through dilatation and shearing of the prior austenite region.

To accommodate the volume expansion and shape change of newly formed martensite,

the surrounding ferrite grains undergo deformation. Stresses generated as a result of this

deformation usually exceed the elastic limit of ferrite, thus causing plastic deformation

[5]–[8]. High elastic stresses can persist in the ferrite matrix even after the transformation-

induced plastic deformation has ceased.

These plastically deformed ferrite regions contain mobile dislocations as reported by pre-

vious studies [2], [7]–[10]. These dislocations, aided by high internal elastic stresses, can

move under low macroscopic stress and interact to produce a high initial work hardening

rate. Thus, yielding in DP steels starts quite early in the form of localized plasticity. This

leads to the absence of a sharp yield point in a typical uniaxial tensile stress-strain curve,

a phenomenon known as continuous yielding [11]–[13]. The mechanical behaviour of DP

steels thus depends upon the extent of transformation-induced deformation of ferrite.

Earlier investigations attempted to relate the extent of ferrite grain deformation to local

microstructural aspects such as the fraction of ferrite/martensite phase boundary in the

ferrite grain [14], its adjoining martensite island size, and the strength of the ferrite grain

itself [15]–[18]. However, the difference in the extent to which various ferrite grains in the

specimen deform could not be fully explained based on the aforementioned microstruc-
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tural aspects only [19]. Several characteristics of martensite in DP steels need to be

examined in order to fully understand how martensite formation causes the surrounding

ferrite grains to deform.

In this work, electron backscatter diffraction (EBSD) measurements are used to study the

influence of martensite microstructural characteristics such as the volume fraction, the

carbon content, sub-structure size, and the relative orientation between deformed ferrite

grains and their adjacent martensite on transformation-induced deformation of ferrite.

4.2. EXPERIMENTS
The starting material consisted of cold rolled steel with a ferrite-pearlite microstructure

and composition 0.14C-1.8Mn-0.24Si by weight%. The microstructure revealed using

optical microscopy post etching by Nital 5% solution is shown in figure 4.1. The mi-

crostructure consists of ferrite and dark-coloured pearlite nodules. Three specimens of

dimensions 10 mm x 4 mm x 2 mm were cut from the raw material using electric discharge

machining and heat-treated in a Bähr DIL 805 A/D dilatometer. Specimens were heated

with a rate of 5 K/s and kept at three different intercritical temperatures for 5 min to

obtain different phase fractions of austenite and ferrite, followed by quenching to fully

transform the austenite to martensite. The heat treatment regimes are shown in figure

4.1(b) and the relative change in length of the specimens with temperature during the

heat treatment is shown in figure 4.1(c).

The specimens are named IC750, IC775, and IC800 where the last three digits denote

the intercritical annealing temperatures in Celsius. All specimens were then ground

using SiC abrasive papers and polished with 3 µm and 1 µm diamond paste followed by

electro-polishing using Struers electrolyte A2 at 35 V, 277 K for 6 s to prepare them for

electron backscatter diffraction (EBSD) measurements. EBSD maps were taken on a Zeiss

Ultra 55 machine equipped with a Field Emission Gun Scanning Electron Microscope

(FEG-SEM) using Edax Pegasus XM 4 Hikari EBSD system. The scan area for this study

was 50 µm x 50 µm, with a step size of 50 nm. The TSL OIM version 7 software was used

to analyze the EBSD scans. EBSD data subsets from the regions of interest were cleaned

using the neighbour confidence index (CI) correlation tool, and points with CI less than

0.1 were removed. Further cleaning was avoided.

4.3. RESULTS AND DISCUSSION

4.3.1. MICROSTRUCTURAL ANALYSIS

To quantify phase fractions in the DP microstructures, the grain average image quality

(GAIQ) measure based on EBSD measurements was used. GAIQ is the average image

quality value of all points belonging to a grain. Using a grain tolerance angle value be-

tween 0.5°-1.5° to demarcate grains for GAIQ calculation enables excellent identification

of martensite particles in ferrite-martensite DP microstructures [20], [21]. Figure 4.1(d)
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Figure 4.1: (a) Microstructure of the initial material containing ferrite (light) and pearlite (dark) as revealed
by chemical etching using Nital 5% solution; (b) Heat treatment regimes applied to specimens. Ac1 and Ac3
refer to critical temperatures indicating the beginning and end of austenite formation, determined from the
dilatometry curve of a steel specimen heated at 5 K/s to full austenitisation. The start of heating and the end of
cooling occurs at room temperature. (c) Relative change in length of the specimens with temperature during
the heat treatment; (d) Grain average image quality (GAIQ) distribution showing martensite and ferrite peaks
obtained using data from EBSD scan of specimen IC750.

shows the area fraction distribution of ferrite and martensite GAIQ for specimen IC750.

Two distinct peaks belonging to ferrite and martensite can be identified from the distribu-

tion, with ferrite exhibiting higher GAIQ. The phase fractions calculated by this method for

analyzed EBSD locations are 0.33, 0.56, and 0.93 for IC750, IC775, and IC800 respectively.

Figure 4.2 (a, b, c) shows the image quality (IQ) maps of all specimens obtained via EBSD.

Ferrite regions have better image quality and appear light grey in EBSD image quality (IQ)

maps as compared to martensite regions which appear dark grey [2], [21]. The martensite

particles resemble connected chains in IC750 and IC775, with the chains being bulkier in

IC775.

Figure 4.2 (d, e, f) shows the kernel average misorientation (KAM) maps of all specimens.
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The KAM measure gives an estimate of the extent of deformation within a grain [22]–[25].

The nth kernel average misorientation (KAM) at a measurement point is defined as the

average misorientation of that point with respect to the n numbers of measured nearest

neighbour points, neglecting those misorientations which are above a certain threshold.

In the figure, KAM maps are shown for the 5th nearest neighbour and a maximum of

4◦ misorientation. The blue and the red end of the legend colour spectrum denote the

minimum and maximum KAM values respectively. Martensite regions appear red in KAM

maps due to very high misorientations, while the ferrite regions appear blue. There is a

higher number of ferrite grains with deformation in IC750 and IC775 than in IC800. No

prominent deformation is seen in the ferrite grains of IC800.

Figure 4.2: (a, b, c) EBSD image quality (IQ) maps for specimens IC750, IC775, and IC800 respectively; (d, e, f)
EBSD kernel average misorientation (KAM) maps for specimens IC750, IC775, and IC800 respectively.

4.3.2. LONG RANGE ( TYPE I) AND SHORT-RANGE ( TYPE II) DEFORMATION

OF FERRITE GRAINS

It is observed that some ferrite grains undergo long-range deformation, while in others

deformation is limited to the vicinity of phase boundaries. This is evident from mis-

orientation gradients present within the ferrite grains. Figure 4.3(a) shows the IQ and

KAM maps of ferrite grains labelled F1 and F2 from the region of the IC750 specimen

highlighted in figure 4.2(d). In the ferrite grain F1, KAM gradients cover the majority of
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Figure 4.3: (a) IQ and KAM maps of ferrite grains F1 and F2 from the region of IC750 specimen highlighted in
figure 4.2 with three profile lines. FF starts from the ferrite/ferrite phase boundary whereas lines I and II start
from the ferrite/martensite phase boundary. Black regions in the KAM map represent pixels with low confidence
index; (b) Change in point-to-origin misorientation angle while moving along profile line from phase/grain
boundary towards ferrite grain interior.

the grain area. In the ferrite grain F2, higher KAM values are confined to the vicinity of the

ferrite/martensite phase boundary in the form of a layer of deformed ferrite.

For a clear illustration, three misorientation profile lines are drawn in figure 4.3(a).

Changes in misorientation angle with respect to the origin along the profile lines are

plotted in figure 4.3(b). For the profile line which starts from the ferrite/ferrite grain

boundary (FF), the misorientation angle in figure 4.3(b) first increases up to a certain

distance and then becomes nearly stable. For the profile lines which start at the fer-

rite/martensite (FM) phase boundary, there are two scenarios: type I and II. In the type I

profile line, the corresponding misorientation angle in figure 4.3(b) shows a continuously

increasing trend even at a distance equal to half the grain size. This indicates that the grain

has undergone significant deformation in its interior. Such deformation is henceforth

called type I long-range (type I LR in short) ferrite deformation.

In the type II profile line, the misorientation angle change behaves similarly to that of

the first case (FF), except that the stable misorientation value is significantly higher. This

indicates that the deformation in ferrite grain is highest near the phase boundary and

decreases up to a certain distance which represents the deformed ferrite layer width.

The deformation remains confined to a small region near the phase boundary. This

type of deformation is henceforth called type II short range (type II SR in short) ferrite

deformation.

The occurrence of ferrite grains with type I LR deformation is common in EBSD scans of
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IC750 and rare in IC775. Type II SR deformation can be spotted in several grains in both

IC750 and IC775. However, in IC800, both type I LR and type II SR deformation appears

to be absent which is indicated by very low values of KAM at all locations inside the ferrite

grains.

Grains with type I LR deformation were quantified using the grain orientation spread

(GOS) measure. It is used to estimate deformation in grains, especially to distinguish

non-recrystallized grains from recrystallized ones [26]. For calculating GOS, the average

orientation of the grain is calculated. Then the misorientations between this average

orientation and the orientation of each measurement point within the grain are calculated.

The average of these misorientations is the GOS value of that grain. Grains with type II SR

deformation were quantified by identifying grains with a discernable width of deformed

ferrite layer as illustrated in figure 4.3(b).

Volume fractions of ferrite grains with different types of deformation quantified from

EBSD scans of figure 4.2 are shown in figure 4.4(a) together with the volume fraction of

martensite. The deformed ferrite layer width for type II SR deformation measured for

several randomly selected ferrite grains of IC750 and IC775 was found to be in the range

0.1 µm - 0.5 µm, while in IC800 it is absent, as evident from figure 4.4(b).

It is important to note that type II SR deformation in a ferrite grain can occur in addition

to type I LR deformation. The large KAM gradients from type I LR deformation obfuscate

the KAM gradients showing the type II deformation of ferrite near the ferrite/martensite

interface. Therefore, it is highly likely that some fraction of ferrite grains exhibiting type I

LR deformation contain type II SR deformation too.

To investigate its influence on transformation-induced ferrite deformation, the carbon

content of martensite was calculated using the carbon mass balance equation, C0 =
V f C f +VmCm , where C0 = 0.13 wt.% is the mean steel carbon content, V f ,Vm are the

volume fractions of ferrite and martensite, C f ,Cm are the carbon contents of ferrite and

martensite in wt.%, respectively. The values of C f were approximated as the equilibrium

carbon content in ferrite at different intercritical temperatures. This was calculated in

ThermoCalc software using the TCFe9 database. The carbon content of martensite was

observed to decrease with increasing martensite volume fraction.

Figure 4.4(c) shows the variation of average block size with carbon content in martensite

for different martensite volume fractions. It shows that a higher carbon content in marten-

site reduces the sub-structure size, as reported in the literature [27], [28]. It can also be

inferred that IC750 must have had the smallest average prior austenite grain size (PAGS)

among all specimens since the average block size of martensite is directly proportional to

the average PAGS of the specimen [29]–[31].
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4.3.3. SLIP-TRANSMISSION FROM MARTENSITE INTO FERRITE GRAINS

A potential explanation for the transformation-induced type I-LR deformation of ferrite

is slip transmission. Slip transmission from martensite to adjacent austenite [32] and

ferrite grains [33] has been reported in the literature. Grain boundaries block dislocation

movement, hence providing material strengthening [34], [35]. However, there can be

partial or even full transmission of dislocations across the grain or phase boundaries

under certain conditions.

The geometrical criteria used to estimate ease of slip transmission is called the slip transfer

number λ which is a function of δ - the angle between the lines of intersection of slip

planes with the boundary plane, and κ - the angle between slip directions, or Burgers

vectors as shown in figure 4.4(d) [36], [37]. The smaller the values of δ and κ, the higher

the value ofλ and the larger the slip transmission. If the planes and directions of incoming

and outgoing slip are nearly parallel, there is a higher chance of slip transmission [38].

Figure 4.4: (a) Volume fraction of martensite and different types of ferrite deformation based on EBSD scans of
figure 4.2; (b) IQ and KAM map of a region of IC800 highlighted in figure 4.2(f) with some ferrite grains indicated
with ‘F’. Both type I and type II deformation are absent; (c) Variation in average block size and carbon content
of martensite for specimens with different martensite volume fraction (Vm ); (d) Geometrical configuration
of slip planes during slip transmission. Incoming and outgoing slip planes are indicated in green and red
colours respectively. The equation for slip transfer number λ is shown, where δ is the angle between the lines of
intersection of slip planes with the boundary plane, κ is the angle between slip directions, δc and κc are the
limiting values of δ and κ beyond which slip transmission not possible.

Since the (110) plane is the most active slip plane for bcc crystal structures, the (110) pole
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figures were plotted for ferrite grains F1 and F2 as shown in figure 4.5 and overlaid on

(110) pole figures of adjacent martensite blocks to check for parallel plane relationships

[33], [39]. Overlap in pole figures (highlighted by black circles) shows that the (110) planes

of the ferrite grains with type I LR deformation exhibit a parallel relationship with the

(110) planes of adjacent martensite blocks. Such a relationship is henceforth referred to

as (110) close-packed plane parallel (CPPP) relationship. The martensite blocks which

show (110) CPPP relationship with the ferrite grain are coloured.

Five out of a total of ten martensite blocks with a CPPP relationship have at least one <111>

direction parallel to the <111> direction of ferrite grain F1, indicated by the black circle in

(111) pole figures shown in figure 4.5(a). The rest of the blocks have a misorientation of 5°-

15° between their <111> direction and <111> direction of ferrite, which is lower than the

generally used critical value of κ(κc = 45◦), above which slip transmission is not possible

[36]. Such blocks are indicated by a dotted black circle in (111) pole figure shown in figure

4.5(a).

Ferrite grain F2 which shows type II SR deformation only has one small martensite block

with (110) CPPP relationship as shown in figure 4.5(b). On the contrary, a higher number

of martensite blocks with (110) CPPP relationships are present adjacent to type I LR

deformed ferrite grain F1. The quantification of grains that show CPPP relation for all

three specimen scans is given in table 1. The volume fraction of ferrite grains with type I

LR deformation and also exhibiting CPPP relation is highest in IC750.

In 2D micrographs, it is always a concern whether observations may have been influenced

by features below the surface. The amount of ferrite exhibiting type I LR deformation as

a percentage of total ferrite is 24%, 7%, and 0% for IC750, IC775, and IC800 respectively.

This indicates that observations of type I LR deformation cannot be caused solely by

the presence of martensite beneath the ferrite grain observed in the 2D scan as in that

case an equal fraction of ferrite grains should have exhibited type I LR deformation in all

specimens.

Table 4.1: Quantification of type I LR ferrite grains with CPPP relationship in EBSD scans of the specimens
shown in figure 4.2

Specimen Volume

fraction

of ferrite

Total

no. of

ferrite

grains

Volume

fraction of

ferrite with

type I LR de-

formation

Number

of ferrite

grains with

type I LR de-

formation

Volume frac-

tion of ferrite

with type I LR

deformation

and CPPP

relationship

IC750 0.67 124 0.16 21 0.14

IC775 0.44 79 0.03 4 0.01

IC800 0.07 42 - - -
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Figure 4.5: IQ maps and (110) pole figures of ferrite grains (a)F1 and (b) F2 (both highlighted in blue in IQ maps
above) in specimen IC750 exhibiting type I and type II deformations respectively, overlaid on (110) pole figures
of surrounding martensite blocks (grey coloured points). The blocks showing the CPPP relationship with ferrite
are coloured in IQ maps along with corresponding points on the pole figure. Black circles indicate overlapping
110 planes of ferrite and martensite blocks. In (a), (111) pole figures show the <111> directions in ferrite grain
F1 overlaid on those of highlighted martensite blocks. Black circle indicates overlapping <111> directions for
effective slip transfer. Dotted black circle indicate those blocks which have 5°- 15° misorientation between their
<111> direction and <111> direction of ferrite.

4.3.4. RELATIVE FREQUENCY OF TYPE I AND TYPE II DEFORMATIONS

The highest frequency of type I LR deformed ferrite grains in IC750 can be explained as

follows. IC750 has the minimum average block size and hence the minimum average

PAGS as evident from figure 4.4(c). Small prior austenite grains show a lack of formation of

an adequate number of variants for self-accommodation, and hence generate the greatest

elastic stresses upon transformation [29], [30], [32], [33]. This causes the surrounding

microstructure to undergo plastic deformation to relax those stresses.
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Limited freedom to choose variants for self-accommodation due to small PAGS forces the

austenite to transform into martensite variants having CPPP relation with adjacent ferrite

grains. This achieves relatively easy slip transmission while relaxing high transformation

stresses resulting in type I LR deformation. An important implication of this is that ferrite

grain orientation can affect the variant selection during the transformation of an adjacent

small PAG [33], [39].

The existence of the CPPP relation indicates an orientation relationship (OR) between

intercritical ferrite and the austenite present before the transformation. As the intercritical

temperature increases, the propensity of nucleating austenite to have Kurdjumov-Sachs

(K-S) OR with multiple ferrite neighbours decreases [40]. Since boundaries without K-S OR

grow faster [41], [42], higher intercritical temperatures eventually result in microstructure

with decreasing probability of austenite grains having K-S OR with ferrite neighbours.

Therefore, a ferrite grain in DP steel has a higher probability of having K-S OR with

multiple prior austenite grains and hence CPPP relation with multiple martensite blocks

if lower intercritical temperatures are used.

Ferrite-martensite interface boundary length may also explain the frequency of type I

LR deformation since a larger interaction area between ferrite and martensite provides

more opportunities for the occurrence of the CPPP relationship. However, the interface

boundary length decrease from 3195 µm in IC750 to 2970 µm in IC775 is very minimal

and hence does not explain the drastic decrease in the frequency of type I LR deformation

observed in IC775.

The fraction of ferrite grains with type II SR deformation is also higher in IC750 than in

IC775, but absent in IC800. This probably means that type II SR deformation decreases

with increasing martensite volume fraction. Since in specimens IC750 and IC775 type

II SR deformation is observed in almost all ferrite grains where type I LR deformation

is not observed, it can be better explained by an overall average characteristic of the

microstructure, rather than a local characteristic such as the fulfilment of CPPP relation.

No type II SR deformation is observed in IC800, which can be explained by the fact that

the volumetric expansion of martensitic transformation increases with the increasing

carbon content of martensite [40]. This causes increased deformation in surrounding

ferrite resulting in type II SR deformation. It seems that below a certain threshold carbon

content, transformation strain is so low that the deformed ferrite layer is indistinguishable.

Moreover, IC800 probably has a higher number of martensitic variants formed from a

single prior austenite grain, as it has the largest prior austenite grain size. A higher number

of variants can cancel the shear part of austenite-to-martensite transformation strain

more effectively and significantly reduce the magnitude of deformation in ferrite [15],

[16].
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4.4. CONCLUSIONS
In summary, there are two types of deformation observed in ferrite grains: a type I long-

range (LR) deformation that spans the complete ferrite grain, and a type II short-range (SR)

deformation in the form of a deformed ferrite region at the ferrite/martensite boundary.

The fraction of ferrite grains with type I LR deformation was highest in specimen IC750

which has the smallest martensite block sizes, and hence the smallest PAGS. When PAGS is

small, austenite may transform into martensitic variants having a (110) CPPP relationship

with neighbouring ferrite. This enables effective relaxation of transformation stresses by

relatively easy deformation of ferrite and results in type I LR deformation. It was observed

that most ferrite grains with type I LR deformation also possess a (110) CPPP relationship

with several surrounding martensite blocks.

At the locations where type I LR deformation and the CPPP relation are not present, type

II SR deformation is observed. Type II SR deformation is encountered more often as the

PAGS increases. Type II SR deformation is observed only in IC750 and IC775 and is absent

in IC800. This may either be because the carbon content in the martensite of IC800 is low,

which causes small transformation-induced deformation of ferrite unable to be captured

by EBSD KAM measurements. Or, a higher number of variants form in PAGs of IC800,

which cancels the shear part of the transformation strain more effectively.
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T he results of the investigations in Chapter 4 indicated that the extent of transformation-

induced deformation of ferrite depends upon the crystallographic orientation of the

martensite variants formed. The martensitic transformation deformation, composed of

dilatation and shear, is anisotropic and variant-specific. However, the transformation de-

formation is generally considered equivalent to an isotropic dilatation while modelling the

transformation-induced deformation of ferrite in Dual-phase (DP) steels. This chapter aims

to illustrate the disadvantages of simplifying the anisotropic transformation deformation of

martensite to isotropic dilatation. A novel methodology is developed comprising sequential

experimental and numerical research on DP steels to quantify transformation-induced

deformation and the resulting strains in ferrite. This methodology combines the results of

PAG reconstruction, phenomenological theory of martensite crystallography and electron

backscatter diffraction (EBSD) orientation data to estimate variant-specific transformation

deformation. Subsequently, full-field micromechanical calculation results on a virtual DP

steel microstructure are compared with experimental EBSD kernel average misorientation

and geometrically necessary dislocation measurement results. It is shown that neglecting

the shear deformation associated with the martensitic transformation leads to significant

underestimation in the prediction of transformation-induced strains in ferrite.

5.1. INTRODUCTION
The martensite in DP steels is typically formed when austenite present in the microstruc-

ture at intercritical conditions transforms into martensite upon rapid cooling. This phase

transformation is accompanied by a volume increase and a shape change [2], [3] which,

at the macroscopic level, is observed as a unidirectional dilatation and shear deforma-

tion of the transforming region. To accommodate the newly formed martensite in the

microstructure, the ferritic matrix undergoes deformation resulting in plastic flow and

subsequent strain hardening [4], [5].

The transformation-induced plastic deformation of ferrite generates a high density of

unpinned dislocations near the ferrite/martensite interface [6]–[8]. Because of the high

local stresses already present in the ferrite matrix, the newly formed dislocations start to

move and interact even at a relatively low value of global flow stress [9], [10], which results

in the typical characteristics of DP steels such as a low elastic limit, continuous yielding,

and a high initial work hardening rate [11], [12]. Moreover, the extent of transformation-

induced deformation of ferrite significantly influences the yield strength and hardening

behaviour of DP steels [4], [5], which highlights the need of estimating the transformation-

induced deformation of ferrite to understand the global mechanical behaviour of DP

steels.

In Chapter 4, the results of the EBSD experimental study showed that the crystallographic

orientation of martensite variants has a strong influence on the transformation-induced

deformation of ferrite grains. This is because the direction of dilatation and shear deforma-

tions associated with a variant formation depends upon the crystallographic orientation
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of the variant and the prior austenite grain (PAG) it belongs to. Post-transformation

experimental observation using EBSD does not provide any direct information about PAG

orientation and hence it is difficult to accurately estimate the transformation-induced

deformation field in ferrite based on such experimental results alone.

Continuum mechanics-based analytical models for transformation-induced deformation

of ferrite have been formulated in the past, but only for ideal martensite island shapes [9],

[10]. While Sakaki et al. [9] estimated the spatial extent of plastic deformation, Bourell

and Rizk [10] estimated the dislocation density increase in the deformed ferrite matrix

surrounding a spherical martensite island. For microstructures consisting of martensite

with more complex shapes, the transformation-induced deformation of ferrite has been

described with a micromechanics-based numerical modelling approach [4], [5], [13].

Naturally, the anisotropic character of the transformation deformation comprising the

shear and dilatation deformation associated with every martensite variant is expected to

have a strong influence on the transformation-induced deformation of ferrite. However, in

the aforementioned works, the transformation deformation was assumed to be comprised

only of isotropic dilatation of the prior austenite grains.

The assumption of isotropic dilatation implies that the shear deformation associated with

the formation of martensitic variants, oriented differently in space, cancel each other

out leaving only the unidirectional dilatation part for consideration. The volume average

deformation of all variants combined is then considered equivalent to the isotropic

dilatation of the PAG. This assumption is reasonable when the prior austenite grain size is

sufficiently large to allow the formation of a maximum of twenty-four martensitic variants

with different orientations. However, in the case of DP steels, the small prior austenite

grain size (PAGS) allows only the formation of a few martensitic variants [14]–[16]. Hence

the volume average shear of all variants is non-zero, and the volume average deformation

of all variants combined is less likely to be equal to the isotropic dilatation of the PAG.

This study aims to show the disadvantages of simplifying the anisotropic transformation

deformation of martensite to isotropic dilatation for studying the transformation-induced

deformation of ferrite in the case of relatively small PAGS, such as in DP steels. Quantifi-

cation of the transformation-induced deformation of ferrite is proposed using a novel

methodology comprising sequential experimental and numerical research on DP steels.

5.2. APPROACH AND THEORETICAL MODELS
The approach to model the transformation-induced deformation of ferrite is schemat-

ically presented in figure 5.1. It is divided into four steps and starts with an EBSD scan

of the DP steel microstructure to obtain lattice orientations of ferrite and martensite,

followed by prior austenite grain reconstruction to estimate the morphology and lattice

orientation of prior austenite grains. The anisotropic transformation deformation is then

determined by using the phenomenological theory of martensite crystallography (PTMC)
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[3], [17], [18]. As per the authors’ knowledge, the application of a crystallographic theory

(such as the PTMC) to calculate the magnitude of shear and dilatation components of

transformation deformation is missing in the previous modelling works concerning the

transformation-induced deformation of ferrite in DP steels. Subsequently, the transfor-

mation is mimicked by subjecting all reconstructed prior austenite grains, constrained by

an initially undeformed ferrite matrix, to the anisotropic deformation associated with the

transformation. The resulting transformation-induced deformation of ferrite is calculated

using a micromechanical model (Appendix A)[19]. A detailed explanation of every step

follows.

5.2.1. ANALYSIS OF THE FERRITE/MARTENSITE MICROSTRUCTURE (STEP 1)
The EBSD scan of a selected location within the DP steel specimen is carried out to obtain

information about the distribution of phases and crystal orientations. Although both

ferrite and martensite are recognized in the EBSD as bcc crystal structures, martensite

regions exhibit low image quality in the EBSD scans. Therefore the grain average image

quality measure is used to distinguish martensite from ferrite regions [20]. The identified

martensite data points are used as input for the PAG reconstruction.

5.2.2. PRIOR AUSTENITE GRAIN RECONSTRUCTION (STEP 2)
The PAG reconstruction was performed using Mtex, a freely available Matlab toolbox

[21], [22]. Only the measurement points corresponding to martensite in the EBSD scan

were considered for reconstruction. The reconstruction involves determination of the

experimentally observed orientation relationship (OR) between austenite and martensite,

which usually deviate slightly from the Kurdjumov-Sachs (K-S) OR [23]. The procedure

followed in Mtex to determine the experimentally observed OR is described as follows.

The misorientation matrix, Mi j , between two martensitic variants, i and j , formed from

the same prior austenite grain can be represented as [24], [25]

Mi j = C−1
j T−1 S−1

j Si T Ci , (5.1)

where Si and S j are one of the 24 cubic symmetry matrices for the prior austenite grains of

i th and j th martensitic variants respectively, Ci and C j are one of the 24 cubic symmetry

matrices for i th and j th martensitic variants as well, T is the austenite-martensite orienta-

tion relationship matrix, and superscript •−1 denotes the inverse. Here, the subscripts

are not index notations. The term
(
T−1 S−1

j Si T
)

results in 24 distinct rotations [24]. If

the experimentally observed misorientation matrix Mexp, between the two martensitic

variants, i and j , is found to be close to one of the predicted 243 misorientation matrices

according to equation 5.1, the two variants are assigned to the same PAG. However, prior

to this calculation, the OR matrix T should be ascertained. Manipulating equation 5.1, we

find that:
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Figure 5.1: Illustration of the four steps involved in the calculation of transformation-induced deformation
of ferrite. (a) The crystal orientations of ferrite and martensite phases in the specimen are obtained from
EBSD measurements (b) A PAG reconstruction algorithm provides the shape and the crystal orientation of the
PAGs. (c) The anisotropic transformation deformations are calculated using the phenomenological theory of
martensite crystallography (PTMC) (d) The reconstructed PAGs are subjected to the calculated anisotropic and
variant-specific transformation deformations and the resulting transformation-induced deformation of ferrite
is calculated via micromechanical modelling.

T =
(
T−1 S−1

j Si

)−1
C j Mexp C−1

i . (5.2)

Since the OR matrix T appears on both sides of equation 5.2, the equation can only be

solved iteratively. Equation 5.2 then becomes:
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Tn+1 =
(
T̄−1

n S−1
j Si

)−1
C j Mexp C−1

i , (5.3)

where n is the iterator, Tn=0 is the initial guess for Tn equal to the OR matrix corresponding

to the theoretical K-S OR, Tn+1 is the OR matrix calculated from Mexp, and T̄n is the OR

matrix corresponding to average of all ORs determined in the previous iterations. The

iterative process is based on determining correct symmetry matrices by using T = T̄n in

equation 5.1 and comparing all predicted values of misorientation matrix Mi j with Mexp.

When there is no change in the calculated symmetry matrices in subsequent iterations, the

final OR matrix T̄n is concluded to be the observed experimental orientation relationship

for the specimen under study.

The application of this reconstruction algorithm not only predicts the PAG shape but also

helps in identifying the martensitic variants and provides an estimate for PAG crystal

orientation. This information is further used to determine the anisotropic, variant-specific

transformation deformation.

5.2.3. DETERMINATION OF MARTENSITIC TRANSFORMATION DEFORMATION

(STEP 3)
The austenite to martensite phase transformation comprises of dilatation and shear

deformation [3], [17], [26]. The transformation is an invariant plane strain (IPS) defor-

mation, where the invariant plane is also called the habit plane. The dilatation part is

perpendicular to the invariant plane of martensitic transformation, while the shear part is

parallel to the invariant plane. According to the phenomenological theory of martensite

crystallography (PTMC), the IPS can be expressed in the form of the following equation

[3], [17], [18]:

Z = R B P , (5.4)

where Z is the IPS shape deformation gradient matrix, R is the rotation matrix representing

a rigid body rotation, B is the Bain strain matrix, and P is the lattice invariant shear matrix.

The lattice invariant shear is either in the form of slip, resulting in the formation of laths

in low carbon martensite, or in the form of twinning in high carbon martensite [27]. Since

martensitic transformation is an invariant plane strain deformation, Z can also be written

in the following form [26]

Z = I+m d̂⊗ p̂ , (5.5)

where m is the magnitude of displacements in the direction of displacement unit vector

d̂, p̂ is the habit plane unit normal vector, and ⊗ is the outer product. The slip plane and

direction for the lattice invariant shear matrix P are assumed to be {112}〈111〉bcc since it
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is common to observe {112} striations on the martensite surface [28]. The shape deforma-

tion gradient matrix Z and the rotation matrix R are now calculated from equations 5.4

and 5.5. The Bain strain matrix B is calculated from lattice parameters of martensite and

prior austenite [26]. In this work, PTC lab software [29] is used to obtain the solution for

the shape deformation gradient matrix Z by providing lattice parameters of austenite and

martensite as inputs.

Apart from the shape deformation gradient matrix Z, the PTMC also enables the calcula-

tion of orientation transformation matrix T using the PTC lab software [29]. The change

in crystallographic orientation due to martensitic transformation can be expressed in the

form of the following matrix equation [30], [31]:

M = T A , (5.6)

where M and A are the orientation matrices consisting of three orthogonal unit vectors rep-

resenting the crystal orientation of martensite and austenite respectively. The orientation

transformation matrices of all 24 K-S variants of martensite are

Tk = Ck T Ck
T , (5.7)

where C is the cubic symmetry matrix, k=1· · ·24, and •T is the transpose of the matrix.

Plugging equation 5.7 into 5.6, we have

Mk = Ck T Ck
T A , (5.8)

which gives the orientation matrices of all 24 variants formed from a prior austenite grain.

Similarly, the IPS solution Z for all 24 variants formed from a single prior austenite grain

is calculated using the following equation:

Zk = Ck Z Ck
T , (5.9)

where Zk is the variant-specific deformation matrix which can only be obtained if the

correct symmetry matrix Ck is identified. The symmetry matrix Ck which results in the

minimum misorientation angle between Mk and the experimentally measured orienta-

tion matrix of a variant is concluded to be the correct symmetry matrix for that variant

present at a specific martensite location in the EBSD scan.

The deformation gradient matrix Zk is calculated with respect to the reference frame of

the prior austenite grain. Any given PAG has an arbitrary orientation with respect to the

specimen coordinates. The correct IPS deformation gradient matrix for any martensitic

variant is [32]:
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Zkl = Al
(
Ck Z Ck

T)
Al

T , (5.10)

where Al is the orientation matrix of l th prior austenite grain. The variant-specific defor-

mation gradient matrices, Zkl , are used to calculate the variant-specific eigenstrains ϵ∗kl .

Eigenstrains are the strains developed in the material due to inelastic processes such as

phase transformation and thermal expansion in the absence of any external mechanical

stress. The variant-specific eigenstrains ϵ∗kl are then used as input in the micromechanical

model to calculate the transformation-induced strains in ferrite.

5.2.4. MICROMECHANICAL CALCULATION OF TRANSFORMATION-INDUCED

STRAINS IN FERRITE (STEP 4)
In the last step of the proposed procedure, micromechanical calculations are performed to

estimate the transformation-induced strains in the ferrite matrix in response to austenite

undergoing variant-specific deformation while transforming into martensite. A Fast

Fourier Transform (FFT)-based micromechanical modelling software, CraFT 1.0, is used

to perform the calculations (Appendix A) [19]. The inputs for the calculations are: a

representative volume element (RVE) based on a microstructural image of DP steel, a

behaviour law for each phase involved in the RVE, the boundary conditions imposed on

the RVE, and the eigenstrains corresponding to martensitic transformation deformation.

In the present micromechanical model calculations, the strains are assumed to be in-

finitesimal. This means that the second-order terms from the definition of finite strain are

neglected. Therefore any significant transformation-induced rotation in the material con-

tributes to the error in calculated transformation-induced strains. A comparative analysis

of the transformation-induced deformation of ferrite is performed, in response to two

different assumptions regarding martensite transformation deformation, i.e., isotropic

and anisotropic transformation deformation. The trends observed are considered repre-

sentative given the absence of local a priory known rotations. The intention here is to use

the simplest numerical method to elucidate the importance of considering the anisotropy

of martensitic transformation deformation in modelling studies.

5.3. ANALYSIS OF A DP STEEL MICROSTRUCTURE USING THE

PROPOSED METHOD

5.3.1. EXPERIMENTAL PROCEDURE

Cold-rolled steel with composition Fe-0.14C-1.8Mn-0.24Si by weight % and with an initial

microstructure consisting of pearlite and ferrite was cut into a specimen of dimensions

10 mm x 4 mm x 2 mm using electrical discharge machining. Using a Bähr DIL A/D

dilatometer, the specimen was heated at 5 K/s, kept at 775°C for 5 min, and then quenched

to obtain a ferrite-martensite dual-phase microstructure. The specimen was ground
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using SiC abrasive papers and subsequently polished using 3 and 1 µm diamond paste.

Further, it was electropolished using Struers A2 electrolyte at 35V, 277 K for 6 s. EBSD

measurements were made on a Zeiss Ultra 55 scanning electron microscope (SEM) using

the Edax Pegasus XM 4 Hikari EBSD system. The step size of the scan was 50 nm. The

EBSD scans were analyzed using the TSL OIM version 7 software.

5.3.2. APPLICATION

ANALYSIS OF THE FERRITE/MARTENSITE MICROSTRUCTURE

The microstructure of the specimen used in this work was investigated in detail in a

previous study [33] elaborated in Chapter 4. Figure 5.2(a) shows the image quality (IQ)

map of the specimen obtained via EBSD scan, which is a part of the full IQ map shown in

figure 4.2(b). The dark-coloured martensite is present in the form of connected, chain-

like structures. The sub-region used for PAG reconstruction and RVE generation for

micromechanical calculations is highlighted in red and shown enlarged in figure 5.2(b).

The RVE hence generated based on the IQ map is shown in figure 5.2(c) where blue and

red colours represent ferrite and martensite respectively.

The martensite volume fraction for the specific scanned location of the specimen was

calculated to be 0.56 [33], based on phase identification using grain average image quality

(GAIQ) measurements [20], [33]. GAIQ is the average image quality of all measurement

points within a grain. Using an angular tolerance value between 0.5-1.5° to identify the

grains followed by an application of GAIQ measure enables excellent identification and

quantification of martensite in a DP steel microstructure [20], [33]. The equilibrium

carbon content in ferrite at the intercritical temperature calculated using ThermoCalc

software is 0.006 wt.%. Consequently, the carbon content in martensite was calculated to

be 0.23 wt.% [33] after the application of carbon mass balance. The lattice parameters

used in this study to calculate transformation-deformation are a = 2.858 nm and c =

2.885 nm for martensite and a = 3.565 nm for prior austenite based on calculated carbon

content [34].

The nth neighbour kernel average misorientation (KAM) at an EBSD measurement point

is the average misorientation of the nth nearest neighbour points with respect to that

measurement point. Since intra-grain misorientations arise due to dislocations, KAM

values can be used to study the level of deformation within individual grains [35]. Figure

5.2(d) shows the KAM maps of the region of interest for the 5th nearest neighbors and

a maximum 3° misorientation. As expected, the highest KAM values are observed for

the martensite regions. The KAM magnitude is higher in ferrite grains near the phase

boundary than in the grain interior. This becomes apparent in figure 5.2(e), where the

KAM values are grouped into five uniformly spaced ranges and overlaid on the IQ map.

The regions near the phase boundary which show higher KAM are highlighted in dashed

white ellipses.



84
EFFECT OF THE ANISOTROPY OF MARTENSITIC TRANSFORMATION ON FERRITE

DEFORMATION IN DUAL-PHASE STEELS

A local geometrically necessary dislocation (GND) density map is calculated using MTex

software [21], [22], [36], following the approach given by Pantleon [37]. This approach

involves the calculation of the dislocation density tensor at every measurement point

of the EBSD scan, whose components are determined using the lattice curvature tensor.

The lattice curvature tensor is calculated from the misorientations between neighbouring

points in an EBSD scan. Figure 5.2(f) shows the result for the GND density calculations,

with some regions of relatively high GND densities highlighted with black dashed ellipses.

Figure 5.2: (a) Image quality (IQ) map of the specimen region scanned with EBSD (b) Specific area selected
for this study (c) Generation of an RVE consisting of ferrite and martensite (d) Kernel average misorientation
(KAM) map for the selected region. KAM values are in degrees (e) KAM map for the selected region with values
grouped into specific ranges. Areas within the white dashed white ellipses indicate higher KAM regions in ferrite
(f) Geometrically necessary dislocations (m−2) calculated for the region of interest. Some regions of higher
GND density are highlighted with black dashed ellipses.

PRIOR AUSTENITE GRAIN RECONSTRUCTION

To carry out the prior austenite grain (PAG) reconstruction, the bcc ferrite phase data

points in the EBSD maps were identified using the grain average image quality (GAIQ)

criterion and then removed from the EBSD scan data. Reconstruction was then performed
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on the remaining martensite data points. Mtex version 5.6 toolbox available in Matlab

[21] was used for carrying out the PAG reconstruction.

Figure 5.3(a) shows the reconstructed parent grain boundaries overlaid on the IQ map

of the region of interest shown in figure 5.2(b). Figures 5.3(b) and 5.3(c) show the packet

and variant map of all the PAGs shown in figure 5.3(a). The PAGs are very small and with a

mean diameter of 1.6 µm. The average number of martensite variants in PAGs is 6.

Figure 5.4(a) shows the pole figure orientation of the largest prior austenite grain, named

‘PAG 1’, indicated in figure 5.3(a). Figure 5.4(b) shows the pole figures of identified variants

of ‘PAG 1’. The theoretical pole figure of all 24 variants according to the OR identified

during the reconstruction is shown in figure 5.4(c). Experimental pole figures of the

variants match very well with the expected theoretical pole figures. The experimental OR

was found to be 1.1 degrees off from the theoretical K-S relationship.

A comparison of the pole figures of martensitic variants according to theoretical K-S

and those obtained via PTMC is shown in figure 5.4(d). The misorientation between

predictions of variant orientation by K-S OR and that by PTMC is 3.22°. Neither the PTMC

nor the K-S OR predicts the experimentally observed ORs accurately.

As per the prediction of PTMC, the deviation between close-packed planes of austen-

ite (111)γ and martensite (110)α decreases from 0.4°to 0.3° when the carbon content

increases from 0.1 wt.% to 0.4 wt.%. This is also corroborated in experiments where the

decrease in angular deviation for close-packed planes is from 0.8° to 0.3° for the same

increase in carbon content [38]. This shows that even though PTMC may not capture

the experimentally observed OR, it can predict the changes in OR with varying carbon

content in austenite/martensite.

Figure 5.3: (a) Reconstructed prior austenite grain boundaries in black overlaid on image quality map of the
region of interest (b) Variants of every PAG coloured differently, with a maximum of 24 variants per PAG (c)
Packets of every PAG coloured differently, with a maximum of 4 packets per PAG.
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Figure 5.4: (a) Pole figure of the largest prior austenite grain (PAG 1) indicated in figure 5.3(a); (b) The pole
figures of identified variants. (c) The theoretical pole figure of all 24 variants according to the OR identified
during the reconstruction (d) A comparison of the pole figures of martensitic variants according to theoretical
K-S and those obtained via PTMC.

DETERMINATION OF MARTENSITIC TRANSFORMATION DEFORMATION

The anisotropic transformation eigenstrain for martensite, ϵ∗,aniso
kl , for the kth variant

of the lth austenite grain is calculated from the anisotropic transformation deformation

matrix, Zkl of equation 5.9 using the definition of Green-Lagrange strain (appendix A). The

value of m in equation 5.5 as calculated using PTMC theory is 0.26. The transformation

eigenstrain matrix for isotropic dilatation of martensite, ϵ∗,iso, is of the form ϵ∗,iso =
(∆/3)δi j , where ∆ is the volumetric strain for austenite to martensite transformation
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and δi j is the Kronecker delta representing the identity matrix. The volumetric strain

accompanying martensitic phase transformation depends on the carbon content as [2],

[9]:

∆=
(
∆Vγ→α

Vγ

)
Ms

= 0.017+0.013XC , (5.11)

where∆Vγ→α is the change in specific volume due to phase transformation from austenite(
γ
)

to martensite (α), Vγ is the specific volume of austenite, and XC is the carbon content

of austenite in wt.%. For XC = 0.23,∆ is calculated to be 2.0×10−2. In equation 5.11, all

transformation is assumed to occur at the martensite start temperature (MS).

MICROMECHANICAL CALCULATION OF TRANSFORMATION-INDUCED STRAINS IN FERRITE

Following PAG reconstruction, the micromechanical model calculations are performed

on the EBSD-based RVE to calculate transformation-induced strains in ferrite. Depending

upon the variant identity, the corresponding eigenstrain is applied at the locations of

transformation. The lattice-invariant shear between the martensitic laths is a part of the

macroscopic shape deformation and therefore does not need to be considered separately

in the micromechanical calculations. Assuming a fixed room-temperature value of linear

thermal expansion coefficient, the thermal strain in ferrite due to quenching is in the order

of 10−3 [39]. The strains induced in ferrite by anisotropic martensitic transformations are

expected to be higher in magnitude (in the order of 10−1) than the thermal strains, hence

thermal strains are not considered in this study.

The material behaviour of martensite was assumed to be isotropic elastic, while ferrite

was considered isotropic elastic-plastic with linear hardening in the following form:

σ0 =σY +HϵvM , (5.12)

where σ0 is the flow stress, σY = 283 MPa is the uniaxial ferrite yield strength, H = 595 MPa

is the plastic modulus [19]-a parameter which determines the level of strain hardening

depending upon strain magnitude, and ϵvM is von-Mises equivalent strain. The values

of σY and H were chosen in such a way that the flow curve resulting from equation 5.12

is the best linear fit for the experimentally observed uniaxial tensile flow curve of ferrite

with a similar carbon concentration as shown in figure 5.5 [40]. The elastic modulus and

Poisson’s ratio for martensite (E=203.5 GPa, ν=0.292) and ferrite (E=209 GPa, ν=0.289) are

obtained from the literature [41].

For the EBSD-based RVE, the spatial discretization in the x, y and z directions is 332 × 291

× 1, equal to the number of measurement points in the area selected to study from the

EBSD scan. Periodic boundary conditions are applied in the plane of the 2D surface. No

information is available on grain morphology out of the plane. Therefore, a mechanical
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Figure 5.5: (a) Linear approximation of ferrite hardening curve (in red dotted line) based on experimental flow
curves of ferrite presented in reference [40]

limit is applied and the average far-field strain orthogonal to the 2D surface is set to zero,

i.e., plane strain condition was considered for the in-plane direction. The convergence of

the numerical iterative process was evaluated by comparison with the required accuracy

of 10−5 m−1.

Figure 5.6 shows the von-Mises equivalent map of (a) transformation-induced strains

in ferrite due to isotropic transformation eigenstrains, ϵiso,tr-ind
vM , and (b) transformation-

induced strains in ferrite due to anisotropic transformation eigenstrains, ϵaniso,tr-ind
vM . The

magnitude of deformation at all locations in ferrite is found to be higher in figure 5.6(b)

than in 5.6(a). The high strain regions highlighted with black dashed circles at the top and

bottom edge of both figures 5.6(a) and 5.6(b), arise because of the imperfect periodicity of

the microstructural region selected for this study. It is to be noted that the elastic lattice

strains within martensite are numerically obtained but are not shown in the strain maps

as they hamper the visibility of strains in ferrite.

5.4. DISCUSSION
Figures 5.2(d) and 5.2(e) show that some regions of ferrite near the phase boundary have

higher KAM values, indicating higher deformation. These regions are highlighted by

dashed white ellipses in figure 5.2(e). As reported in Chapter-4, the spatial extent of type

II SR ferrite deformation lies approximately in the range of 0.1 µm – 0.5 µm from the

ferrite/martensite interface [33]. It is important to note that this distance is not a single

fixed value. Previous micromechanical modelling studies assuming isotropic dilatation

during transformation assume that a continuous deformed ferrite region of specific width

exists along the phase boundaries [4], [13], [42]. The results of the present modelling
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Figure 5.6: von-Mises equivalent map of (a) transformation-induced strain in ferrite due to isotropic transforma-
tion eigenstrains, ϵiso,tr-ind

vM , and (b) transformation-induced strain in ferrite due to anisotropic transformation

eigenstrains, ϵaniso,tr-ind
vM

study, shown in figure 5.6(a) and 5.6(b), corroborate previous experimental results that

the deformed ferrite region is discontinuous and the extent of deformation varies from

one location to another [33].

The PAG reconstruction results shown in figure 5.3 reveal that the PAGs in the current

DP steel specimen are very small with a mean diameter of 1.6 µm and an average of 6

variants within every PAG. As mentioned earlier, several previous studies assumed that

the shear component of transformation for differently oriented variants cancel each

other leaving only the dilatation part as the effective transformation deformation [4], [9],

[10], [42] However, present results suggest that such an assumption should be avoided

wherever small PAGs with much less than 24 variants are present. For instance, the prior

austenite grain marked ‘PAG 1’ in figure 5.3(a) consist of 14 variants. The magnitude of

ferrite deformation adjacent to ‘PAG 1’ for the case of isotropic dilatation (figure 5.6(a))

is less than that of anisotropic deformation (figure 5.6(b)). This proves that the shear

deformations accompanying the formation of 14 variants do not cancel out, otherwise,

the transformation-induced deformation of ferrite would have been similar in both cases.

Therefore, the average transformation deformation in DP steels with small PAGS cannot

be considered equivalent to an isotropic dilatation of prior austenite.

The micromechanical model calculation results in figures 5.6(a) and 5.6(b) show that

the transformation-induced deformation of ferrite is non-homogenous throughout the

microstructure, regardless of the assumption of isotropic or anisotropic transformation

deformation. This non-homogeneity is more pronounced in figure 5.6(b) since the varia-
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tion in magnitude of transformation-induced strains is larger in this case. For example,

the strain in the region marked ‘1’ is significantly higher in magnitude compared to that

of the region marked ‘2’.

The assumption of isotropic or anisotropic transformation deformation in the microme-

chanical calculations affects the distribution of transformation-induced strains in ferrite.

Large strains are present at different locations depending on the choice of the assump-

tion. For instance, in figure 5.6(b), the area marked ‘3’ shows a relatively larger strain

compared to its surroundings, whereas in figure 5.6(a) the same area shows comparatively

smaller strain. Similarly, the areas marked ‘4’ and ‘5’ also show relatively large strain in

figure 5.6(b) than in figure 5.6(a). In general, at most locations, the strain in ferrite due to

anisotropic transformation deformation is larger by a factor of up to 10 than that induced

by isotropic dilatation.

In the case of isotropic transformation deformation, the dilatation is the same for all the

variants. Therefore the non-homogeneity in the transformation-induced deformation

of ferrite, in this case, is because of complex grain shapes. In the case of anisotropic

transformation deformation, the non-homogeneity in the transformation-induced de-

formation of ferrite is not only because of complex grain shapes but also because of the

martensite variants formed within PAGs. This is because the magnitude and direction of

shear and dilatation deformation differ for every martensitic variant. As a consequence,

every variant uniquely deforms the surrounding ferrite matrix.

On comparing the results of the present micromechanical model calculations to the GND

density map, it is observed that the regions of high GND density marked ‘II’, ‘III’, and

‘IV’ in figure 5.2(f) correspond to the regions of high strain ‘4’, ‘6’, and ‘5’ respectively in

figures 5.6(a) and (b). This correspondence is stronger in figure 5.6(b), i.e., in the case of

anisotropic transformation. There are also some regions of high GND density, such as the

one marked ‘I’ in figure 5.2(f), which do not have high strain at the corresponding loca-

tions in the strain maps. This is perhaps because the transformation-induced deformation

of ferrite observed on the surface is also contributed to by the martensite formation below

the observed surface, while the present study is carried out on a 2D EBSD-based RVE. Re-

gion ‘3’ with high strain in figure 5.6(b) does not have a corresponding region of high GND

density in figure 5.2(f), which may be because of incorrect identification of martensite

variants adjacent to this region.

This study elucidates the importance of including the anisotropy of martensitic transfor-

mation deformation in modelling the mechanical behaviour of DP steels. However, it also

reveals that indirect measures of in-grain deformation in the form of experimental KAM or

GND values are insufficient to validate the transformation-induced deformation of ferrite

estimated via the current modelling approach. Hence, the following aspects of this study

can be considered in future investigations: (i) Instead of PTMC, more advanced theories

such as the double shear theory [43], and parameter-free double shear theory [44] can
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be used to calculate anisotropic transformation strains with even more accuracy, (ii) the

local variations in the carbon content of the martensite should be taken into account

while using PTMC and PAG reconstruction, (iii) 3D PAG reconstruction based on 3D EBSD

measurement should be carried out to take into account the anisotropic transformation

strains associated with martensite formation beneath the observed surface, (iv) The use

of finite strain definition in micromechanical calculations should provide more accurate

quantification of transformation-induced strains in ferrite.

5.5. CONCLUSIONS
The martensitic transformation-induced deformation of ferrite has a profound effect on

the mechanical behaviour of DP steels. In previous studies modelling the transformation-

induced deformation of ferrite, the anisotropy of transformation deformation was ignored.

Rather, isotropic dilatation alone was considered to induce the deformation of the sur-

rounding ferrite matrix. In this work, the validity of the assumption of isotropic dilatation

during the transformation of small PAGs and the effect of anisotropic transformation

deformation in causing deformation of the surrounding ferrite matrix in DP steels are

evaluated.

To this end, a methodology is developed whereby the martensitic transformation-induced

strains can be studied in DP steels as well as other multiphase steel microstructures

containing martensite. The methodology includes four steps: (i) Analysis of the fer-

rite/martensite dual-phase microstructure, (ii) prior austenite grain reconstruction (iii)

determination of martensitic transformation deformation, and (iv) calculation of trans-

formation -induced strains in the ferrite matrix surrounding the martensite.

In previous modelling works concerning the transformation-induced deformation of

ferrite in DP steels, PAG orientations were disregarded. In this study, the PAG orientations

and morphology are obtained via PAG reconstruction from martensite regions of DP

steel microstructure. The results of the PAG reconstruction and PTMC are then com-

bined with the EBSD orientation data for the martensite in a unique way to estimate

the variant-specific transformation deformation required for performing micromechan-

ical calculations. The calculated transformation-induced strains in ferrite are further

compared with experimental EBSD KAM and GND measurements of the same.

The results show regions of relatively large deformation in ferrite very close to the phase

boundaries in experimental EBSD KAM and GND density maps as well as simulated

ferrite strain maps. However, not all regions of large deformation in experimental and

simulated results necessarily coincide. This may be because the influence of martensite

formation below the experimentally observed surface of the specimen is not considered

in this study. Moreover, a different martensite variant may be present at a location than

predicted using calculations.

The assumption of isotropic or anisotropic transformation deformation in the microme-
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chanical calculations affects the distribution of transformation-induced strains in ferrite.

The transformation-induced deformation of ferrite is determined primarily by prior

austenite and ferrite grain shapes along with the anisotropy of martensitic transforma-

tion deformation. It is also shown that neglecting the shear deformation associated

with martensitic transformation under the assumption of isotropic dilatation results in a

significant underestimation of transformation-induced strains in ferrite.
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INFLUENCE OF

SELF-ACCOMMODATION IN

MARTENSITE ON THE

TRANSFORMATION-INDUCED

DEFORMATION OF FERRITE

This chapter is based on the scientific article: V. Atreya, C. Bos, and M. J. Santofimia, “Influence of self-
accommodation in martensite on the transformation-induced deformation of ferrite in DP steels.” (To be
submitted). Parts of this chapter were also presented at the International Conference on Martensitic Transfor-
mation (ICOMAT), March 13-18, 2022, S. Korea.
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I t was reported in Chapter 4 that the DP steel specimen with the highest martensite

volume fraction shows no transformation-induced deformation of ferrite. This was

attributed to the decrease in the carbon content of martensite and an increase in self-

accommodation due to the formation of more variants. In this chapter, the effect of self-

accommodation on transformation-induced deformation of ferrite in DP steels was further

investigated via modelling and verified using previously published EBSD experimental

data. The martensitic transformation was simulated using a 3D RVE cube with spherical

austenite at the centre. Austenite transformation into martensite was mimicked by impos-

ing appropriate transformation deformation on austenite. The resulting strain state of the

ferrite matrix was calculated using micromechanical calculations using the approach pre-

sented in Chapter 5. The calculations revealed that the average von-Mises equivalent strain

in ferrite decreases as more and more variants form from a PAG and reaches a minimum

when all twenty-four variants form. An increase in the number of variants leads to a more

localised strain field in ferrite. This is because of a decrease in the effective shear magnitude

of the PAG, which cancels out completely when all twenty-four variants are formed.

6.1. INTRODUCTION
As discussed in Chapter 2, the austenite to martensite phase transformation results in a

hierarchical microstructure. The basic structural unit, called lath, can have one of the 24

Kurdjumov-Sachs (K-S) spatial orientations known as variants. The laths arrange them-

selves in groups called sub-blocks, blocks and packets depending on their orientation [1],

[2]. All 24 K-S variant orientations with corresponding closed packed/bain groups were

described in 2.1 [3].

In Chapter 4, it was revealed via EBSD experiments that the martensitic transformation

can result in two distinct types of deformation modes in ferrite grains of dual-phase (DP)

steels: type-I long-range and type-II short-range deformation. While type-I deformation

penetrates deep into the interior of the ferrite grain (long-range) [4], type-II deformation

occurs in the form of a small deformed region which runs along the phase boundaries

(short-range) as shown in figure 4.3. It was also observed, as shown in figure 4.4, that with

the formation of a drastically high volume fraction of martensite ( 0.93), the ferrite grains

were devoid of either type of deformation.

This absence of transformation-induced deformation of ferrite in the DP steel specimen

with high martensite volume fraction was attributed to the reduced carbon content in

martensite and increased self-accommodation by a greater number of variants formed

in relatively larger prior austenite grains (PAGs). Lesser carbon content decreases the

magnitude of transformation deformation and makes the hierarchical microstructure

finer. The number of variants formed within a PAG depends upon the PAG size (PAGS).

Large PAGs exhibit all 24 variants, whereas it is not uncommon to observe that very small

(less than 1 micron) sized PAGs transform into only a few variants [5], [6]. The formation

of variants enables self-accommodation during martensitic transformation.
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Self-accommodation occurs by the formation of different variants to reduce the volume

average shear and thereby reduce the strain energy due to martensitic transformation as

well. Morito et al. [7], [8] studied the self-accommodation in martensite by calculating the

effective magnitude of transformation deformation for different variant combinations

within a packet. They observed that the magnitude decreases with increasing variants

and is minimum when all six variants are formed. Later, it was proven theoretically that

when 24 variants form with equal volume fractions, the volume average shear tends to

zero, thereby rendering the ‘effective’ magnitude of transformation deformation to be

equal to isotropic dilatation [9]–[11].

It is therefore natural to hypothesize that the extent of self-accommodation in martensite

also influences the transformation-induced deformation of the ferrite in DP steels. In

this study, the influence of self-accommodation in martensite due to variant organization

on the transformation-induced deformation of ferrite is investigated using experimental

data available from literature and micromechanical modelling. Virtual DP microstruc-

tures are created with different combinations of variants which form from a PAG. The

transformation-induced strain in the ferrite matrix is calculated using micromechani-

cal modelling. The result is compared with the ferrite deformation field obtained from

experimental EBSD orientation measurements.

6.2. EXPERIMENTAL PROCEDURE
The material used and the experimental procedure for this study are the same as used

in Chapter 4. Thus they are only described briefly here. Cold-rolled steel with composi-

tion Fe-0.14C-1.8Mn-0.24Si by weight % and with an initial microstructure consisting of

pearlite and ferrite was cut into a specimen of dimensions 10 mm x 4 mm x 2 mm using

electrical discharge machining. Using a Bähr DIL A/D dilatometer, the specimen was

heated at 5 °/s and kept at various intercritical temperatures to obtain ferrite-martensite

dual-phase microstructures. The specimens were identified using the names IC750, IC775

and IC800 where ‘IC’ denotes inter-critical and the last three digits denote the intercritical

temperature in °C.

The specimens were ground using SiC abrasive papers and subsequently polished using

3 and 1 µm diamond paste. Further, electropolishing was carried out using Struers

A2 electrolyte at 35V, 277K for 6s. EBSD measurements were made on a Zeiss Ultra 55

scanning electron microscope (SEM) using the Edax Pegasus XM 4 Hikari EBSD system.

The step size of the scan was 50 nm. The EBSD scans were analysed using the TSL

OIM version 7 software. The grain average image quality (GAIQ) measure was used to

distinguish martensite from ferrite regions [4], [12]. The identified martensite data points

were used as input for the PAG reconstruction.
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6.3. THEORY AND MODELLING PROCEDURE

6.3.1. PAG RECONSTRUCTION

Prior austenite grain (PAG) reconstruction was carried out on EBSD orientation data of

all specimens for estimating PAG morphologies, PAG sizes and the martensite variants

formed within them. The reconstruction was performed using Mtex, a freely available

Matlab toolbox [13], [14]. Only the measurement points corresponding to martensite

were considered for reconstruction. The PAG reconstruction is also carried out for an

EBSD scan of a fully martensitic microstructure with composition Fe-0.3C-3.6Mn-1.5Si

(wt.%) available from the literature [15]. The procedure for PAG reconstruction along with

the corresponding theory is elaborated in Chapter 5 (section 5.2.2).

6.3.2. MICROMECHANICAL SIMULATIONS

To calculate the transformation-induced strain in the ferrite matrix of virtual DP steel

microstructures, calculations are performed using the freely available code CraFT 1.2.0

based on the micromechanical model proposed by Moulinec and Suquet [16]. The

procedure for carrying out the simulations is described in brief in Chapter 5 (section

5.2.4) and A. The analysis here is performed on a 3-dimensional DP virtual microstructure

with spatial discretization in x, y, and z-direction being 200 x 200 x 200 units. The virtual

microstructure consists of a spherical prior austenite grain of radius 25 units at the centre,

surrounded by the ferrite matrix. This particular microstructural setup is chosen to

disregard the effect of PAG or variant shapes on the transformation-induced deformation

of ferrite. The selection of length scale units can be arbitrary and does not affect the

outcome.

A combination of two martensite variants is assumed to form within the PAG with an

equal volume fraction as shown in Figure 6.1. Two scenarios are considered: (i) The

formation of two variants that take the form of two hemispheres (Figure 6.1(a)), and (ii)

The formation of two variants that are randomly distributed within the PAG (Figure 6.1(b)).

This last consideration means that any discrete point in the PAG is assigned one of the two

variant orientations while keeping the overall volume fraction for both variants the same.

The random distribution was chosen to avoid making any assumptions about the variant

morphologies and can be extended to mimic the formation of all twenty-four variants.

The variant-specific anisotropic transformation deformation matrices are obtained using

the PTMC theory [17], [18] assuming a carbon content of 0.14 wt.% in austenite/martensite

(same as that in specimen IC800). Subsequently, variant-specific transformation eigen-

strain tensors are calculated. Eigenstrains are the strains that develop in the material

in the absence of external mechanical stress. The eigenstrains are then applied to the

spherical austenite to mimic its transformation into multiple martensitic variants. Sub-

sequently, induced strains in ferrite are calculated using the micromechanical model

[16]. For martensite, the constitutive relation is applied on strain from which the transfor-
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Figure 6.1: Cross-section of a 3D RVE containing spherical prior austenite in a ‘black’ ferrite matrix. (a) V1 and
Vx are the martensite variants formed after transformation. V1 corresponds to 1st variant according to K-S OR.
Vx can be any other variant. (b) V1 and Vx are randomly distributed inside the sphere.

mation eigenstrain is already subtracted. This is because phase transformation in itself

does not cause stress in martensite, rather it is a resistance to shape change and volume

increase offered by surrounding ferrite which causes stress in martensite.

The thermal strain is considered in this study but only for the ferrite phase [19], that too

with an assumption that the linear coefficient of thermal expansion does not change with

decreasing temperature during quenching. Determining the thermal strains for marten-

sitic variants requires an estimate of instantaneous carbon content and transformation

temperature of the transforming austenite, which is out of the scope of the current study.

6.4. RESULTS

6.4.1. EXPERIMENTS

TRANSFORMATION-INDUCED FERRITE DEFORMATION OBSERVED THROUGH EBSD ORIEN-

TATION MAPPING

The difference in the deformed state of ferrite can be observed from the kernel average

misorientation (KAM) maps, which were presented in Chapter 4, figure 4.2. Higher

KAM values result from increased crystal misorientations due to plastic deformation and

provide an indirect estimate of in-grain deformation [20]. Figure 4.3(a) showed both type-

I LR and type-II SR deformation in ferrite grains of IC750 indicated by higher KAM values,

while figure 4.3(b) shows the absence of any transformation-induced deformation in

ferrite grains of IC800. It is also noteworthy that the misorientations in the martensite of

IC800 are also lower than in IC750, as evident by the lower frequency of the red-coloured

regions in full EBSD maps.
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Figure 6.2(a) shows the misorientation distributions in the ferrite regions of the three DP

steel specimens. Specimens IC750 and IC775 have a higher frequency of larger misorien-

tation angles in the range of 0.5°-1.5°. Figure 6.2(b) shows the misorientation distributions

in the martensite region of the specimens which follows the same trend as in figure 6.2(a).

The average misorientation of both ferrite and martensite in IC800 is lower than that

of IC750 and IC775 as shown in figure 6.3, with error bars representing the standard

deviation.

Figure 6.2: Misorientation distribution of (a) Ferrite and (b) Martensite regions of the three DP steel specimens

Figure 6.3: Average misorientation of ferrite and martensite regions in the DP steel specimens.

6.4.2. MODELLING

DEPENDENCE OF TRANSFORMATION SHEAR AND DILATATION ON CARBON CONTENT IN

MARTENSITE

A possible explanation for the absence of type I or II deformation in the ferrite of specimen

IC800 is the reduction in the carbon content of martensite with increasing martensite

volume fraction. The shear and dilatation magnitudes for different austenite/martensite
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carbon content and single variant formation were calculated as per classical PTMC theory

using the freely available software PTCLab [21]. The results of the calculations are shown

in figure 6.4. It is evident that as the carbon content in austenite/martensite increases,

the unidirectional dilatation, which is responsible for the volume change during transfor-

mation, also increases. Similar findings have also been obtained via experiments and are

reported in the literature [22]. Figure 6.4 also shows that the shear magnitude decreases

with increasing carbon content. There are no experimental measurements of only the

shear magnitude in literature to verify this finding.

Figure 6.4: Variation of dilatation and macroscopic shear magnitude with carbon content (wt.%) in martensite
calculated for a single variant formation using the classical PTMC theory.

PAG VARIANT DENSITY CALCULATED VIA PAG RECONSTRUCTION

PAG reconstruction was performed on the martensitic regions of the three DP steel

specimens along with the fully martensitic steel microstructure (0.3 wt.% carbon) data

available from the literature [15]. The number of martensitic variants within PAGs was

plotted against the PAG size (effective diameter). The total number of PAGs considered

for the analysis was 404, 432, 390 and 1111 for IC750, IC775, IC800 and fully martensitic

steel respectively. In general, it was observed that the total number of variants formed

increases with the PAG size as shown in figure 6.5. The graph for the fully martensitic steel

also shows this trend, and as expected, the number of variants formed reaches an upper

limit of 24 when the PAGS is large enough.

EFFECT OF DIFFERENT VARIANT COMBINATIONS ON TRANSFORMATION-INDUCED STRAIN IN

FERRITE

To understand the effect of self-accommodation by martensitic variants on transformation-

induced deformation of ferrite, the strain state of ferrite was calculated resulting from

spherical austenite transforming into martensite in a 3D RVE. The average von-Mises
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Figure 6.5: Number of variants in a PAG vs the size of that PAG.

equivalent strain in the ferrite matrix for different variant combinations was calculated

using a setup similar to figure 6.1(a) and the results are shown in figure 6.6(a). All variant

combinations result in a lower average von-Mises strain in the ferrite matrix compared to

the case where a single variant, V1, is formed.

The average von-Mises strain is highest in variant combinations V1/V8, V1/V16 and

V1/V24 and lowest in variant combinations V1/V6, V1/V9 and V1/V17. Within a packet,

there are six different values for average deformation corresponding to six variants. The

same values are repeated for other packets, albeit in a different sequence.

The average von-Mises equivalent strain in the ferrite matrix for multi-variant combina-

tions was calculated using a setup similar to figure 6.1(b) and the results are shown in

figure 6.6(b). It can be seen that if the number of variants within a PAG increases, the

average von-Mises strain of ferrite keeps on decreasing. However, the decrease is less

drastic after a combination of six variants (V1:V6) is formed.

To evaluate the adequacy of using randomly distributed variants within the PAG, the

average strain in ferrite due to two-variant combinations occupying equal volume hemi-

spheres (figure 6.1(a)) was compared with the case of two-variant combinations, randomly

distributed in the PAG (figure 6.1(b)). The average von-Mises strains calculated were found

to be of similar magnitude. This indicates that the shape of the variant may be of minor

consequence for estimating transformation-induced deformation of ferrite, as long as the

volume fraction and orientation of the variant considered are accurate.

Figure 6.7 shows the von-Mises equivalent strain maps for ferrite in the case of different

two-variant combinations within a PAG. The strain maps are shown for the X, Y and Z
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cross-sections of the 3D cubic RVE, passing through the centre. The deformation becomes

more localized with certain specific variant combinations like V1/V6. It is also noteworthy

that the value of strain close to the phase boundary is largest for V1/V6 even though the

average strain as per figure 6.6(b) is lower.

Figure 6.8 shows the von-Mises strain maps for variant combinations containing three

or more randomly distributed variants. The notation ‘:’ denotes the presence of all

intermediate variants in equal volume fractions. The strain field in ferrite becomes highly

localized with the increasing number of variants. In the case of variants V1:V6 and V1:V24,

the high-strain region becomes localized near the phase boundary.

Figure 6.6: (a) Average von-Mises strain in ferrite phase of the RVE due to a single variant formation (V1)
compared with combinations of two variants (b) The decrease in the von-Mises strain with an increasing
number of variants. The symbol ‘:’ denotes all variants in between.
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Figure 6.7: von-Mises equivalent strain maps for single variant formation (V1) and variant combinations (V1/V2
and V1/V6) in a cross-section of 3D RVE normal to X, Y and Z axis respectively.

6.5. DISCUSSION

6.5.1. INFLUENCE OF CARBON CONTENT IN MARTENSITE ON TRANSFORMA-
TION DILATATION AND SHEAR MAGNITUDES

Figure 6.4 shows that the decrease in dilatation magnitude from specimen IC750 to

IC775 is similar to its decrease from specimen IC775 to IC800. The decrease in dilatation

magnitude is less than 1% in both cases. It was also illustrated in Chapter 4 that specimens

IC750 and IC775 both exhibit similar magnitude of type-II deformation of ferrite. If the

dilatation alone was responsible for type-II deformation, it can not explain the absence of

any transformation-induced deformation of ferrite in specimen IC800. A more plausible

reason could be that the increased self-accommodation in the martensite of specimen

IC800 results in the apparent lack of any transformation-induced deformation of ferrite.

Figure 6.4 also shows that as per PTMC, the shear magnitude for single variant formation

increases with decreasing carbon content. Theoretically, this should result in the largest

transformation-induced deformation in the ferrite of the IC800 specimen. However, no

conclusions can be made based on this observation due to a lack of experimental data in
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Figure 6.8: von-Mises equivalent strain maps for multiple variant formation (V1:V3), (V1:V6) and (V1:V24) in a
cross-section of 3D RVE normal to X, Y and Z axis respectively. The symbol ‘:’ denotes all variants in between.

the literature to verify PTMC’s prediction regarding the variation of shear magnitude with

carbon content in low-carbon martensite.

6.5.2. INCREASED SELF-ACCOMMODATION DUE TO HIGHER VARIANT DEN-
SITY IN LARGE PAGS

Figure 6.5 shows that the number of variants formed from a PAG increase with increasing

PAGS. Clearly, among the DP steel specimens, IC800 contains the largest PAGs. PAGs

which constitute six or more martensitic variants cover an area fraction of 0.33, 0.46,

and 0.55 of the total martensite surface area for specimens IC750, IC775, and IC800

respectively. Hence, the majority of the martensite regions belong to a large PAG in IC800.

50% of the PAGs in contact with ferrite comprise six or more variants. Perhaps due to

increased self-accommodation in martensite, there is no measurable deformation in the

ferrite of the IC800 specimen.

Some small PAGs were also present in the neighbourhood of ferrite grains in the IC800

specimen. Their effect on ferrite grains in the form of type I or type II deformation was
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not observed. The apparent small PAGs may be part of bigger PAGs in 3-dimensions,

which comprise more than 6 variants.

6.5.3. EFFECTIVE TRANSFORMATION-DEFORMATION DUE TO SELF- ACCOM-
MODATION IN MARTENSITE

Morito et al. [7], [8] illustrated that the magnitude of transformation deformation reaches

a minimum when 3 martensite variants belonging to different bain groups are formed

and remains the same even if all 6 variants belonging to the packet are formed in a

PAG. Accordingly, the transformation-induced deformation of ferrite should also show

a minimum when 3 variants are formed in a PAG. However, we see in figure 6.6(b) and

figure 6.8 that the average, as well as local strain in ferrite, decreases further when six or

twenty-four variants are formed.

In theory, the cumulative shear of a PAG transformation into martensite is negligible if

only a packet is formed with all six variants inside it and becomes zero if all 24 variants

are formed [9]–[11]. This is what is closer to the results of the simulation shown in figure

6.6(b) and figure 6.8, where it can be seen that both the average and local distribution of

V1:V6 and V1:V24 cases do not differ much. Specifically for IC800, the transformation

deformation matrix for variant 1 can be written as: 0.99029 −0.03929 0.03175

0.03175 1.1285 0.09033

−0.02762 −0.11181 0.92141


The average transformation deformation matrix for the formation of all 24 variants in

equal volume is: 1.0134 0 0

0 1.0134 0

0 0 1.0134


where the shear components have vanished and the result is just an isotropic dilation of

magnitude 0.0134, equal to isotropic dilatation calculated for IC800 (=0.0402/3) using

classical PTMC. Therefore, for IC800, it seems plausible that due to the formation of

a higher number of variants in larger PAGs, the effective magnitude of transformation

deformation is reduced since the shear of different variants cancels out.

6.5.4. THE ROLE OF MARTENSITE SUB-STRUCTURE IN CAUSING DEFORMA-
TION OF FERRITE MATRIX

Apart from increased self-accommodation, the coarse martensite sub-structure in the

IC800 specimen also seems to cause minimal deformation of the ferrite matrix. It was

reported in Chapter 4 (section 4.3.2) that with decreasing carbon content in martensite,

the sub-structure of martensite becomes coarser with an average block size of 0.08 µm2 in
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IC750 to 0.35 µm2 in IC800. The KAM values are calculated for misorientation values less

than 4°, which exclude all variant boundary misorientation such as sub-block, block, and

packet boundary, showing that within the sub-blocks and laths the martensite in IC800

is less deformed than in IC750 or IC775. This indicates that the extent of plastic accom-

modation within martensite decreases with decreasing carbon content. The martensitic

transformation causes similar variations of plastic accommodation in martensite as well

as in ferrite as revealed by variations in misorientation distributions and misorientation

averages as shown in figures 6.2 and 6.3.

6.5.5. COMPARISON OF SIMULATED STRAIN FIELDS WITH THE EXPERIMEN-
TALLY OBSERVED DEFORMATION OF FERRITE GRAINS

As stated in Chapter 4, the width of the deformed ferrite region which represents type II SR

deformation lies in the range of 0.1-0.5 µm for both specimen IC750 and IC775. Chapter 5

showed that the variation in the extent of transformation-induced deformation depends

upon PAG morphology and orientation along with martensite variant orientation. This

chapter illustrates that self-accommodation due to martensite variant organisation also

influences the transformation-induced deformation of ferrite.

In the case where three or fewer variants are formed, high-magnitude strains reach a

greater distance into the ferrite grain interior from the phase boundary. The strain field

becomes localised with an increasing number of variants formed as shown in figure 6.8.

The strain field appears to be uniform and in the form of a very thin layer around the

spherical martensite when six variants (V1:V6) or twenty-four variants form (V1:V24).

Since specimen IC800 possesses the highest area fraction belonging to large PAGs, self-

accommodation explains the absence of transformation-induced deformation in IC800.

In Chapter 4, it was mentioned that a small PAG may transform into a martensite variant

having a close-packed plane parallel (CPPP) relation with adjacent ferrite, which results in

type I LR deformation. Even in the absence of the CPPP relationship, the transformation

of a small PAG into a single martensite variant will result in a larger spatial extent of

transformation-induced deformation as compared to multi-variant transformation.

6.6. CONCLUSIONS
In this study, the effect of martensite sub-structure and variant organization on transfor-

mation - induced deformation of ferrite in DP steels was investigated via modelling and

verified using previously published EBSD experimental data. PAG reconstruction was

performed on martensite regions to obtain the variant density in PAGs which determines

the extent of self-accommodation. It was found that the number of variants formed

increases with PAGS. The DP steel specimen IC800 consists of relatively large PAGs and it

shows the highest self-accommodation as evident by the lack of transformation-induced

deformation of ferrite.
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It was also observed that the variations in plastic accommodation in martensite due to

the transformation can be an indication of variations in plastic accommodation in the

ferrite matrix. The misorientation distribution and the average misorientation of the

ferrite matrix follow the same trend as those of martensite in DP steel specimens. This

means that with varying carbon content, martensitic transformation produces similar

variations in the extent of plastic accommodation in both martensite and ferrite.

The martensitic transformation was simulated by a 3D RVE cube with spherical austenite

at the centre. The transformation of austenite into martensite was mimicked by impos-

ing appropriate transformation deformation on austenite. The resulting strain state of

the ferrite matrix was calculated using micromechanical calculations. The calculations

revealed that the average von-Mises equivalent strain in ferrite decreases as more and

more variants form from a PAG and reaches a minimum when all twenty-four variants

form. An important assumption in this study was that all variants formed have equal

volume fractions. With more variants, the ferrite strain field becomes more localized. This

is because of a decrease in the effective shear magnitude of the PAG, which cancels out

completely when all twenty-four variants are formed.
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This thesis is an attempt to understand the deformation of the ferrite matrix resulting

from austenite to martensite phase transformations in Dual-phase (DP) steels via exper-

imental characterisation and numerical modelling. The cumulative martensitic phase

transformation strain consists of dilatation and shear components, and its accommo-

dation in the microstructure causes the deformation of the surrounding ferrite matrix.

This alters the local mechanical properties of the ferritic matrix, which in turn influences

the global mechanical properties of DP steel. Hence, for the rapid development of DP

steels with application-specific mechanical properties, it is pertinent to experimentally

characterise the transformation-induced deformation of ferrite and develop accurate

models to predict the same.

This thesis starts with a review of the state-of-the-art experimental and modelling tech-

niques and a discussion about the gaps in the understanding of transformation-induced

deformation of ferrite. Next, a combined framework of cellular-automata-based mi-

crostructure evolution model and micromechanics is shown to be helpful in studying

the effect of transformation-induced deformation of ferrite on the global mechanical

behaviour of DP steels. For experimental characterisation, electron backscatter diffrac-

tion (EBSD) measurements are performed, where attention is paid to the less explored

influence of crystallographic orientations of martensite variants and ferrite grains on

the transformation-induced deformation of ferrite. Subsequently, the importance of

considering the anisotropy of martensitic phase-transformation strain is illustrated using

a novel methodology comprising sequential experimental and numerical research on

DP steels to quantify transformation-induced strains in ferrite. Towards the end, the

influence of the degree of self-accommodation in martensite due to the formation of

variants on transformation-induced deformation of ferrite is investigated and discussed.

Key takeaways from the chapters of this PhD thesis are summarised in the following

section.

7.1. KEY TAKEAWAYS
• The martensitic transformation-induced deformation of ferrite in DP steels plays

an important role in determining the overall mechanical behaviour of DP steels.

At the onset of this thesis, state-of-the-art analytical and numerical techniques for

modelling the transformation-induced deformation of ferrite are critically assessed.

It is concluded that in order to arrive at a realistic estimation of the transformation-

induced ferrite deformation field, the modelling approach should consider the

influence of crystallographic, morphological and compositional characteristics of

martensite on the transformation-induced deformation of ferrite.

• The modelling technique based on the ‘core and mantle’ approach, where transform-

ation-induced plastically deformed regions of ferrite are modelled as an interphase

layer of strain-hardened ferrite, is adequate for a qualitative prediction of the overall

mechanical behaviour of DP steels. However, in this approach, the local variations
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in spatial extent and magnitude of interphase layer hardening as a function of local

microstructural features are required to be known beforehand. No quantitative esti-

mates of the influence of such features on the interphase layer exist which can be

extended to the whole microstructure. Therefore, EBSD experiments were carried

out to identify and study in detail the influence of these microstructural features on

the transformation-induced deformation of ferrite.

• There are two types of deformation observed in ferrite grains: a type I long-range

(LR) deformation that covers the majority of the ferrite grain area, and a type II

short-range (SR) deformation in the form of a deformed ferrite region at the fer-

rite/martensite phase boundaries. When PAGS is small, austenite may transform

into martensitic variants having a (110) CPPP relationship with neighbouring fer-

rite. This enables effective relaxation of transformation stresses by relatively easy

deformation of ferrite and results in type I LR deformation. It was observed that

most ferrite grains with type I LR deformation also possess a (110) CPPP relation-

ship with several surrounding martensite variants. In the absence of a (110) CPPP

relationship, type II SR deformation was observed.

• In previous studies on modelling the transformation-induced deformation of fer-

rite, the anisotropy of transformation deformation is ignored. Rather, isotropic

dilatation alone is considered to induce the deformation of the ferritic matrix. It

is shown in this study that the assumption of isotropic dilatation, which neglects

the shear deformation associated with martensitic transformation, results in a sig-

nificant underestimation of transformation-induced strains in ferrite. A four-step

methodology is developed which also takes into account the PAG orientation and

morphology while calculating the transformation-induced strains in ferrite.

• The higher the number of variants which form in a PAG, the less deformation it

causes in the surrounding ferrite matrix upon transformation. The highest number

of variants are observed to form in large PAGS. When three or fewer variants are

formed, the ferrite deformation is relatively large. But as the number of variants

increases, the ferrite deformation localises. This is because of a decrease in the

effective shear magnitude of transformation, which cancels out completely when

all twenty-four variants are formed from a PAG. Therefore, if the PAGS is large

leading to a high degree of self-accommodation, neither type I LR nor type II SR

deformation is observed in the surrounding ferrite matrix.

7.2. APPLICATION OF THIS STUDY
As discussed in Chapter 2, a cellular-automata-based microstructure evolution model

combined with a suitable micromechanical model can be an effective way to model the

transformation-induced deformation of ferrite. Figure 7.1(a) shows a 2D representative

volume element (RVE) of DP steel containing 50 vol.% ferrite, obtained using the CA-based
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microstructural evolution model. The details of the model can be found in the literature

[1], [2] and Chapter 2. The RVE shows martensitic variants in form of laths. Different

colours of martensitic laths represent the twenty-four variants which are formed from a

single PAG. In reality, every martensitic variant contains numerous laths and the shape of

a variant region is quite different from that of a lath.

The RVE was used as an input to the micromechanical model, which allows for the

definition of the eigenstrains in specific grains or phases and calculates the resulting

strains/stresses in the remaining microstructure [3]. Here, the eigenstrains were calcu-

lated for every variant using the prior austenite grain (PAG) orientation and phenomeno-

logical theory of martensite crystallography (PTMC), assuming the carbon content in

martensite to be 0.2 wt.%. The complete procedure along with the material proper-

ties and boundary conditions used is elaborated in Chapter 5. Figure 7.1(b) shows the

transformation-induced strain in ferrite calculated using the aforementioned microme-

chanical model. The martensite in the figure is masked by black colour for better visibility

of strains in ferrite.

As per the author’s knowledge, the calculation of transformation-induced deformation of

ferrite for RVEs with realistic martensitic microstructure has not been reported previously.

The ferrite strain map such as in figure 7.1(b) can also be calculated for 3D DP RVEs. If the

hierarchical microstructure of martensite in the form of sub-blocks, blocks and packets is

also incorporated in the RVEs, it can be used to calculate transformation-induced strain

maps with more accuracy for any multi-phase steel microstructure containing marten-

site. Furthermore, the effect of transformation-induced strains/stresses on the overall

mechanical behaviour of RVE can be studied, for example, by simulating a virtual uniaxial

tensile test on a DP steel RVE with pre-existing transformation-induced strains/stresses

in ferrite.

7.3. RECOMMENDATIONS FOR FUTURE WORKS
Although this work presents a complete framework to calculate transformation-induced

strains in ferrite of DP steels for both virtual and real microstructures, the following

improvements can be made in the models used in order to increase the robustness and

versatility of the predictions.

7.3.1. USING FINITE-STRAIN AND CRYSTAL PLASTICITY BASED MICROME-
CHANICAL MODEL

In this study, a small-strain formulation was used where the second-order terms from the

definition of finite strain are neglected. Therefore any significant transformation-induced

rotation in the material contributes to the error in calculated transformation-induced

strains. Moreover, isotropic plasticity and linear hardening were assumed for ferrite.

However, the extent and magnitude of transformation-induced strains within the ferrite
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Figure 7.1: (a) A Dual-phase (DP) representative volume element (RVE) showing ferrite in black and twenty-four
martensitic variants in different colours (b) Transformation-induced strains in ferrite. The martensite is masked
by black colour.

grains must depend upon the orientation of its slip planes. Therefore, for accurate

quantitative modelling of transformation-induced deformation of ferrite, a finite-strain

and crystal plasticity-based micromechanical model is desirable. With the increased

complexity of the micromechanical model and by incorporating finite strains in the

calculations, the challenge then would be to ensure that the iterative solution scheme

converges into a solution.

7.3.2. PRIOR AUSTENITE GRAIN RECONSTRUCTION BASED ON 3D EBSD
MEASUREMENTS

In this study, the transformation-induced deformation of ferrite is characterised via EBSD

experiments, in which the measurement is performed on the surface of the specimen.

The disadvantage of 2D measurement is that the contribution of the martensite which is

below the observed surface to the transformation-induced deformation of the observed

ferrite grain can not be ascertained. For this, EBSD measurements performed in con-

jugation with serial sectioning along one of the specimen axes are required. Although

time-consuming and difficult to perform, this kind of 3D EBSD measurements on DP

steel specimens have been reported in previous studies [4].

For using 3D EBSD data to validate the 3D modelling results, a procedure for 3D recon-

struction of PAGs is required. As explained in Chapter 5, the calculation of the transforma-

tion shape strain of every observed variant on the EBSD map requires PAG orientations

obtained via reconstruction and the use of PTMC. As per the author’s knowledge, no such

software/algorithm yet exists that possesses the capability to reconstruct PAGs in 3D.
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7.3.3. LOCAL VARIATIONS IN TRANSFORMATION STRAIN AND ORIENTATION

RELATIONSHIPS BASED ON THE CARBON CONTENT OF MARTENSITE

During the manufacturing of DP steels, prior to the quenching step which transforms

austenite into martensite, the austenite grains at different locations in the microstructure

can have a different carbon content. The magnitude of transformation deformation

depends upon the carbon content of austenite. Also, it is well known that the habit plane

of martensite (which is parallel to the shear component and perpendicular to the dilation

component of the transformation deformation) varies according to the carbon content of

transforming austenite [5], [6]. Moreover, observed orientation relationships gradually

change from K-S to N-W with the increasing carbon content of austenite [7]. Local

variations in the aforementioned quantities can be incorporated into the models if the

carbon content of prior austenite is known. While simulating microstructure evolution, it

is possible to use models which track the carbon concentration of PAGs. However, it is

difficult to ascertain the carbon concentration of all observed PAGs from an EBSD scan,

which presents a major challenge in PAG reconstruction and the use of PTMC.
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A
APPENDIX

THE MICROMECHANICAL MODEL
The macroscopic behaviour of a homogenized elastic composite is given as:

S =C : E , (A.1)

where C is the effective elastic moduli, S and E are the averages of stress field, σ (x), and

strain field, ϵ (x), respectively, which are computed as the solution of following problem:


σ (x) =C r : ϵ (x) ,

ϵ (x) = ϵ(
u+ (x)

)+E , ∀x ∈V

∇·σ (x) = 0 , ∀x ∈V

u+ is periodic , σ : n̂ is anti-periodic ,

(A.2)

where C r is the elastic moduli tensor in phase r, ϵ
(
u+ (x)

)
is the polarization field of strain

and V is the periodic volume. To solve a set of equations A.2, a fast fourier transform (FFT)

based method is developed by H. Moulinec and P. Suquet [1] is used. The problem A.2 is

then replaced by an auxiliary problem which includes a linear homogenous elastic body

of stiffness C 0 under a polarization field τ (x).
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σ (x) =C 0 : ϵ (x)+τ (x) ,

τ (x) = (
C r −C 0

)
: ϵ (x) ,

ϵ (x) = E −Γ0 ∗τ (x) , ∀x ∈V

∇·σ (x) = 0 , ∀x ∈V

u+ is periodic, σ : n̂ is anti-periodic ,

(A.3)

with the periodic Green’s operator Γ0 associated with C 0 and * the convolution product.

The Γ0 operator is explicitly known in fourier space. In the current work, ϵ (x) is initialized

with values of transformation eigenstrains for martensitic variants ϵ∗ (x). The isotropic

transformation eigenstrain, ϵ∗,iso is given by (δ/3)ϵi i , where δ is given by equation 5.11,

while anisotropic transformation eigenstrains are calculated from deformation gradient

matrix Z obtained via PTMC theory using the definition of Green-Lagrange strain:

ϵ∗,aniso (x) = 1

2

[
Z (x)T ·Z (x)− I

]
, (A.4)

where I is the identity matrix. Subsequently, ϵ∗ (x) is used to calculate the polarization

field τ (x) which is held constant. Problem A.3 is then solved iteratively. The convergence

is reached when error e is below a specified value:

e =
(〈∥∇ ·σ∥2〉) 1

2

∥〈σ〉∥ , (A.5)

The elastic-plastic von-Mises materials obey the following linear hardening law:


σ=C r

(
ϵ−ϵp

)
,

ϵ̇p = 3

2
ṗ
σd

σvM
where p = 2

3
p
ϵp ·ϵp ,

σvM ≥σY ,

(A.6)

where ϵp is the deviatoric plastic strain, σd and σvM are the deviatoric stress and von-

Mises equivalent stress respectively, p is the hardening parameter and σY is the yield

strength.
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