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Abstract

In this work, the influence of the magnetic field diffusional phase transformation in
high purity Fe-C alloys has been investigated thically and experimentally. The
magnetic field induced microstructural features andystallographic orientation
characteristics have been thoroughly studied ieettdifferent carbon content alloys: Fe-
0.12C, Fe-0.36C and Fe-1.1C alloys.

Magnetic field induces different aligned and elaegamicrostructures along the field
direction, namely aligned and elongated pearliterdes in Fe-0.12C alloy and elongated
proeutectoid ferrite grains in Fe-0.36C alloy, doethe two scaled magnetic dipolar
interaction. Magnetic field increases the amounfeofite in hypoeutectoid alloys and this
field effect becomes more pronounced with the iaseeof the carbon composition.
Magnetic field inhibits the formation of Widmanggit ferrite by introducing additional
driving force to ferritic transformation and thueducing the need for low energy interface
which is required to overcome the transformatiomiees during slow cooling process.

Magnetic field promotes the formation of abnormalsure by increasing the driving
force of transformation from carbon-depleted austeto ferrite and it enhances the
spheroidization of pearlite due to its influence amtelerating carbon diffusion resulting
from increased transformation temperature, togethigh its effect on increasing the
relative ferrite/cementite interface energy.

The field induced enhancement of carbon solutiofeirite is evidenced through the
WDS-EPMA measurements for the first tima&b-initio calculations reveal that the
presence of an interstitial carbon atom in bcc Felifres the magnetic moments of its
neighboring Fe atoms. This leads to the decreadgbeoflemagnetization energy of the
system and makes the system energetically morkesiater the magnetic field.

Due to the atomic-scaled magnetic dipolar inteoamctimagnetic field favors the
nucleation and growth of the ferrite grains witleithdistorted <001> direction parallel to
the transverse field direction, and thus induces é¢mhancement of the <001> fiber
component in the transverse field direction. Thesdfeffect is related to the crystal lattice
distortion induced by carbon solution and its inigacomes stronger with the increase of
the carbon content and the field intensity.

Three ORs between pearlitic ferrite and cementiteehbeen found in present work,
namely Isaichev (IS) OR and two close Pitsch-P€R:#P) ORs. Magnetic field hardly
changes the types of the appearing ORs, but itiderably increases the occurrence
frequency of the P-P2 OR, especially in Fe-1.1Gyalby favoring the nucleation of ferrite.

Keywords:Magnetic Field, Phase Transformation, Magnetic Riptnteraction,
Texture Orientation Relationship



Résumé

Dans ce travail, l'influence du champ magnétique lautransformation de phase
diffusionnelle dans des alliages Fe-C de haute tpuee été étudiée théoriquement et
expérimentalement. Les caractéristiques microgiralds et celles d'orientations
cristallographiques induites par le champ magnétignt été soigneusement étudiées dans
trois alliages Fe-C a différents taux de carborsgwir Fe-0.12C, Fe-0.36C, Fe-1.1C.

Le champ magnétique induit différentes microstrregualignées et allongées le long de
la direction du champ, a savoir des colonies détpalignées et allongées dans l'alliage Fe-
0.12C et des grains allongés de ferrite proeutgetdians I'alliage Fe-0.36C, en raison de
l'interaction magnétique dipolaire a deux difféeeentéchelles. Le champ magnétique
augmente la quantité de ferrite dans les alliagesé¢utectoides et cet effet du champ est plus
prononceé avec l'augmentation du taux de carbonehbenp magnétique inhibe la formation
de ferrite de Widmanstatten en introduisant uneeomotrice supplémentaire pour la
transformation ferritique et réduisant ainsi laessité de l'interface de faible énergie qui est
requise pour surmonter les barriéres de transfasmaurant le processus de refroidissement
lent.

Le champ magnétique favorise la formation de lacstire anormale en augmentant la
force d'entrainement de la transformation de Iténite appauvrie en carbone en ferrite et il
ameliore la sphereoidization de perlite en raisensdn influence sur l'accélération de la
diffusion de carbone entrainée par 'augmentatienadtempérature de transformation, ainsi
gue son effet sur I'augmentation de I'énergieiveate I'interface ferrite /cémentite.

L‘'augmentation de la solubilité du carbone dantetate induite par le champ est mise
en évidence a travers les mesures WDS-EPMA poprdmiére fois. Des calculas ab-initio
montrent que la présence d'un atome de carbonestitied dans Fe C modifie les moments
magnétiques des atomes de Fe voisins. Ceci coreddéd diminution de I'énergie de
démagnétisation du systéme et rend le systeéme éitprgment plus stable dans le champ
magnétique.

En raison de [linteraction dipolaire magnétique 'é@cHelle atomique, le champ
magneétique favorise la nucléation et la croissade® grains de ferrite ayant leur direction
<001> distordue paralléle a la direction du chamapgdversal, et induit donc l'augmentation
de la composante de fibre <001> dans le sens &esa\par rapport a la direction du champ.
Cet effet du champ est relié a la distorsion deagscristallin induite par une solution de
carbone et son impact devient plus fort avec l'aargation de la teneur en carbone et
l'intensité du champ.

Trois relations d’orientations (OR) entre la fegriperlitique et la cémentite ont été
trouvées dans ce travail, a savoir 'OR Isaich&) @t deux OR proches des OR Pitsch-Petch
(PP). Le champ magnétique ne modifie guére lessty®R qui apparaissent, mais Il
augmente considérablement la frequence d'occurrdeseOR P-P2, en particulier dans
I'alliage Fe-1.1C, en favorisant la nucléation dddrrite.

Mots-clés Champ magnétique, Transformation de phase, ktteraDipolaire Magnétique,
Texture, Relation d’Orientation
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Chapter 1 Literature Review

Chapter 1 Literature Review

1.1 General introduction

The earliest known descriptions of magnets and theperties were around
2500 years ago, from Greece, India, and China, whan happened to notice the
lodestones and their affinity to iron. Since theepple were undergoing a long
period from being curious about its magnetic povaed attempting to uncover the
physical essence, to fully understand it and eweestablish corresponding theory
to make use of it for every aspect of daily lifelatientific researches.

Magnetic field is considered as a powerful tool $tudying the properties of
matter, because they couple directly to the eleatroharge and magnetic moments
of the protons, neutrons, and electrons of whiclttenas made up. In fact, all the
matters are magnetic, but some materials are murk magnetic than the others.
The origin of magnetism lies in the orbital andnspiotions of electrons and the
way by which the electrons interact with one anotfdne magnetic behavior of
materials can be classified into five major grouwigmagnetism, paramagnetism,
ferromagnetism, ferrimagnetism and antiferromagnetiThe ordering of magnetic
moments in diamagnetism, paramagnetism, ferromegnetferrimagnetism and
antiferromagnetism materials have been shown inurBigl.1). Diamagnetic
substances are composed of atoms which have nmagthetic moments-all the
orbital shells are filled and there are no unpaieddctrons. Many everyday
materials, e.g., water, wood, glass and many elaneng., H, Ar, Cu, Pb, are
diamagnetic. When a diamagnetic material is expasedn external field, it
magnetized: a negative magnetization is produtfethe field is removed, the
magnetization of diamagnetic material vanishes. gasamagnetic materials, some

of the atoms or ions have a net magnetic momenttdugnpaired electrons in
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partially filled orbitals. The individual magneticnoments do not interact
magnetically, so the total magnetization is zerthout a field. In the presence of a
field, there is a partial alignment of the atomiagnetic moments in the direction of
the field, resulting in a net positive magnetizatiand positive susceptibility. In
addition, the efficiency of the field in alignindgnd moments is opposed by the
randomizing effects of thermal agitation. This fesin a temperature dependent
susceptibility, known as the Curie Law. Unlike paegnetic materials, the atomic
moments in ferromagnetic materials exhibit veryomsty interactions. These
interactions are produced by electronic exchangeefoand result in a parallel or
anti-parallel alignment of atomic moments. Ferrongtg materials exhibit parallel
alignment of moments resulting in large net magag¢iton even in the absence of a
magnetic field. Even though electronic exchangedsrin ferromagnets are very
large, thermal energy eventually overcomes the axgd and produces a
randomizing effect. This occurs at a particular permature called the Curie
temperature Tc). Below Tc, the ferromagnet is ordered and above it, disexdler
The saturation magnetization goes to zero at theieCtemperature. For
ferrimagnetic materials, the magnetic moments efatoms on different sublattices
are antiparallel. However, the opposing moments warequal and a resolved
spontaneous magnetization remains. If the oppasiogents are exactly equal, the

net moment is zero. This type of magnetic ordeisncplled antiferromagnetism.

N R I AR R

Diamagnetic Paramagnetic Ferromagnetic Ferrimagnetic Antiferromagnetic

Figure 1.1 Magnetic ordering in magnetic materials.
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Under the magnetic field, the field effect on diéfiet materials will be verified
according to their magnetic behaviors, this undettie essence of the magnetic
field effect in material science.

As the development of the magnetic field theoriexl aechnique the
application of the high magnetic field is greathyceuraged. High magnetic field as
a clean, non-contacting and powerful source ofggnean affect atomic behaviors,
such as atom arrangement, matching and migratiah thns exert powerful
influence on microstructures and properties of mee Consequently, more and
more meaningful results and new phenomena togetitareconomic profits are
brought, which in turn inspires stronger desirectmduct more widening and
deepening research.

Recently, magnetic field has been introduced tal suitase transformations of
metallic materials; especially Fe-C based allogs,tihe purpose of microstructure
control. As is known, steels are the most widelgdusnaterials related to every
industry in daily live. Any small improvement inqperties of Fe-C alloys means a
big progress in human being and a huge amounti@fests. Together with a bright
prospective based on mature knowledge, the stughase transformation of Fe-C
based alloys under high magnetic field has attdaspeecial attention from all over

the world, and will become a popular topic in tbédwing years.

1.2 Basic mechanisms of the magnetic field influea®n solid phase

transformations in steels

Solid phase transformations in steels are oftegrmed to the decomposition of
austenite, which is usually classified into threeups: diffusionless, semi-
diffusional and diffusional transformations, fronviewpoint of atom moment. The
diffusionless phase transformation is known as emaitic transformation which

occurs without long-range diffusion of neither Fer rC atoms; semi-diffusional
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transformation refers to the bainitic transformatiohen only C atoms diffuses; as
for diffusional transformation, it usually corresms to the pearlitic and ferritic
transformations, in which cases, both Fe and C stoan fulfill a long-range
diffusion. In terms of these solid phase transfdioms in steels, the phases
involved are with different magnetisms. There dree¢ equilibrium phases with
great engineering importance located within différearbon composition and
temperature range. One is high temperature austethié others are ferrite and
cementite, which are considered as basic compotethe product of the austenite
decomposition. High temperature phase austenitgpasamagnetic; ferrite is
ferromagnetic below ~770°C and cementite is parae@g at the formation
temperature but becomes ferromagnetic below ~21D#@.to the natural magnetic
difference of parent and product phases, the toamsition process and the resultant
microstructure could be modified by an external n&ig field. This is because that
magnetic field could modify the energy terms du@ganagnetization effect during
the phase transformation and thus affect the phtxaasformation both
thermodynamically and kinetically.

Take the phase transformation from austenite tatdéefor an example, when
an external magnetic field was applied, the phaseer the magnetic field will be
magnetized and their Gibbs free energy will be geanby introducing so-called

intrinsic magnetization energy. This magnetizaterergy is also denoted as the

“magnetic Gibbs free energy”, it can be written\/a_{”osM WH.dM , whereV is the

volume of the phasey, the permeability of free space (vacuurH), the magnetic
field strength in free space amdl the induced magnetization per unit volume.
Therefore, for a transformation from austenite éorife in the presence of a

magnetic field, the total Gibbs free energy chalig&’~“*” will contain two terms:
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the “chemical Gibbs free energy differencBG® and the “magnetic Gibbs free

energy difference’AG" as follows:

M AGyﬂcHy :AGC +AGM (11)

6" =—([™ Hd(uM,) - Hd(u,M,)
0 0 a 0 o'y

:'HNO(IOM”dMa‘ﬁAydMy) 1.2)

where superscript and subscrptand y denote ferrite and austenite ahtl the
magnetization. As the magnetization of ferrite ighler than that of austenite at all
the transformation temperature concern&@,” has the same sign &&°. The
absolute value of the Gibbs free energy differebeéwveen the two phases is
increased. This leads to the new phase equilibameh phase stability under the
magnetic field by modifying the phase equilibriuemiperature and equilibrium

composition, as shown in Figure 1.2.

Gibbs free energy

Temperature

Figure 1.2 Schematics of the Gibbs free energy ahda without and

with a magnetic fieldy-austeniteg-ferrite, M-magnetic field.



Chapter 1 Literature Review

The Gibbs free energy difference between the paneditthe product phases is
also denoted as the phase transformation drivingefavhich deal with the
nucleation and growth process of the product phdlas magnetic field affects not
only the phase transformation thermodynamics kad #ie transformation kinetics

such as modifying the transformation rate.

In addition to the thermodynamic and Kkinetic eféecthere also exists
magnetization and demagnetization effect of thermatg field resulting from the
strong magnetic interaction among the magnetic nmwsnef Fe atoms when placed
in a magnetic field. It is called magnetic dipoiateraction. Each Fe atom can be
treated as a magnetic dipole. When an external etagineld is applied, the atomic
moments tend to align along the field directionselsematized in Figure 1.3. Then,
there exists the dipolar interaction between nebdghly dipoles. They attract each
other along the field direction (magnetization); epel each other in the transverse

field direction (demagnetization).

FD

Figure 1.3 A pair of magnetic dipoles in a magnetic field.

FD: magnetic field direction.

This dipolar interaction has mainly microstructueflect as it works on the
nucleation and the growth process of ferrite durihg transformation from
austenite to ferrite, especially when ferrite isdenagnetic with high magnetization.

By minimizing the demagnetization energy (repellargong magnetic moments), it
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may bring about grain shape anisotropy by prefekgtain growth in the field

direction or crystallographic texture by selectiyrain nucleation or growth.

1.3 Solid phase transformations in steels under magtic field

As mentioned above, since the magnetic natureq@fpirent and product
phases involved in solid phase transformation eelstare usually different, the
phase transformation process is expected to be fimddiy the application of
magnetic field and the field influence is of gremportance to be investigated.

In 1960’s, studies on the effects of the magneieldf on austenitic
decomposition began with the diffusionless martendransformation. As for
martensitic transformation, the transformation teragure is relatively low and
transformation can only be studied under low magngelds. As soon as the
maturity of superconducting technique, the genematof direct current high
magnetic field was available. From then on, a nundfehigh temperature phase
transformations under magnetic field are studiedluming semi-diffusional
transformations and diffusional transformationghalgh the studies on diffusional
phase transformation under the magnetic field heglaively late start, the results

on this issue are far more fruitful than the otives.

1.3.1 Diffusionless transformation-Martensitic trarsformation

Martensitic transformation is the representativitudionless transformation in
ferrous alloys which involves austenite with faeered-cubic crystal structure
transforms to carbon oversaturated martensite lvathically body-centered-cubic or
body-centered-tetragonal crystal structure depgndin carbon oversaturation
degree. In martensitic transformation, the parestemite is paramagnetic; whereas
the martensite is ferromagnetic. The induced mazptedn of martensite is much
higher than that of austenite. When the magnedld fis applied, the Gibbs free

energy of austenite does not change much but thatdensite is greatly lowered.
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Thus, the phase equilibrium between parent andugtoghases is changed by
magnetic field. For many years, the investigations martensitic transformation
under the magnetic field were focused on the effdcthe magnetic field on
increasing thés temperature and enhancing the amount of transtbmegtensite.

In early 1960’s, studies on athermal martensi@ngformation reported that
magnetic field promoted martensitic transformatiamd increased theMs
temperature in ferrous alloys. Krivoglaz al. [1] based on their thermodynamic
analysis suggested that the effect of magnetid fo&l martensitic transformations
be due only to the magnetostatic (Zeeman) enerdney Tproposed following
formula to estimate the shift Ms:

ST =AM H BV T, / g (1.3)

where M is the magnetization difference between the prodund the parent
phasesH the strength of applied magnetic field, volume change between the
two phases and the latent heat of transformation. The calculatbift of Ms for
Fe-Ni alloys fitted well the experimental resul®s 8] .

Based on this, Kakeshitd al.[4-21] carried out more systematical and deeper
studies on this issue. They used pulsed magnetasfio induce larger increases in
Ms and noticed that there existed a critical strermftmagnetic field to effectively
induce martensitic transformation at the tempeest@boveMs, and the higher the
temperature was, the stronger the critical strebgttame. They also found that the
experimentally measured increasesMs temperature of the Fe-Pt ordered and
disordered alloys [5, 20], Fe-Ni-Co-Ti thermo-elastiloys [7] and Fe-Ni alloys [6,
9] were not in agreement with the calculated resusing Krivoglaz's formula (Eq.
1.3). They proposed a more accurate expressiotnéomagnetic Gibbs free energy

change by clarifying the unknown effects which kKglaz [1] did not find under
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low field as the high field susceptibility and fectvolume magnetostriction effects

and gave the new estimation formula of the increddés as follows [17]:
AG(MS) —AG(MS) =-AM (MS) [H, — U/2) [y H + &, [{ow/0H) H_ (B (1.4)

in which AG(Ms) and AG(Ms) represent the difference in the Gibbs chemical free

energy between the austenitic and martensitic ghaséemperaturells and Ms’
(Ms’ the martensitic transformation start temperatureden magnetic field)

AM (Ms) the difference in spontaneous magnetization (magnedment) between

the austenitic and martensitic statdghe strength of magnetic fieldq . the critical

magnetic field to induce martensitic transformatigtithe high field susceptibility
of the parent austenite, the transformation strainpw/oH)the forced volume
magnetostriction and B the bulk modulus. The refeti betweeAMg(= MsS—-Ms)

and H. have been calculated for Fe-Pt alloys [5], InvesNt [6], non-Invar Fe-Ni-

C [8] and Invar Fe-Mn-C alloys [10], which are iroagl agreement with the
experimental ones. The authors also clarified nfleence of composition [6], grain
boundaries [9], crystal orientations [8, 9], Inw@draracteristics [8], thermo-elastic
nature [7, 20] and austenitic magnetism [14] on thagnetic field-induced
martensitic transformations. Results showed that (Egl) suited well under the
above conditions. Thus, the propriety of the newdgrived equation is
quantitatively verified.

As for the influence of the magnetic field on thmetics of martensitic
transformation, Kakeshitt al.[13, 14] conducted their investigation in Fe-Ni-Mn
alloys. Their results suggest that, under high metgnfields, the originally
isothermal kinetics of martensitic transformatiande changed to the athermal

one and the kinetics in both case can be evaldabed the same equation. They
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also suggested [15] that the shift of the nose &atpre and incubation time
increase with increasing magnetic field.

The martensitic morphologies under the magnetid tiave also been studied
in a variety of Fe-based alloys. Many studies shbwmeat the structure of the
magnetic field-induced martensite did not show mddference [4-21]; whereas
the amount of martensite was increased by the ntiadiredd [6, 12]. The increase
in the amount of martensite is very meaningful angdortant, as it will result in
further strengthening, considering that martenisite hard phase, whereas austenite

is a soft phase.

1.3.2 Semi-diffusional transformation-Bainitic transformation

The study on the effects of magnetic field on haniransformation has a
relatively late start, and only a few researchegehaeen done. In this case, the
parent austenite is paramagnetic and the producitdas ferromagnetic like
martensite. In this content, the effect of magngéld on bainitic transformation is
similar to the case of martensitic transformatiom, both thermodynamic and

kinetic aspects.

"‘.\ y ‘ =
¥ WA
W fr

Figure 1.4 A Fe-0.52C-0.24Si-0.84Mn-1.76Ni-1.27Cr-0.35Mo-0/1@3nass)
alloy austenitized at 1000°C and transformed igotladly to bainite, followed by
helium quenching to ambient temperature. (a) OT(&BhdOT [23].
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Grishin [22] made an investigation on the transfation from austenite to
bainite under a magnetic field based on three mffestructural steels. It revealed
that the bainitic transformation was acceleratednagnetic field. The acceleration
effect by field was also observed in Fe-0.52C-0i2484Mn-1.76Ni-1.27Cr-
0.35M0-0.13V alloy by microstructural observatigks shown in Figure 1.4 [23],
the amount of the transformed bainite (black) waesatly increased under the 10T
magnetic field.

Later, effects of magnetic fields on transformatiemperature, transformation
behavior and transformed microstructure have beerestigated for bainitic
transformation in a Fe-3.6Ni-1.45Cr-0.5C steel [28]. It was found that th8s
temperatures increase with the increase of theiegpphagnetic field. Bainitic
transformation is accelerated by the applied magfietd.

Although elongated and aligned microstructures ve&served for austenite to
ferrite transformation in a Fe-0.4C alloy, but ntongation or alignment of
transformed structure has been observed for tremsfons to bainite and lath

martensite.

1.3.3 Diffusion-controlled phase transformations uder magnetic field

Compared with diffusionless and semi-diffusionalansformation, the
diffusion-controlled phase transformations in steate more complicated and
intricate, due to the variety of the proeutectoidages diversified by carbon
composition. As the diffusional phase transformaioisually happen in relatively
high temperature range, experimental studies dfewi to conduct, especially
when high magnetic field is difficult to be obtatheStudies on this subject began
from the theoretical simulation calculations inste®nly until 1980’s, magnetic
field was tried to be applied to the diffusion-aatied transformation. Later, with
the development of magnetic field technology, merperiments on diffusion-
controlled transformations under magnetic fielddhaeen carried out in various Fe

based alloys under the instruction of the calcdlatsults. Since then, more and
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more new phenomena have been uncovered and veriitedhe meantime,

corresponding theories have been explored for bettderstanding of magnetic
field influential mechanisms. Unlike the martertsitransformation and bainitic
transformation, in which the magnetic field effestsre largely from energy aspects
and work on the transformation thermodynamic ametkc, but less on morphology,
the influence of magnetic field on diffusional peasansformation were more
widely and complicated, which also involved witle tnagnetic dipolar interaction
and thus leads to the effects from both crystaipgic and morphologic point of

view.

1.3.3.1 New Fe-C phase equilibrium under the magaodield

When people tried to understand the Fe-C solid ehemsformation under
magnetic field, they started from understanding fied effects on phase
equilibriums. Even in earlier days, when experimérgtudies on the effects of
magnetic field on diffusion-controlled solid phasansformation in steel were not
available, thermodynamic calculations were caraatito explore field effects, and
later the calculation results were applied to guigeexperimental studies.

The influence of magnetic field on phase equilibridirst expressed as the
shift of phase transformation temperature. In 1%&&&jovskiiet al. [26] mentioned
that with the increasing intensity of the magnétdd, the amount of the magnetic
phase formed increases and the range of the eséstanthe phase increases with
the degree of magnetization in a way similar todffect of pressure. It was pointed
out that the change in the temperature of the pliesesformation under the

influence of the magnetic field is expressed bydheation:

dT/dH = AJT,/q (L5

whereH is the intensity of the field\J is the difference in the magnetization of the

phase intervening in the transformatidp;is the temperature of phase equilibrium;
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g is the heat of transformation. Later, Ghahal.[27] investigated the change of
TTT diagram using a similar equation during auseeno ferrite transformation.
This analysis did not take the magnetization oftenige into account, thus, it is
only suitable for low magnetic field. When magnédteld is strong, the ignorance
of the magnetization of austenite was quite a diewidrom real situation, let alone
the influence brought by composition changes. Algtothe equation is useful in a
limited range, it is a very instructive calculatiohthe effects of magnetic field on
solid phase equilibrium of iron based alloys.

The studies of phase diagram are meaningful andssacy due to its guiding
role in designing heat treatment plan and developing netenmaés. The basic idea
of building up a new Fe-C phase diagram is to datex the new phase equilibrium
temperature and equilibrium composition under tleermal magnetic field. In
terms of this, the change of the Gibbs free enardyced by the magnetic field of
related phases has to be evaluated by using apgepmode and magnetic
parameters.

From last 90’s, studies on the Fe-C phase diagnaderuthe field have been
launched by researchers from Korea and Japan. @oisy that the absence of
high-field magnetic susceptibility data arouiid makes it impossible to construct
the Fe-C phase diagram under the high magnetid Babed on the experimental
data, they used the molecular field theory, whglkapable to provide a theoretical
method to estimate the high-field magnetizatiorthis temperature region. As a
result, former studies were based on the Weissaulaefield theory together with
the Curie-Weiss law to evaluate the change in Gilbes energy of individual
phases involved with the applied magnetic field.

Meanwhile, experimental measurements are impoaadtneeded to verify the

validation of the calculated results. In term asthexperimental measurements of
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phase transformation temperature and examinatiotrassformed microstructure
had been made as powerful and direct methods ¢o cbimparative study.

The first comprehensive study on the predictiontled new Fe-C phase
diagram under the magnetic field was carried ouldxyet al[28]. Considering the
disagreament of magnetic susceptibility of ferritem Curie-Weiss law and
experimental data, the magnetization calculatetMeyss theory is used instead of
susceptibility to calculate the magnetic Gibbs ®eergy of ferrite. In this work, the
influence of the magnetic field on all phases wascerned, the Fe-C phase
diagram were calculated under various applied ntagfields and the eutectoid
temperature, eutectoid composition as well asythetransformation temperature
were determined. Results showed that both &ud Agtemperatures increase as
the magnetic field is applied, while the QAdemperature change is almost
independent of the field. As a result, eutectoithpwas shifted to high carbon and

high temperature side, as seen in Figure 1.5.
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Figure 1.5Fe-C phase diagram associated withahe-a, y/a andy/FeC

equilibrium transformation for various applied mata fields [28].
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It is regarded for the first time the simulationtbé Fe-C phase diagram under
the field. This study is quite limited, because thagnetic Gibbs free energy of
ferrite is obtained by mathematic method withoukernpreting the inner physic
relation betweemM, H andT. Moreover, the prediction of the magnetic Giblesefr
energy at any field strength is not obtainable.sTlhmits the application of this
study to some extent. Despite of this, the resoittained from this work are of
great importance and meaning. It showed that th®iepb magnetic field could
affect the phase equilibrium temperature as wethaseutectoid composition, and
thus change the microstructure at room temperalimes. enables the application of
magnetic field as a method of microstructure cdn&md materials properties
optimization. In addition, the shift of eutectoidipt by magnetic field enables the
possibility of improving mechanical properties bgcreasing carbon content
without hypereutectoid transformation. Joet al. [29] measured they-a
transformation temperature under 10T magnetic figydthermo-dilatometer. It
turned out that the increase of the transformation temperature in pure iron and
the eutectoid temperature calculated on the bdsmotecular field theory are in
good agreement with measured results [28].

Similar calculations using Weiss molecular fielédhy to calculate Gibbs free
energy change of the phases were also carried yo@hii et al. [30], Guo and
Enomoto [31, 32] as well as Hao and Ohtsuka [2433538] in Fe-C system.

Choi et al. [30] combined the calculation studies with expentaé
examination and proved that magnetic field can alscease the carbon content in
eutectoid composition and solubility in ferrite. G@and Enomoto even further
enlarged their studies to Fe-C-Mn and Fe-C-Si all¢§1, 32] by taking into
account the interaction free energy of the alloy@hgments as well as the influence
of the alloying elements on Curie temperature &edmnagnetic moments of the iron

atoms. Considering the Curie-Weiss law can hartir eeliable susceptibility data
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of ferrite around Curie temperature, these calmulat were very approximate
around and above the Curie temperature. Howevérabke results were obtained
that thea-y transformation temperature is raised 1-3°C petaldspending on the
alloy composition and the intensity of the appliéeld, whereas they-o
transformation temperature is decreased about (@étesla. They also predicted
that, at about 100T purkecc iron may be more stable than tfe iron at all
temperature range. Hao and Ohtsuka [33] revealad thwas found that when
magnetic field is lower than 10T, the transformattemperature for pure Fe from
austenite to ferrite has a linear relationship vatagnetic field strength, increasing
about 0.8°C per Tesla. For eutectoid transformaiimnFe-0.8C alloy, similar
relationship exists, the transformation temperainceeases about 1.5°C per Tesla.
Hao and Ohtsuka [33] used the thermocouple angjitabdrecorder to measure the
transformation temperature. It was indicated thHs tneasured transformation
temperature data are not consistent with calculatgsults using Weiss molecular
field theory and moreover, using the experimentabsured susceptibility under a
low magnetic field to conduct the simulation cadtidns for high magnetic field is
not appropriate.

It was noted that Weiss model allows basic caloat for ferromagnetism
and offers relatively accurate magnetization ddtdbaz Fe belowTc, however, it
still had several shortcomings [32], which limitdee application of Weiss model
around and abovéc, especially when the applied magnetic field ishhighus, new
models were needed for simulation calculation ofCFequilibrium under the
magnetic field.

To solve this problem, Zhang [39] revised the Wemglel by substituting the
molecular field coefficienk with a short-range-ordering coefficieptaround and
aboveTc and applied this revised mode to the susceptibiftbcc Fe abovelc,

which turned out to be&n good agreement with the ones measured experathent
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Moreover, the electronic band model is used toutale the temperature variation
of susceptibility offcc Fe. Based on these, the magnetization and fuitieer
magnetic Gibbs free energy of ferrite and austeaite calculated, thus the Fe-C
phase diagram under the magnetic field was cakxdidhe shift of Agtemperature
and the eutectoid temperature and composition i@@iqied. It is found that in the
phase diagram the magnetic field enlarges thetitephase area and shrinks the
austenitic one. With pure iron, the As raised by about’C under a magnetic field
of 10T. This result is in good agreement with ti@asured values by Ohtsugiaal.
[33].

Generally, for Fe and Fe-0.8C the avergge transformation temperature
measured experimentally was easily compared wahcticulated results based on
Weiss molecular field theory. The most acceptedltegas that the change gfa
transformation temperature is almost proportiomathie magnetic field when the
ferrite phase is ferromagnetic at the transfornmatéamperature (as is the case in Fe-
0.8C), whereas it was proportional to the squarg¢hef magnetic field when the
ferrite phase is paramagnetic (as is the casermipan). However, for intermediate
pro-eutectoid steel, of which thg+() region is large, this method is no longer
valid [40] and it would have been meaningless tdinde an averagey/a
transformation temperature in order to compareitit & calculated/a equilibrium
temperature due to the large hysteresis of thesfibamations in these alloys.
Considering this, another approach was proposedidocuss the magnetic field
dependence of diffusional phase transformation &atpres, taking into account
the existence of temperature hysteresis due tdatige driving force required for
transformation [41]. More recently, this new apmioavas applied to study the non-
equilibriuma-y andy-a transformation temperature separately in Fe-Riysal[41],

Fe-C-Mn alloys [42] and Fe—Ni alloys [43, 44].
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Together with the development of new analysis apmp new devices to
monitor high temperature phase transformations undgnetic field had emerged.
Rivoirard and Garcin [42, 45, 46] developed a higlagnetic field in situ
dilatometer, ranging from room temperature up t0QKg using a high resolution
Michelson laser interferometer. This new devicegewapplied to monitor the
austenite to ferrite transformation under a magrfezld of 16T in pure iron. Then,
measured Ay temperatures were compared with the calculatedltsesin their
studies, experimental magnetization data, measupetb 3.5 T and 1100 K by
high-sensitivity magnetometer [47], were used tolcudate the magnetic
contribution to the Gibbs free energy instead @& talculated one from Weiss
molecular field theory. In this approach, calculbfe; temperatures were found to
be in good agreement with the experimental onesuned by dilatometer.

Besides the modification gfa transformation temperature, the eutectoid point
shift has also been calculated and experimentaligeaced in hypereutectoid
carbon steel [48, 49]. Microstructural observati@rich indicates formation of
ferrite in the hypereutectoid carbon steel undeldfi evidences the shift of the
eutectoid point in the Fe-C system. It shifts un@dr2 T magnetic field from 0.77
wt. %C to 0.8287 wt. %C.
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Figure 1.6Eutectoid carbon content and temperature

as a function of the magnetic field induction [49]
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Furthermore, Zhanget al. [48, 49] propose a general and comprehensive
calculation method by combining the well-establtsistatistical thermodynamic
models with the magnetism theory to predict thiseetoid point shift (both in
carbon composition and temperature scales) as shokigure 1.6.

The eutectoid carbon content and temperature eémiwithout and with a 12
T magnetic field is 0.779 wt. %C; 725.71 °C and4d.8vt. %C; 754.68 °C. The
eutectoid carbon contents without and with the neéigrfield-as calculated-appears
to be very close to the values determined expetatignit shows that the equations
proposed offer a relatively accurate predictiorthad eutectoid point shift under a

high magnetic field in both carbon content and terafure scales.

1.3.3.2 New microstructural features under the magit field

The most remarkable microstructural feature induzganagnetic field is the
formation of the aligned and elongated microstmeguduring transformation
between austenite and ferrite. Studies on thisestitjave been drawing increasing
attention as it may lead to the control of the wstructure and thus the texture and
the mechanical properties.

The first observation of the aligned microstructuveas reported by
Shimotomai [50] in Fe-0.1C alloy and Fe-0.6C alldyring thea to y inverse
transformation. The chains or columns of the pamametc austenite were found
along the field direction in the ferromagnetic ferrphase during the ferrite to
austenite inverse transformation in 8T magnetid fias shown in Figure 1.7.

They contributed the formation of the alignmenttie dipolar interactions of
the magnetic moments between the pairs of parartiagnestenite nuclei which are
regarded as magnetic hole in ferrite matrix. Lateg alignment of thg nuclei
under the field effect was even noticed above theeCtemperature during-a

inverse transformation [51].
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Figure 1.7 Microstructures of Fe-0.1C alloy (a) and Fe-0.@86ya(b) subjected to thaly
inverse transformation under 8T magnetic field [§0he dark spots arephase followed
by quenching to a new martensite, while the ligigions represent the annealegphase-

initial martensitethe. The arrow indicates the ci@n of the magnetic field).

Later, Shimotomai and Maruta studied the magnégic-induced alignment
structures in Fe-0.6C alloy, Fe-0.2C-0.2Si-1.3Mbf0.alloy and Fe-0.1C-2.0Si-
2.0Mn [51-53] during they-a transformation. A special experimental setup was
designed, which features a combination of rolleredior hot deformation and a
superconducting magnet for applying a magnetic dfiguring the phase
transformation. The concept is characterized byorti@hg steels prior to the
transformation under the field in order to introdumore nucleation sites for
transformation. In their studies, the formation headsm of the aligned structures
has been discussed from the point of view of ndideaand growth of the ferrite
grains. They observed the ferrite nucleation siteder the field using SEM and
drew a conclusion that no matter the nucleatios isitat the grain boundary or in
the austenite grain interiors, the long axis offeérete grain is always parallel to the

field direction, as shown in Figure 1.8. Furthemlgsis on ferrite morphology
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showed that the ferrite particles nucleated andvgaéong the magnetic field
direction are mostly ellipsoidal in shape and tisigletermined by a competition
between the magnetic field energy that favors angated shape and the interfacial
energy that favors a spherical shape. Moreovevag reported that, though ferrite
grains were elongated and aligned by applied fietd preferred crystallographic

orientation of ferrite is developed.

Figure 1.8 SEM micrographs of Fe-0.1C alloy under 12T maigretld
(a) a ferrite particle nucleated inside an austegriain,

(b) ferrite particles nucleated at the grain boundad austenite.

Shimotomai and Maruta considered a combination wbrprolling and
transformation in an external field is essential ytelding an aligned structure
during y-a transformation. However, a similar aligned stroesuwere reported by
Ohtsukaet al in a Fe-0.4C alloy without prior deformation duyyinontinuous slow
cooling under the 10T magnetic field [36]. As sémym Figure 1.9, each ferrite
grain is elongated and these grains are distribtiead to tail along the field

direction.
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T @Y | )
Figure 1.9 Microstructures of Fe-0.4C alloy during continuslsw cooling fromy to a

transformation under 10T magnetic field (The fidicection is vertical) [36].

Later, Hao and Ohtsuka [34, 35, 37, 54] studiesetfect of magnetic field on
transformed structure forto a isothermal transformation in Fe-C alloys to charif
the mechanism of the elongation and alignment witéegrains. They found that
during the isothermal transformation, the elongated aligned structure is mostly
formed during grain growth rather than nucleatidhe degree of elongation of
ferrite grains is determined by the competitionwmstn the demagnetization effect
and the chemical driving force and their combinéeats result in the degree of
elongation reaching a peak value at approximalelyThe degree of elongation of
ferrite grains as a function of isothermal holdiimge and temperature in a magnetic

field of 10T in Fe—0.4C were shown in Figurel.10.
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Figure 1.10The degree of elongation of ferrite grains asretion of isothermal
holding time and temperature in a magnetic field@T in Fe—0.4C alloy [35].

22



Chapter 1 Literature Review

The effects of magnetic field strength, coolingerahd austenite grain size on
the transformed structure in a magnetic field weyserved for Fe-Mn-C-Nb alloy,
but no elongation or alignment of ferrite grains H@een observed [36]. On this
basis, the existence of alloying elements may lfo&iminate this elongation and
alignment morphology.

Later, Zhanget.al [55-57] found that the aligned structure formedirmiy slow
cooling process rather than fast cooling procesemnwthey studied the austenite
decomposition in a hot-rolled 42CrMo steel undee tmagnetic field. They
suggested that when cooling rate is 10°C/min, daethe inhomogeneous
deformation during rolling and the dipolar attraatibetween ferrite nuclei, the
microstructure of alternately distributed ferrit@igps and pearlite colonies along the

field direction is obtained.
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Figure 1.11Microstructures after heating at 880°C for 33 nmid @ooling at 10°C /min with
magnetic field of (a) 6T, (b) 10T, (c) 14T and ¢dpling at 46°C /min with 14T magnetic
field.(the magnetic field direction and the rollidgection are vertical in the pictures) [56].

In the case of cooling at 46°C/min, the nucleatainhigh temperature is
greatly inhibited; as a result, the nucleationastponed at lower temperature, when
more sites inside the austenite grains besides graundaries are available.
Consequently, the microstructure is characteristicandomly distributed ferrite
grains and pearlite colonies with smaller sizesnse Figure 1.11.

The magnetic field-induced grain elongation mectianivas analyzed from
physical point of view [58]. It revealed that theaigp elongation is the results of the
opposing contributions from the atomic dipolar ratgion energy of Fe atoms and
the interfacial energy.

The effect of magnetic field on the formation cbreyated and aligned pearlite
was investigated by Sorgg al [59]. It was reported that in the Fe-0.12C allde t
pearlite was elongated and aligned along the fildction during its diffusional
decomposition under the 12T magnetic field. Morepvkis tendency increased
with increasing magnetic field strength and theldieffect is dependent on the
specimen orientation with respect to the field clien.

It should be noticed that, several works indicatest the nucleation and

growth of ferrite grains happen preferentially @dhe field direction, however, no
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preferred crystallographic orientations in the mstructure were formed [36, 50-53,
55-57].

Recently, magnetic field-induced microstructureatiiees were investigated
from crystallographic point of view. Zhargg al. applied a 12T magnetic field to a
medium plain carbon steel during the diffusionatamaposition of austenite and
investigated the effect of a high magnetic fieldtlba distribution of misorientation
angles, grain boundary characteristics and teXturaation in the ferrite produced
[60]. It was reported that magnetic field can caaseonsiderable decrease in the
frequency of low-angle misorientation and an inseea the occurrence of low
coincidence boundaries, especially B8 of ferrite [60]. They attributed this to the
elevation in the transformation temperature caulgdihe magnetic field and,
therefore, the reduction of the transformationssrdt is also found that magnetic
field enhances the <001> texture component aloadrénsverse field direction due

to the dipolar interaction between the magnetic s of Fe atoms.

1.4 Significance and content of this work

The investigations on phase transformation undenthgnetic field have been
carried out for more than fifty years. Many meafihgxperimental phenomena
have been discovered and some related theoriesbeavedeveloped. Nowadays, as
a new promising technique, magnetic field has beg&tely applied in materials
processing. However, most of the former studiesheneffect of the magnetic field
on diffusional phase transformation are lack ofutagty, and are not systematic
either. The fundamental theories of magnetic fialdfluence on phase
transformation are still in need to be addressesl.alloying elements affect the
phase transformation in steels to a large extéet,fuindamental theories on field
influential mechanism are hard to establish bagedhe existing studies, most of

which were conducted in Fe-based alloys with carsidle alloying elements. With
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the development of the magnetic field generatohrigpie, the application of
magnetic field becomes more and more extensivep&eenderstanding of field
influential mechanism is necessary and imperaBased on such background, the
present work has been carried out as a fundames@érch to explore the magnetic
field influential mechanism on diffusional phasansformation and also enrich the
existing phase transformation theory. To examine field effect without the
involvement of impurities and alloying elements dadbtain a systematic result,
three high purity Fe-C alloys in both hypo and hypetectoid composition range
were prepared as experimental materials. The iireldced microstructural features
and the crystallographic characteristics have bié@noughly investigated. The
main content of present work can be summed upliasvia

(1) Experimentally examine the microstructural featureduced by magnetic
field in both hypo and hyper eutectoid Fe-C alloys:

Magnetic field induced aligned and elongated nstiectures are analyzed
through a comparative study in Fe-0.12C alloy aed)B6C alloy.

Microstructural modifications by magnetic field due its thermodynamic
influence on phase equilibrium in hypo and hypetteetoid Fe-C alloys,
respectively.

(2) Experimentally examine the modification of carbotubility in ferrite under
the magnetic field, conduct calculations on magnetoments of the related atoms
and underline the physical essence of the fielduémitial mechanism using
magnetic field dipolar interaction.

(3)By means of SEM/EBSD to examine the effect of thegnetic field on
crystallographic orientation characteristics. Thedfinduced preferred orientation
distribution of ferrite and then the texture formatmechanism is investigated. The
types of the orientation relationships in pearéited the corresponding occurrence

frequency have been examined.
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Chapter 2 Experimentals and Calculations

2.1 Materials preparation

The materials used in this work are three hightpute-C alloys with different
carbon content, namely, Fe-0.12C alloy, Fe-0.36868yahnd Fe-1.1C alloy. To
minimize the involvement of impurities during theeparation, the alloys were
prepared by vacuum induction melting using highitguconstituent elements in
EPM laboratory of Northeastern University, China.

The preparation of the high purity Fe-C alloys itves following two steps.

(1) Preparation of high purity cast iron as highrban-content constituent for
carbon content tuning of the alloys.

The high purity (99.99%) electrolytic iron was neeltin a high purity graphite
crucible (carbon 99.99%) by repeated vacuum indactnelting, allowing carbon
to diffusion into the iron melt from the graphit produce cast iron. The chemical

composition of the obtained cast iron is shownabl€ 2.1.

Table 2.1 Chemical composition of cast iron, %.

C S O N Fe

4.39 0.001 0.0025 0.0003 Bal.

(2) Preparation of the final alloys with assignegtizon content.

The cast iron obtained in step (1) as high carmrsiituent was melted with
high purity (99.99%) electrolytic iron in water ded copper crucible by vacuum
induction levitation melting. By varying the qudstof the cast iron, the final Fe-C
alloys with assigned carbon contents (0.12C, 0.26@d 1.1C in wt.%) were

obtained. Figure 2.1 shows the top view of one Ipigtity Fe-C alloy ingot.
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Figure 2.1 Photo of the ingot of the Fe-C alloy.

2.2 Pre-treatment of high purity Fe-C alloys

In order to study the influence of the magnetiddfien phase transformation
without the interference from the inhomogeneitytlod initial microstructure, the
three high purity alloys were pre-treated to obthmhomogeneous and equilibrium
microstructures for the subsequent magnetic fielat kreatments.

First, the ingots were multidirectionally forged tbomogenize the
microstructure. The multidirectional forging wasrfpemed by first forging the
ingots into cubes and then further forging the suleng their three perpendicular
edge directions to resume the initial cube fornthefwork pieces. This process was
repeated 4 times. Finally the cube was forged almmg of its diagonal direction
into a pancake shape. The multidirectional forgimgs conducted within the
temperature range from 1273K to 1073K without ahngabetween the forging
steps. After forging, the work pieces were air edoto the room temperature. To
avoid the involvement of the outside oxide coatamgyl decarburized layer in the
specimens, a plate of 70mmx70mmx35mm in size waswufrom the centre of

each forged pancake by electrical spark cutting.
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Then, the plates were homogeneously annealed muwa@t set temperature
for 10 hours to homogenize the composition. (Theeahng temperature is 1373K
for Fe-0.12C alloy and Fe-0.36C alloy; 1323K forE&C alloy).

After that, full annealing was performed to obtaguilibrium microstructures.
The alloys were fullyaustenitized for 45min, and cooled to 973K at OrBiK/ for
proeutectoid and eutectoid transformation, and tteoled to room temperature at
1K/min (The austenitization temperatures for thié danealings are 1165K for Fe-
0.12C alloy, 1099K for Fe-0.36C alloy and 1063K Fa&-1.1C alloy). The chemical
composition of the high purity Fe-C alloys was gmall using Carbon/Sulfur
analyzer, Inductively Coupled Plasma spectrometeid aNitrogen/Oxygen

exterminator, the result is shown in Table 2.2.

Table 2.2 Chemical composition of Fe-C alloys (wt.%).

C S P Mn Cu O N Fe

0.12 0.0008 0.0006 <<0.001 0.001 0.0007  0.0003 Bal.
0.36 0.0008 0.0006 <<0.001 0.001 0.0007  0.0003 Bal.

11 0.0008 0.0006 <<0.001 o0.001 0.0007  0.0003 Bal.

The corresponding phase equilibrium temperaturethefthree alloys were
calculated with Thermo-Calc Software. For the FE2Q alloy and the Fe-0.36C
alloy, their Ag temperatures are 1135K and 1069K, respectivelyiie Fe-1.1C
alloy, Ae,, temperature is 1128K.

2.3 Magnetic field heat treatment equipment and exgriments

In this work, all the field heat treatments weradaacted at EPM laboratory of

Northeastern University, China. The magnetic fleb@t treatment furnace is setin a
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12T cryo-cooled superconducting magnets with a lsmed 100mm in diameter
(Figure 2.2 shows the photo (a) and the schemaof(ihe magnetic field heat
treatment furnace). The magnetic field ramping tinoen OT to 12T is 39 minutes.
For this magnetic field heat treatment furnace, lighest heating temperature is
1473K, the maximum heating rate is 5K/min and thaximum cooling rate is
23.5K/min. During the heat treatment, the vacuurgrele in the heat treatment

furnace can reach FPa.

(@)

Ar
(b) Pt-Rh thermocouple; Furnace
Cooling water—=[1 lm-—Cooling water
Specimen Pt heater
H {’ Magnet
--t--% -t Ea 4kt ---%--{-Field center
Sample holder
¢
; Water-cooled jacket
-—Ar

Figure 2.2Photo (a) and schema (b) of magnetic field heattnent furnace.

For field heat treatments, thmeagnetic field was applied during the whole

heating,isothermal holding and cooling process. For F&0.and Fe-1.1C alloys,
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the 12T magnetic field was applied, while for F8EL alloy, both 8T and 12T
magnetic fields were applied. The non-field heaatments for comparison were
carried out in the same furnace using the same tneatment parameters only
without switching on the magnetic field. During tlield heat treatment, the
specimens were kept in the centre (zero magnetiefoarea with one of their
length directions parallel to the field directioms shown in Figure 2.2(b). The
detailed heat treatment parameters used in thik vi@r the three alloys are
illustrated in Figure 2.3. In the figures, the resiive Ag and Ag,, temperatures of
the three alloys are from the Thermo-Calc calcofetibut the Agtemperatures are

from the common accepted theoretical value (1000K).

(a)
1200 1165K, 30min
/\eg ey =
1000 - _ o o o o o e e e e e e
<
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= 800
e T e e e e ey
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1 | | | 1 1 1 1
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Time, min
(t)) 1200
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1000
=
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E
i
3
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E 600
@
e
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(C) 1200 L 1183K, 30min

Aecnf
1000

800 -

Temperature,K

600

400
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Time, min

Figure 2.3 Heat treatment parameters for Fe-C alloys (a).E2@ (b) Fe-0.36C and (c)
Fe-1.1 C. The respective Aand Agn, temperatures are calculated by Thermo-Calc, but
the Ag temperatures are from the common accepted thealrgatue (1000K).

2.4 Specimen cutting and specimen geometry

For the final heat treatments, small sized specemgare cut out from the
center of the plates after the pre-heat treatmBm. dimensions of the specimens
are 7mmx7mmx1lmm for the Fe-0.12C alloy and the Bé&® alloy; and

10mmx10mmx3mm for the Fe-1.1C alloy, as illustratedigure 2.4.

(a)
Multidirectional

\\—// forging

Ingot of Fe-C alloy Ingot after forging . 70 Specimens
= Ingot for pre-heat treatment for heat treatment

mi

—_—

e S [ 3
A V.
e ma= 5 | L
1 boee- el ¥ 0% Nachining
—_— - 4
i 4 -
A 4

A
\ 4
A
y

Figure 2.4lllustration of specimens for heat treatments (&) the sizes of the specimens
(b) for Fe-0.12C alloy and Fe-0.36C alloy; (c) Fa-1.1C alloy.
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2.5 Microstructure examinations and crystallographc

characterizations

2.5.1 Specimen polishing

To obtain an appropriate observation surface farostructural examinations,
the treated specimens were first mechanically petisusing SiC grinding papers
from 800 to 2000 and then polished using diamond liquid with theesof the
diamond particle from 3um to 1 um. For optical rogtrutural examinations and
carbon content measurements, the specimens weherfatched with 4% Nital at
room temperature for several seconds.

For SEM microstructural and EBSD crystallographiewstation examinations,
the specimens were electronic polished in 8% perichlcid ethanol solution at
room temperature at the voltage of 30V for 10~186omds after mechanical
polishing (paper polishing up to 20900t should be emphasized that the specimen
preparation procedures of the non-field and fiekhted specimens (electrolytic
polishing or etching, and rinsing) were strictlyntolled to ensure identical
preparation conditions, so that the output resuti;m the non-field and the field

treated specimens are comparable.

2.5.2 Optical microstructural examinations

The optical microstructure observations were pengd with an
OLYMPUS/BX61 microscope (The observation surfacd #re sample reference
frame are shown in Figure 2.5). Phase fractiorhefttansformed microstructures
and lamellar spacing of pearlite were analyzed \aitlalySIS and averaged over
certain number of analyzed areas. The details @itkbasurement information are

displayed in Table 2.3.
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LD//FD

A FD: Magnetic field direction

ND: Specimen normal direction

E LD: Specimen lengthwise direction

A7 TD: Specimen widthwise direction
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;. Observatio surfact
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Figure 2.5Schema of the observation area of the specimen.

Table 2.3Information of microstructural measurements.

Fe-C alloys Measurements No. or area of measuresment
Fe-0.12C Area precentage of proeutectoid ferrite arkas
Fe-0.36C Area precentage of proeutectoid fel 15 area

Area precentage (Widmansétter ferrite  whole cross sectio7mmx1mn)

Fe-1.1C Area percentage of abnormal structure wtroles sectiodOmmx3mmn)
Lamellar spacings of pearl 20 area

2.5.3 Wavelength-dispersive spectroscopic (EPMA) alysis

The carbon concentration of the proeutectoid feriit Fe-0.36C alloy was
measured by means of wavelength-dispersive speopgausing &Shimadzu 1610
electron probe microanalyzgflWDS-EPMA). Six standard samples with carbon
content ranging from 0.0075% to 0.978% were usesktdhe calibration curve for
the WDS measurements. Both specimens treated witdnadi with the magnetic
field were examined during the same specimen Igadin secure the identical
measurement conditions for the non-field and figtéated specimens. 20
proeutectoid ferrite areas in each specimen werdoraly selected and measured to

reach a global representation of the results.
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2.5.4 Hardness tests

The hardness of proeutectoid ferrite in Fe-0.36l0yalvas tested using a
micro-indenter (diamond Vickers indenter Leitz, Wat, Germany) with an
applied load of 25¢g for 20s. The mean hardnessawesaged over 8 measurements

for each specimen.

2.5.5 Scanning electron microscopic and crystallogphic orientation analysis

In this work, a field emission gun scanning electmicroscopeleol JSM
6500F (the photo and the schematic illustration are dgpll in Figure 6)-with
EBSD acquisition camera and Oxford-HKChannel 5software was used for
microscopic and crystallographic orientation anatysrhe working voltage was set
at 15KV and the working distance was 15 mm.

For microscopic observations, the morphology oérfic cementite was
examined and the area of spherical pearlite wasuned in 20 randomly selected
areas.

The crystallographic orientation analyses wereqyaréd for texture analyses
and individual orientation measurements. The oaigort data were obtained by
acquiring and indexing the electron back-scattéfradition Kikuchi patterns. The
orientations are represented in the form of tlEaker angles ¢., @, ¢,) in Bunge
notation. The crystal structure data of ferrite @ednentite for EBSD orientation

measurements, are given in Table 2.4.

Table 2.4Crystal structure data of ferrite and cementite.

Phase Crystal structure/ Space group Atomic position
Lattice parameters (No.) No. Atom Wyckoff X Y Z  Occupancy
Ferrite bcc mRm (229
a=0.28665 nm. IM3mM(229) 1 Fe 2a 0 0 0 1
Cementite orthorhombic 1 ¢ s 0881 025 0431 .
a=0.5090 nm b (62)
anm
b=0.6748 nm 2 Fe 4c  0.044 0.25 0.837 1

¢c=0.4523 nm 3 Fe 8d 0.1810.063 0.837 1
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Peltier cooled Lead glass
CCD camera radiation shield

Beam
control

j Sample

Phosphor

Forward scatter
electron detector

T Digital stage and
beam control unit
PC

Figure 2.6 Photo (a) and schema (b) of the field emission$EM-Jeol JISM 6500 F

In this work, two different beam controlled modesrer applied for different

orientation analysis purposes.

(1) Automated orientation mapping for massive dagon acquisition and for

correlated microstructure and texture analyses.

The automated orientation mapping was performeek&omine the orientation

distribution of ferrite. As is known, ferrite issample-crystal-structured phase. The
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orientation determination of ferrite by EBSD is aby efficient and accurate
guaranteed by the attainable high-quality Kikuchitgrns form bulk ferrite grains
and even from lamellar pearlitic ferrite. This eresuthe orientation determination
of ferrite from a large measurement area can bqeed in the automatic mode
within a short time. In this work, the automatedpmiags were performed on the
whole cross section of the specimens at differéap sizes, namely Qun 1um
2umand 3im As the crystal structure of cementite is reldgivaomplicated and it
IS subject to a high level of internal constrawithin the same acquisition time for
one Kikuchi pattern from ferrite, the acquired Kakii patterns of cementite is of
very poor quality. Therefore, the measurement goamt cementite always remain
as non-indexed zero solution. The orientation mi@ion of pearlite colonies was
only from their pearlitic ferrite. In this way, dacpearlite colony is simply
indentified as a ferrite grain. Finally, only thexture of ferrite (pearlitic and

proeutectoid) was analyzed.

(2) Interactive mode for individual orientation aseirements.

To investigate the orientation relationships (ORmtween ferrite and
cementite in pearlite and in abnormal structurdividual orientations of ferrite and
its neighboring cementite were measured. Due tabove-mentioned reasons for
the nature of cementite together with the geomatrmonstrains imposed by the
anisotropic shape of pearlitic cementite (thin [Hame ~20nm in width) and the
anisotropic shape of the electron beam when ithtesithe specimen surface under
EBSD measurement chamber geometry (as shown irrd=@i), the correct and
accurate orientation determination for cementitgifiscult. The specimen has to be
tilted at 70° from horizontal during the EBSD mea&snent, as a result, the electron
beam was elongated along one (Y) direction, astitiled in Figure 2.7. If the

lamellar direction is perpendicular to this direati the diffraction signal from
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ferrite would be easily involved. To overcome thdgéculties, special efforts have
been made in ensuring the measurement reliabitityaeccuracy. Several strategies
are utilized in the present EBSD measurement w@ilk. To get rid of the
geometrical constrains imposed by the anisotropiape of the thin pearlitic
cementite and the elongated electron beam on t&mspn surface that results in
the acquisition of superposed Kikuchi patterns fitooth ferrite and cementite, the
specimen is rotated around its surface normal txiallow the lamellar length
direction to be (as close as possible) parallehto beam elongated direction for
each analyzed pearlite colony. (2) To obtain higlaligy Kikuchi patterns of
cementite, the number of acquisition cycle wasaased to enhance the signal to
noise ratio by increasing the number of “framethet Channel 5’'s Flamenco-EBSD
acquisition layer. (3) To obtain high orientatioretekmination accuracy, the
maximum Hough resolution (125) at the Channel 3&renco-EBSD acquisition
layer was selected to ensure accurate band detecme Kikuchi pattern acquired
and indexed under the above measurement condigisran example is shown in
Figure 2.8. It is seen the raw pattern in FiguB(2) clearly displays the line details
and recalculated pattern in (b) matches with tke pattern, demonstrating that our
strategies work well in ensuring the acquisitionalgy and the orientation
determination quality.

To obtain a representative result of occurrencguieacy of the appearing ORs,

15 colonies of pearlite were randomly selectecerh specimen.
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Eelectronbeam

Specimen X

Figure 2.7 Geometry relation between the electron beam andpeeimen
surface under EBSD measurement condition. (Theérelebeam is
elongated along the Y direction in the specimerrdioate system).

Figure 2.8Kikuchi pattern of cementite (a) and

the one superposed with the recalculated pattgrn (b
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2.5.6 Determination of orientation relationships beveen ferrite and cementite

In this work, the basic principle of the OR determination isverify the
direction-direction and plane-plane parallelismsveen ferrite and cementite using
the ORs between ferrite and cementite reportedterature. The utilized ORs are

summarized in Table 2.5.

Table 2.5Summary of the well-known and new ORs.

Well-known Expressed in New ORs Expressed in close-packed plane
ORs Conventionalvay [61] and in-plane direction
L0}, /110, (03 //O1T)¢
BAG 010} /111, Near 010 /111,
Habit plane BAG Habit plane
001 //12), (001).3° from(112).
03¢ /(011) @03 //(10D),
IS 010 /[111], P-P1 010]. /131,
Habit plane Habit plane
101, //112), (003 //(215);
103, /(202
01,87 from(2L5),
[LOO0]. 2.6° from[311], L03). //(101),
P-P [010]. 2.6° from[L31], P.p2 [311]. /111,
Habit plane Habit plane
001 //(215)¢ (001). 35° from (215).
Unknown

The direction-direction and plane-plane paralleliswerifications were
performed by first transforming the correspondingcation vectors or plane normal
vectors in the lattice basis of cementite (orthanba) to that of ferrite (cubic) by
coordinate transformation using the determinedntaigon of ferrite and cementite
by EBSD and then comparing them with the correspanterrite direction vectors
or plane normal vectors to verify the parallelisetvieen them to conclude the

possible OR. The full OR determination processtsited as follows.
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(1) Setting of coordinate systems.

Three orthonormal coordinate systems have beenenhfus convenience in
addition to the crystal basis for ferrite and cetitenOne is referred to the sample
coordinate system. The second is to the crystérote that should be the same as

the lattice basis of ferrite and the third oneadhie crystal of cementite in a way

that the corresponding basis vectors are paralltdttice basis vectors (i.ee;//a,

e, /lb and e //c). The difference between the two bases is that diystal

coordinate system of cementite is orthonormal, @agithe lattice basis is not.

(2) Construction of coordinate transformation meés.

The coordinate transformation mat@x (j=F or C, where F denotes ferrite
and C cementite) from the sample coordinate system ®® fdrrite/cementite
coordinate system can be constructed using Eoéer angles¢,, @, ¢, of
ferrite/cementite with respect to the sample cowtli system determined by EBSD

measurements.

C0Sp; COSPp, —sing, sing, cosP —cosy, Sing, —sing, cosp, cosP  sing,; sind
Gl = sing, cosg, +cosy; sing, cos®  —sing; Sing, +cosy; cosp, cosP —cosy; sind
sing, sin® cosp, sin® cosd
(2.1)

Then, the coordinate transformation matrix fronrifercrystal coordinate system to
cementite crystal coordinates systet@ —° (as illustrated in Figure 2.Qan be

calculated in matrix notation:

lo* Jrds*[rlac® -<]=[ec ] @2)
o< ]= s o[ e s 23
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wherest orsC is the rotational symmetry matrix of crystal systef ferrite or

cementite.

Sample coordinate syste
Z
C

G" G

0 ’ Y\

X
€
X Z

AGF—C c

0 >
e b
o} (0]

y €1 a

Ferrite lattice basis / Cementite crystal
crystalcoordinate syster coordinate system

Cementitelattice basi

Figure 2.9Coordinate system transformations from ferriteementite.

(3) Coordinate transformation of vectors

If one intends to transform the direction vectorglkane normal vectors in the
cementite lattice basis to that of ferrite, the rdomate transformations start from
cementite lattice basis between cementite crystatdinate system, and followed
by cementite crystal coordinate system betweentdecoordinates system (lattice
basis).

For a direction vectoru[ v W in cementite lattice basis, its corresponding

direction vector in cementite coordinate systgys

V. =uae+ vbe+ wce (2.4)
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Wherea (i=1,2,3) is the unit vector ofementite crystal coordinate system anth,

c are the crystal lattice parameters of cementiteenThhe same vector in ferrite

coordinate systenv, , can be calculated with thieansformatiormatrices
Ve =AG" "y, (2.5)

For a normal vector of plan (h k ) in cementite lattice basis, the coordinate

transformation is moreomplicated. First, its normal vector in cementa#ice

basis% can be represented by
gy = ha*+ kly + I¢ (2.6)

wherea* , b*, c* are the unit vectors of theementitereciprocal lattice basis

which can be calculated by the following equations:
C - — _a
* = =28 =2 2.7
a 5 (27)

whereV is the volume of the unit cell built on the threementite crystal lattice

vectorsa, b, c.

V =allbrt) = b{e3a="dl"a b (2.8)
Thus,
?:a_lza F:b—lz—h T:é’c (2.9)

With equation (2.6) and (2.9)g,,, can be obtained
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g = ae K pe g 210

hkl az bz C2 ( . )

Then, for the pl | AL ite lattice basis, i
en, for the plane normal vect@, [g e F] in cementite lattice basis, its

corresponding vector in cementite coordinate sysigiran be obtained according

to equation (2.4)

h— k— I—
Vc:_e.L+B%+ € (2.11)

I
c
And sothe same vector in ferrite coordinate systmn be calculated by equation
(2.5).

(4) Angle between two vectors

As soon as the direction vectors or plane normakore of cementite are
transformed into the same coordinates system wghcorresponding vectors of

ferrite, they can be compared.
We suppose, and v, are two vectors in ferrite coordinates system. s i

known,
v, 0, =[v] v ceog ¥ v) 212

Then,

cos(v, ;) = \vlll\tlml%\ (2.13)

The angleAd between two vectors can be calculated as followopgation:
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AJ =arcco \ZAVZ): arcc{s%} (2.14)
1 2

In the present work, iAo < 3° for the parallel directions and plane normaésrf
ferrite and cementite, we consider that directiod plane parallelisms are fulfilled
and the OR between ferrite and cementite is coefitm

For the present study, the habit plane betweerideand cementite in each OR

was determined by the “indirect two-trace methd@?][

2.5.7Ab-initial calculations

In order to interpret the working mechanism of thagnetic field on carbon
solution in ferrite, the magnetic moments laéc Fe and carbon atoms and the
atomic magnetic dipolar interaction energy of Fast#rs without and with an
interstitial carbon atom were evaluated. The caloohs were carried out within the
framework of density functional theory (DFT) usiting Viennaab-initio simulation
package (VASP) [63, 64]. The interaction betweearsiand electrons was described
by the projector augmented wave method (PAW) [66Y the exchange correlation
potential was treated by the generalized gradipptaximation (GGA) [66]. The
pseudopotentials with 34s" and 2&2p” as respective valence states for Fe and
carbon and a spin polarized representation of tbetrenic charge densities that
allows for collinear description of magnetic monsewere used. The kinetic energy
cutoff was set to be 400eV and a Monkhorst-PacK [l was employed to
sample the Brillouin zone: 4x4x4 k-points samplimighin a supercell containing
54 Fe atoms (2bcc Bravais cells) and 1 carbon atom located in thealeedral
interstice of thebcc Bravais cell at the center of the supercell (assttated in
Figure 2.10). For comparison, the same calculatwese performed on the same

supercell but without the carbon atom.
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Figure 2.10Supercell containing 54 Fe atoms and 1carbon atom.
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Chapter 3

Magnetic-Field-Induced Microstructures Features duting

Austenitic Decomposition
Introduction

Magnetic field, like temperature and pressure,rie of the most important
thermodynamic parameters which contribute to théb&ifree energy of the
materials. Therefore, magnetic field is capablenodifying the phase equilibrium
and stability during diffusional phase transforma$i in steels. In this content,
magnetic field shows its great potential in the domof microstructural
modification. As the mechanical properties and thhes performance of steels
largely depend on its microstructure, better urtdaeings of field influence and its
influential mechanisms on microstructures are dficed significance. In this
chapter, the magnetic-field-induced microstructufestures during austenitic
decomposition were thoroughly investigated in thFeeC alloys by means of
optical microscopy and SEM/EBSD.

In section 3.1, the magnetic-field-induced aligneahd elongated
microstructures were studied through a comparatkamination of Fe-0.12C alloy
and Fe-0.36C alloy. The magnetic field influentia&chanism on the aligned and
elongated microstructures was theoretically analyasing the magnetic dipolar
mode and discussed as a function of carbon content.

In section 3.2, the area fraction of the transfatriegrite was measured in both
Fe-0.12C alloy and Fe-0.36C alloy. The effect & thagnetic field on modifying
the amount of ferrite has been studied and disduss@ function of carbon content.
Furthermore, the effect of the magnetic field ondWanstatten ferrite has been

studied in Fe-0.36C alloy.
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In section 3.3, the effects of the magnetic fietdtbe abnormal structure and
the spheroidization of pearlite have been investgain Fe-1.1C alloy. The
morphology features as well as the crystallograph@&racteristics of the abnormal

structure and the pearlite were studied.
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3.1 Magnetic-field-induced aligned and elongated rarostructures

Results

Figure 3.1 shows the microstructures of the Fe®.4oy treated without and
with the 12T magnetic field. It is seen that thensformed microstructures are both
composed of proeutectoid ferrite (white) and peafllark). Without the field, most
ferrite grains and pearlite colonies are equiax&€dough some others have
elongated shapes, their major axes are randomiyted. With the application of
the 12T magnetic field, the pearlite colonies areiausly elongated along the field
direction and moreover, many proeutectoid ferrredrgs are aligned in chains along
the field direction. Some of the ferrite grains aiso elongated but with two
elongation orientations: one is along the fieldedion and the other is
perpendicular to the field direction. It can bers#eat most of the elongated pearlite

colonies are located between the ferrite chains.

Figure 3.1 Microstructures of Fe-0.12C alloy without (a) amith (b) a 12T magnetic field.

The arrow indicates the magnetic field direction.
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For Fe-0.36C alloy, the transformed microstructunatghout and with the
magnetic field are also composed of proeutectaidtéeand pearlite, as shown in
Figure 3.2. There are two kinds of proeutectoiditeewith different morphologies:
one is equiaxed, the other is acicular, known admiinstatten ferrite. Without the
field, most of the proeutectoid ferrite is of Widnsdatten type, stretching through
the thickness of the specimen. The proeutectoiitdeaind the pearlite colonies are
basically randomly distributed, whereas with theldj the proeutectoid ferrite

grains are obviously elongated along the fieldadios.

[

Figure 3.2 Microstructures of Fe-0.36C alloy without (a) amith (b) a 12T magnetic field.

The arrow indicates the magnetic field direction.

It is seen that the transformed morphology featumdsiced by the magnetic
field in the Fe-0.12C alloy are quite differentrfrahose in the Fe-0.36C alloy. For
the low carbon content Fe-0.12C alloy, the peadd®nies are elongated along the
field direction, while for Fe-0.36C alloy, the prdectoid ferrite grains are
obviously elongated along the field direction. Thnglicates the effect of the
magnetic field on the aligned and elongated micoosiire is carbon-content

dependent.
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Discussion

The field induced elongated and aligned microstmectiuring the proeutectoid
ferritic transformation has been focused and studiesome iron-based alloys [34,
36, 50-53, 56, 58, 59]. It can be qualitatively lekped by the magnetic dipole
model [53, 60].

It is known that, under the magnetic field, the metgc moments tend to align

along the field direction, as schematically illaséd in Figure 3.3.

ddd 1
60
CT) CT) CT) Magnetic moment

Figure 3.3Schematic of the magnetic moments under the magfeitl.

Thus, there exists a dipolar interaction betwéhe neighboring moments. The

dipolar interaction energli, can be expressed as follows:

N - -
E, = am? [3(M 3B,)(MOe) — nilng (3.1)

wherey, is the vacuum magnetic permeability, is a unit vector parallel to the
line joining the centers of the two dipolas;is the distance between two dipoles
m andm,.

If the magnetic moments align along the field di@t andm,= m,=m, r,,=r,

the dipolar interaction enerdss can be considered in the following two situations:
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(1) The two magnetic dipoles are aligned in the medig field direction, as
shown in Figure 3.4(a). Then the dipolar interattenergy between these two
magnetic dipoles can be calculated as:

2
g, = - LM
2 (3.2)
since Ep is negative Ep<0), the magnetic dipolar interaction between thism
attractive, as a results, the magnetic dipoles teradtract each other along the field

direction.

(@) m@
C G B

Figure 3.4 lllustration of the dipolar interaction betweengnatic dipoles.
(a) The two magnetic dipoles are aligned alongtlagnetic field direction.

(b) The two magnetic dipoles are aligned in thagverse magnetic field direction.

(2) The two magnetic dipoles are aligned in trengwerse magnetic field
direction, as shown in Figure 3.4(b). Then the Bipanteraction energy between

these two magnetic dipoles is resulted in:

Mo’
3

E, =
A7 (3.3)

It is seen thaEp is positive Ep>0), which implies the magnetic dipolar interaction

between them would make them repel each otheisrdtrection.
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As a result, under the magnetic field, magnetioldip attract each other along
the field direction but repel each other alongtthasverse field direction due to the
dipolar interaction

During the austenite to ferrite and pearlite transiation, the magnetic dipolar
interaction works in two scales: atomic-scale androrscale. In the atomic-scale,
each Fe atom in ferrite grains carrying a magnetonent can be regarded as a
magnetic dipole. The magnetic dipolar interactietween them makes them attract
each other along the field direction and repel eattter in the transverse field
direction. To minimize the demagnetization energguged by the repulsion) Fe
atoms tend to align along the field direction. hirstcase, the effect of the magnetic
field is mainly on grain growth process, which few¢he elongation of the ferrite
grains along the field direction. However, the gaton leads to an increase of the
interfacial area and hence an increase of thefatiat energy which opposes the
elongation and favors a spherical shape. The cthalece between these two
effects determines the final elongation degreehefgrains [53, 58]In the micro-
scale, each magnetized ferrite grain can be redasmdea magnetic dipole. Due to
the same magnetic dipolar interaction, new fertelei tend to nucleate next to the
existing ones along the field direction and formrrife chains to reduce the
demagnetization energy. In this way, the nucleatibtine ferrite is affected and the
alignment is induced. As the alignment of both Eeres and the ferrite nuclei can
reduce the demagnetization energy, they are emgatjgtfavored by the magnetic
field. This is the reason for the formation of tldongated and aligned
microstructure under the magnetic field.

In the present work, the carbon content of the B2 alloy is relatively low.
In this case, proeutectoid ferrite forms at higimperature, which is far above the
Curie temperatureJc. One could imagine that at the early stage of ytesoid

ferritic transformation which is above thg, the magnetic dipolar interaction in
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both atomic-scale and micro-scale is weak, asniieded magnetization of ferrite
and austenite are very close. Hence, ferrite nuden randomly at the prior
austenite boundaries and grow uniformly. When é&meperature drops down to the
Tc, ferrite becomes ferromagnetic. As a consequetice, magnetic dipolar
interaction in the two scales becomes stronger.s,;Tboth nucleation and grain
growth in the subsequent cooling process is greatiyenced by the magnetic field.
The new ferrite nuclei tend to form preferentiallgxt to the existing ferrite grains
along the field direction to form ferrite chains.should be mentioned that as the
carbon content of the alloy is low, the relativecammt of proeutectoid ferrite is high
and ferrite should be distributed densely in thecspen. This ensures small
spacing between the existing ferrite grains andrieée ferrite nuclei and hence
strong micro-scale magnetic dipolar interactionnasn ferrite grains. Meanwhile,
the existing ferrite grains preferentially grow rdpthe field direction under the
atomic dipolar interaction to form elongated gratBsce ferrite is in large quantity,
its growth along the field direction may hinder tgpwth of the newly formed
ferrite along that direction. Therefore, the growdh the new ferrite nuclei is
restricted and occurs along the transverse fietdction. As a result, the ferrite
grains in two different elongation orientations di@med: the ferrite grains
transformed at the early stage are elongated dlmnfjeld direction, whereas those
transformed at the late stage are elongated isvease field direction. As ferrite is
carbon depleted, the preferential nucleation aogvtr of proeutectoid ferrite along
the field direction can cause the diffusion of cartatoms in the field transverse
direction. Hence, the remaining austenite betweenté chains, especially next to
the field-direction-elongated ferrite grains, ishriin carbon and provides perfect
sites for the formation of pearlite. When tempemtdrops below Ag, this carbon-

rich austenite located between ferrite chains deos@s into pearlite. As the
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growth of the pearlite is restricted between theitke chains, the elongated pearlite
colonies along the field direction are finally obtd.

As for the Fe-0.36C alloy, the proeutectoid fertr@nsformation temperature
is much lower than that of the Fe-0.12C alloy du¢he increased carbon content.
Though the ferrite transformation temperature il6 @bove theTc, the difference
between them is reduced. Thus, the two-scaled nhaggpolar interaction
functions and affects the nucleation and growtlthef proeutectoid ferrite, as most
proeutectoid ferrite is transformed around and Wwelg. However, as the carbon
content is high, the relative amount of proeutetterrite is low. The interspacing
between ferrite grains is large. As the magnetmoldir interaction energ¥p is
proportional tor® (seen from Eq. 3.1), thus the micro-scaled dipiigeraction is
reduced. As a result, transformed ferrite is magilyngated in the field direction.
No obvious field direction alignment is obtainedmmared with the case of Fe-

0.12C alloy.
Summary

Magnetic field induces the elongated and alignedrostructures due to the
effect of the magnetic dipolar interaction. Duritige austenitic decomposition
process, the magnetic dipolar interaction worksdwo scales: atomic-scale and
micro-scale. In atomic-scale, the grain growth pescis influenced and the
elongation of the nucleated grains in the fielcediion is resulted. In the micro-
scale, the nucleation of the ferrite along thedfielirection is favored and the
alignment is induced.

For the low carbon content Fe-0.12C alloy, the g&ted pearlite colonies
along the field direction are induced by the chdietongated ferrite grains in the
field direction due to the effects of the atomiadanicro-scaled magnetic dipolar

interaction on the nucleation and the growth offdreite around and below thi.
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For the Fe-0.36C alloy, magnetic field elongates phoeutectoid ferrite grains in
the field direction through atomic-scaled dipolateraction during grain growth
process.

This demonstrates magnetic field effect on induchreyelongated and aligned

microstructures is carbon-content dependent.
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3.2 Magnetic-field-induced phase fraction modificabn of ferrite

Results

The measurement results of ferrite area fractiorF@{0.12C alloy and Fe-
0.36C alloy treated without and with the magneitdf are shown in Figure 3.5. It
shows that the magnetic field increases the amotérrite in both alloys. The
field-induced increment in area fraction of ferrige6.0% in Fe-0.12C alloy and
14.0% in Fe-0.36C alloy. In this content, magné&eél enhances the formation of
ferrite by increasing its area fraction and theddieffect becomes more pronounced

with the increase of the carbon content.
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Figure 3.5 Ferrite area fraction of Fe-0.12C alloy and FesQ. alloy

treated without and with the 12T magnetic field.

The area fraction of Widmanstatten ferrite in F@6C alloy is measured and
the result is given in Table 3.1. It is found thia¢ amount of the Widmanstatten

ferrite is greatly decreased with the applicatibthe magnetic field.
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Table 3.1Area fraction of Widmanstatten ferrite
in Fe-0.36C alloy treated without and with magnéetd.

Magnetic field Area fraction of Widméanstatten fezri%
oT 48.44
12T 24.36
Discussion

When magnetic field is applied to proeutectoid iferphase transformation,
both parent austenite and product ferrite can bgnetized and thus their Gibbs
free energy is lowered according to their magngtma The decrease in Gibbs free

energy is expressed as
M -
AG=~-|" B,[tM (3.4)

whereM is the magnetization of a certain phase &pds the induction of the

applied magnetic field. Due to the fact that thegn®ization of the product ferrite
is higher than that of the parent austenite witkiie whole transformation
temperature range, decrease in the Gibbs free yoéfgrrite is higher. Hence, the
energy difference between the parent austenitetl@groduct ferrite is increased
by the magnetic field. As a consequence, an exteEagy term is introduced by
magnetic field as a driving force to the austemitderrite phase transformation.
Therefore, the phase transformation is accelelatetle magnetic field.

Previous simulation studies [28-33, 43, 68] havewsh that magnetic field
modifies the Fe-C phase equilibrium by shifting the+y and theya+y boundaries
in the Fe-C phase diagram towards the high carlooteat and high temperature

side, as shown in Figure 3.6. Moreover, it is prbteat the field-influence on the
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ya+y boundaries is more pronounced. According to thetdurgical Level Law’,
the amount of ferrite at eutectoid transformatiemperature is proportional to the
difference between the carbon solubility in auseeand the carbon content of the

steel and inversely proportional to the carbon sty difference between

austenite and ferrite at the same temperature FiP)-C , as schematically

P-F(P-F)
illustrated in Figure 3.6. Therefore, the amountfefrite was increased by the
magnetic field due to its influence on phase eguudim.

The effect of the magnetic field on modifying théage transformation
temperature has been also discussed as the furdticerbon content in Fe-based
alloys. It is has been revealed by Garetnal [42] that, with the increase of the
carbon content of the alloys, the increment of Alee temperature rises. However,
the increment of the Aédemperature does not change with the carbon cbriera
result, the field effect on enhancing the areatimacof ferrite becomes more

pronounced when the carbon content increasespasgby this work.
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Figure 3.6 Effects of magnetic field on Fe-C phase equilibrij48y].
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In addition, during the transformation from the guar austenite to ferrite,
sometimes when the carbon content is suitable laddoling rate is low, a kind of
ferrite in acicular shape, known as Widmanstatemiteé, of which the formation
follows a K-S orientation relationship with the pat austenite, forms instead of the
normal equiaxed ferrite. The formation of the Widsigtten ferrite is considered to
be resulted from the need to reduce the formatr@rgy barrier when the dirving
force is low [69].

According to the solid-state phase transformati@oty, during the austenite
to ferrite transformation, the Gibbs free energyarades related to uniform

nucleation of a new phase can be express as

whereV is the volume of the product phages, is the volume Gibbs free energy

difference between the parent phase and the pr@ihaste S is the surface area of
the nuclei,o is the interfacial energy between the parent plaase the product

phase ance is the elastic strain energy of the new ph&a&, is the driving force

of the transformation, whereas, bah -the total interfacial energy- ar«k -the
total elastic strain energy- are considered as$rémsformation barrier.

When austenite transforms into Widmanstétten fertite K-S OR guarantees
a low energy semi-coherent interface between thenpaustenite and the product
ferrite that greatly reduces the transformationibarelated to the interfacial energy.
Considering of that, it is clear that the formatmmnWidmanstatten ferrite is due to
the need of the reduction of the interfacial enebgyforming coherent or semi-
coherent interface, when the driving force is ifisat in the case of slow cooling.

As we mentioned before, when an external magnegic fis applied, an

additional transformation driving force item isrimduced by magnetic field.
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AG =-V(AG, +AG,,)+So +Ve (3.6)

Consequently, the need of forming low energy iategf to compensate the
insuffient driving force is reduced. Thus, the otemo form Widmanstatten ferrite
is considerably lowered resulting in the reducedoam in the transformed
microstructure of Fe-0.36C alloy under the magnigtid. As Widmanstétten ferrite
is brittle and it is harmful to the ductility ofestls, the field effect in reducing the

amount of this ferrite is positive for its practiegplication.
Summary

Magnetic field increases the phase fraction ofiteedue to its thermodynamic
influence on phase equilibrium. This field effe@cbmes more pronounced with
the decreased austenite to ferrite transformagoiperature that corresponds to the
increased carbon content of steels.

Magnetic field reduces the formation of Widmanstétterrite by introducing

an additional transformation driving force.
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3.3 Magnetic field-induced microstructure featuresdn Fe-1.1C alloy

Results

The microstructures of the Fe-1.1C alloy treateithadt and with the magnetic
field and the corresponding pole figures of ferate displayed in Figure 3.7. As
seen from the micrograph in Figure 3.7(a), withabé magnetic field, the
microstructure is composed of pearlite and a s@abunt of abnormal structure
[70] (indicated by the arrow) that consists of cearproeutectoid cementite
distributed along the initial austenite grain boames and a border of ferrite
surrounding it. From the pole figures in Figure @Y, it is seen that ferrite (ferrite
in abnormal structure and pearlitic ferrite) doest rmisplay any preferred
crystallographic orientation. When the 12T magnéet is applied, as shown in
Figure 3.7 (b), the microstructural constituents tbé alloy remain the same
(pearlite plus abnormal structure) and the crysggdphic orientations of ferrite
stays random, indicating that the magnetic field ha special effect on modifying
the components of the microstructure and the diggtaphic texture of ferrite.
However, the magnetic field exhibits clear influenon the amount of the
microstructural constituents, the morphology of gearlite and the occurrence of
the orientation relationships between ferrite aethentite in pearlite. Table 3.2
displays the total area percentage of the abnostnatture obtained without and
with the 12T magnetic field. It is seen that the@ak@area percentage of the abnormal
structure is increased under the magnetic fieldicating that the magnetic field
promotes the formation of the abnormal structureveMtheless, no specific OR
between the cementite and the ferrite in the ababstructure has been found
either in the non-field- or in the field-treatedespnen. This is different from what

Chairuangsriet al [71] reported. In their work, they found specificientation
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relationships (ORs) between the cementite andidéeimithe abnormal structure that

are close to the Pitsch-Petch OR and the Bagary&gkfound in pearlite.
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Figure 3.7 Optical micrographs and the corresponding polerégwf ferrite of

z

Fe-1.1C alloy treated (a) without, (b) with a 12&gnetic field (the abnormal structure is
indicated by the arrow; the field direction is fromtal) and (c) the corresponding sample

coordinate system.

Table 3.2Total area percentage of abnormal structure
in Fe-1.1C alloy treated without and with a 12T metic field

Magnetic field Total area percentage of abnornrakcsire, %
oT 0.18
12T 0.69

Figure 3.8 shows some typical pearlite coloniesioled without and with the
magnetic field. It is seen that without the fighlpst of the pearlitic cementite are in
lamellar shape (Figure 3.8(a)), whereas when thgnete field is applied, the
cementite tends to fragment and become short ptatel even spheroidal particles
(Figure 3.8 (b)). It is known that pearlite colomith spheroidal cementite is called
spheroidal pearlite. The area percentage of thersmlal pearlite in the non-field-
and the field-treated specimens are given in Talfelt is seen that the amount of
spheroidal pearlite is increased under the magrietid. This indicates that the
magnetic field promotes the spheroidization of cetites in pearlite. In addition, the
average pearlite lamellar spacing is found enlafgech 0.47um in the non-field-
treated specimen to 0.9 um in the field-treateccispen. This phenomenon has

been observed in other steels and has been thdyoaighlyzed [72, 73]. It is clear
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that the area percentage of the abnormal struaock the morphology of the
pearlitic cementite strongly depend on the orieomadf the abnormal structures and
the lamellar pearlite with respect to the obseoraplane (i.e. at which angle they
intersect the observation plane). As there are refegential crystallographic
orientations in either the non-field- or the figtdated specimen, and the abnormal
structures and the pearlite colonies are randogibcted with a substantial amount,
the corresponding results on the abnormal strucaumeé the pearlite could be

considered only from the magnetic field.

SEl 150kv  X1,000 10pm WD 15.0mm

SEI 150KV X1,000 10pm WD 15.0mm

Figure 3.8 SEM secondary electron micrographs of transformexostructure in Fe-1.1C
alloys treated (a) without and (b) with a 12T magnkeld, the field direction is horizontal.
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Table 3.3Area percentage of the spherical pearlite in
Fe-1.1C alloy treated without and with a 12T magnietid.

Magnetic field Area percentage of the sphericatlgea%
oT 12.4
12T 27.1
Discussion

For a fully austenitized hypereutectoid steel, pteetoid cementite first
precipitates along the original austenite grainratauwies when the temperature
drops to the range between.Arand Ar and then pearlite composed of lamellar
cementite and ferrite forms from the remaining ens¢ when the temperature
drops below Ay, during a slow cooling.

The formation of the ferrite border around the pieetoid cementite that
constitutes the so-called abnormal structure istduée fact that the formation of
the proeutectoid cementite along the initial austegrain boundaries that is carbon
enriched generates a carbon depleted zone in itieityi of the proeutectoid
cementite. If the depleted carbon cannot be resggtom the interior of the
austenite grain through carbon diffusion, the locamposition will become
hypoeutectoid, hence this part of austenite wdingform into ferrite when the
temperature is below Arforming the abnormal structure. The increase haf t
amount of abnormal structure by the magnetic fireldy be related to the influence
of the magnetic field on phase equilibrium betwaastenite and ferrite. It is known
that magnetic field promotes the formation of plsaseith higher induced
magnetization during a transformation. In the ca$ethe austenite to ferrite
transformation, ferrite has higher magnetizaticantlaustenite; hence its formation

is promoted by the magnetic field. In the presewirky once the proeutectoid
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cementite forms along the prior austenite boundatlee carbon depleted austenite
in its vicinity obtain a higher driving force undarmagnetic field to transform to
ferrite [30, 44, 45, 55]. As the magnetic fieldakhifts the eutectoid point to high
carbon content side [29, 49] the amount of ferab#ained is also increased, as
widely observed in hypoeutectoid steels after rdésigformation from austenite to
ferrite [30, 31, 42, 55]. Consequently, the amowft the abnormal ferrite
surrounding the proeutectoid cementite is increaselr the magnetic field.

For lamellar pearlite, spheroidization is a natdesdency, as in this process,
the total interfacial area between ferrite and lBaneementite can be reduced and
then the total system becomes thermodynamicallyes{@4]. The influence of the
magnetic field on spheroidization of pearlite magy related to two factors. First,
spheroidization of pearlite is a carbon diffusiangess [74-77]. As magnetic field
elevates the proeutectoid transformation tempexd8, 42, 49, 72], pearlite forms
at higher temperature under a magnetic field. Higimperature favors carbon
diffusion. Therefore, the spheroidization of pdariihat is realized by cementite
fragmentation and granulation through carbon diffiusis enhanced by the
magnetic field. Second, it has been revealed thagnetic field increases the
relative interfacial energy between ferrite and entite [45, 78], as the field has
different impact on the magnetization of the bougdaea and the grain interior. It
is known that the Gibbs free energy of a crystdovgered when it is magnetized.
The degree of magnetization depends on the pedsstof the crystal in crystalline
materials. As the boundary area possesses a higiityleof defects, the
magnetization induced by a magnetic field is limiitgith respect to that of grain
interior. The Gibbs free energy drop in grain i@eis much higher than that in
boundary area. As a result, the relative boundaergy is raised. Consequently,
reducing the total boundary area thus the totalnbaty interfacial energy by

spheroidization is energetically favored by the ned field.
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Summary

Magnetic field promotes the formation of the abnakrstructure through its
influence on increasing the driving force of thebca-depleted austenite to ferrite
transformation. No specific OR between the cemenéihd the ferrite in the
abnormal structure is found in the present studwagietic field enhances the
spheroidization of pearlite through enhanced cartiffiusion resulting from the
elevation of the transformation temperature and timereased relative
ferrite/cementite interface energy from the magmion difference between

boundary areas and grain interiors.
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Chapter 4

Magnetic Field-Enhanced Carbon Solution in Ferrite

Introduction

Strengthening has been widely required as oneeohétessary properties for
the deveploment of high-performance structural melge The most common
strengthening mode refers to solid solution stieaiging by adding various alloying
elements, such as carbon in iron. As a promisirdpriigue for microstructure
modification and texture control [36, 53, 58, 609, B0], high magnetic field has
shown its capacity to modify the solubility of plkasn Fe-C alloy system, hence
demonstrating great potential to enhance the effestlid solution strenthening of
steels.

According to thermodynamic calculations on phasglégium [28-32, 39, 68],
the solubility of carbon in ferrite is increasedden an applied magnetic field.
Moreover, imposition of magnetic field increasese tlproeutectoid ferrite
transformation temperature [29, 42, 45, 60] andaanhs the phase fraction of the
transformed ferrite [30, 31, 42, 55]. As ferritecarbon-depleted and cementite is
carbon-enriched in Fe-C system, a net increaséanamount of ferrite under a
magnetic field requires a balanced carbon repamtitbewteen the ferrite and
cementite phases to maintain the fixed carbon obmtethe material. Hardness test
of ferrite’ has demonstrated that under a magnetic fieldtédebrecomes harder,
indicating that the hardness increase is due tantreased carbon solution. Until
now, however, there has been no direct experimentdence for this assertion and
the underlying physical mechanism of the field-iogld carbon solubility remains to

be addressed.
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In the this chapter, the carbon concentrationseatfté in the Fe-0.36C alloy
treated without and with a 12T magnetic field wemeasured by means of
wavelength-dispersive spectroscopy using Shimadzu 1610 electron probe
microanalyze(WDS-EPMA). The hardness of proeutectoid ferrigesswested using
a micro-indenter with a load of 25g. The mean hasdnwas calculated by
averaging over 8 measurements for each specimemdén to interpret the physical
mechanism of the magnetic field on carbon solutionferrite, the magnetic
moments ofocc Fe and carbon atoms and the atomic magnetic dipatieraction
energy of Fe clusters without and with an intaedtitarbon atom were evaluated.
The calculations were carried out within the frarodwof density functional theory
(DFT) using the Viennaab-initio simulation package (VASP) [63, 64]. The
interaction between ions and electrons was destrilyethe projector augmented
wave method (PAW) [65], and the exchange corraigbiotential was treated by the
generalized gradient approximation (GGA) [66]. Theeudopotentials with 34
and 282p? as respective valence states for Fe and carbonaaspin polarized
representation of the electronic charge densitiasdllows for collinear description
of magnetic moments were used. The kinetic eneuggficwas set to be 400eV and
a Monkhorst-Pack [67] grid was employed to sampée Brillouin zone: 4x4x&k-
points sampling within a supercell containing 54 Fe atq@i&bcc Bravais cells)
and 1 carbon atom located in the octahedral intersif thebcc Bravais cell at the
center of the supercell. For comparison, the saateulations were performed on

the same supercell but without the carbon atom.
Results

Figure 4.1 shows the microstructures of the spetsnieated without and with
the 12T magnetic field. The microstructures of bsgiecimens are composed of

proeutectoid ferrite (white) and pearlite (dark).
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Figure 4.1 Microstructures of Fe-0.36C alloy treated withaat&nd with (b) a 12T
magnetic field. The arrow indicates the magnegtdfdirection.

The average area percentage and the average cawhtent of proeutectoid
ferrite of the non-field and field treated specimane shown in Table 4.1 and Table
4.2, respectively. It is seen that the magnetiddfimmcreases the amount of

proeutectoid ferrite by 14% and the carbon conteptoeutectoid ferrite by 35.7%.

Table 4.1Area percentages of proeutectoid ferrite in F&QG.alloy

treated without and with the 12T magnetic field (hNaer of measurements: 10).

Magnetic field Area percentage of proeutectoid ferrite, (Stashd@viation) Increment

oT 57 (+1.1% -

12T 65 (+1.2% 14%

Table 4.2Carbon contents of proeutectoid ferrite in Fe-Q.2foy
treated without and with the 12T magnetic field fhher of measurements: 20).

Magnetic field Carbon content of proeutectoid ferrite, (Standddation) Increment

oT 0.14(x0.017)% -

12T 0.19(x0.024) % 35.7%
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For both specimens, the measurement carbon condéeeathigher than the
theoretical values. This may come from two factohg residual ethanol left from
etching and rinsing during specimen preparation #ra carbon contamination
inside the EPMA column during the WDS measuremebitsce the experimental
conditions for the non-field and field treated Spens were strictly controlled to
be identical, the carbon increments resulting frdmase two factors could be
regarded as the same for the two specimens. Thesgarbon content difference
between the two specimens should be attributetigartagnetic field, as indirectly
proved by the hardness tests (Table 4.3). Undet2iiemagnetic field, the hardness
of ferrite increases from H\,s 88.1 to 102.1 by 15.9%, suggesting the solid
solution strengthening of excessive carbon atonisernite. In this regard, the field-
induced increase in the amountcafbon-depleted ferrite is actually balanced by the

elevation of their carbon content to maintain tlxed carbon content of the alloy.

Table 4.3Mean hardness of proeutectoid ferrite in Fe-0.3B&ys

treated without and with the 12T magnetic field (Ner of measurements: 8).

Magnetic field Mean hardness of proeutectoid ferrite, ¢4 (Standard deviation) Increment

oT 88.1 (+2.71) -

12T 102.1 (6.86) 15.9%

Considering that the magnetic natures of Fe angbceatoms are not the same,
introducing a carbon atom intbcc Fe structure may modify the magnetic
interaction between local atoms. The magnetic masneh Fe and carbon atoms

calculated fromab-initio simulations are summarized in Table 4.4 and 4.5.
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Table 4.4Calculated magnetic moments carried by Fe atoms.
Theab-initio calculations were carried out using a supercelssting of 54 Fe atoms.

Magnetic moments t{g/atom) Lattice constant, (A)

2.151 2.81199

Table 4.5Calculated magnetic moments carried by Fe ancoastoms.
Theab-initio calculations were carried out using a superceissting of 54 Fe atoms with
one carbon atom in the octahedral interstice otdmrebcc Bravais cell.

Magnetic moments t{g/atom) Lattice constant, (A)

First neighbor 1.615
Fe Second neighbor 2.178

2.84018
Others 2.151

Carbon -0.119

It is seen that without the carbon atom in boe Fe structure, the magnetic
moments of Fe atoms are identical. When a carbmm & introduced, the magnetic
moments of Fe atoms vary with the neighborhood rotdeghe carbon atom. The
first (closest) neighbors of the F#oms to the carbon atom possess a smaller
moment (1.61a5/atom) with respect to that (2.134/atom) of the Fe atoms in the
carbon free cell, whereas the second neighbory saghtly larger moment (2.178
Uglatom). Starting from the third neighbors, the netgnmoments of Fe atoms
resume to that in the carbon free cell. As a camsece of the modified magnetic

moments, the magnetic interaction between thesesai® changed.
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Discussion

It is known that when a magnetic field is applifte moments of Fe atoms
tend to align along the field direction. Each Fecarbon atom can be regarded as a
magnetic dipole and the interaction enefgybetween two magnetic dipoles can be
calculated by Eq.(3.1) as discussed in Chapterh@n;Tthe interaction enerdsp
can be decomposed into two opposite contributidhg one giving rise to
magnetization is negative, whereas the other iiagult demagnetization is positive.
Clearly, the atomic structural configuration thahhances the magnetization

contribution is preferred by the system.

. First neighboring Fe atoms

O Second neighboring Fe atoms

1

\__’ Octahedral interstice

Figure 4.2 Octahedral interstice and its first and second

neighboring Fe atoms iocc structure.

Figure 4.2 illustrates an atom cluster that costaine octahedral interstice and
its first and second neighboring Fe atoms inkdbestructure. When a carbon atom
IS present, it occupies the octahedral interstegpose that the magnetic moments

of the Fe atoms and the carbon atom are paralldtedield direction under the
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magnetic field. The overall magnetic interactioemrgy over the atom cluster is then
given by integrating the dipolar interaction of @bm pairs in the cluster, under the
consideration that starting from the third neiglshhdhe Fe moments in the carbon
containing cell are the same as those of their teoparts in the carbon free cell.
Accordingly, the magnetic interaction energies aber atom cluster without
and with an interstitial carbon atom were calcdat® be 3.0x10°eV and
19x10°eV , respectively. The magnetic interactions in the teases are both
positive, indicating that the demagnetization dbuotion is more important than
that of magnetization. However, when a carbon atwoupies the octahedral
interstice, the interaction energy is decreasedthe system becomes energetically
more stable. This means that the magnetic fieldrathe solution of carbon atoms
in thebcc Fe through reducing the demagnetization energthinway, the carbon
content in ferrite is increased when a magnetik fie applied during the austenite

to ferrite transformation.
Summary

The carbon content increase in ferrite induced lagmetic field has been
experimentally demonstrated through the WDS-EPMAtie first time.

According to theAb-initio calculations, the modified Fe magnetic moments
originate from the carbon solution. When the maignetoments of Fe atoms are
aligned under an external magnetic field, the dematigation energy due to atomic
dipolar magnetic interaction is reduced with theboa solution. This underlies the

physical mechanism of field-enhanced carbon salutiderrite.
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Chapter 5

Magnetic-Field-Induced Crystallographic Orientation

Characteristics

5.1 Magnetic-field-induced texture in hypo-eutecta alloys

Introduction

As it is known, most mechanical properties of theatenals are
crystallographic anisotropic, so the performancehefmaterials usually depends on
the microstructures as well as the crystallograpmentation. The preferential
orientation distribution of polycrystallinematesaknown as texture could be
considerably strong in Fe-based alloys, which pEysmportant role in materials
processing.

The field induced texture has been noticed andiedudiuring magnetic
annealing process in Fe based alloys. Martikaeteal. [81] reported the increase of
the <001> texture component along the field dicectand attributed this texture
formation to the anisotropic magnetization in diffiet crystallographic directions,
as <100> direction is the easiest magnetizatioaction. Later, Zhangt al. [60]
studied the effect of the magnetic field on textofethe ferrite during austenitic
decomposition process and found the field-inducedharcement of <001>
component along the transverse field direction medium carbon steel (0.49C).
However, the similar texture component was notiokthin a 42CrMo steel [56].
This reveals the magnetic field influential meclsamion texture formation works
differently and this field effect remains to be ezkbed.

In this chapter, the field-induced texture of fexrrwas studied in two hypo-

eutectoid alloys (Fe-0.12C alloy and Fe-0.36C alltye magnetic field influential
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mechanism was analyzed as the function of magrielid intensity and carbon

content.

Results

The inverse pole figures of the proeutectoid fermt Fe-0.12C alloy treated
without and with the 12T magnetic field are shownHFigure 5.1. The sample
coordinate system is shown in Figure 5.2. It cansken, there is no obvious

preferential orientation of ferrite in the Fe-0.12lDy.

(@) TD LD ND
0

(b) TD LD//FD

111
101

Figure 5.1 Inverse pole figures of ferrite in Fe-0.12C altogated
without (a) and with (b) a 12T magnetic field.
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LD//FD

A FD: Magnetic field direction

ND: Specimen normal direction

E LD: Specimen lengthwise direction

A7 TD: Specimen widthwise direction
> TD

/I
’
// H
;. Observatio surfact
ND

Figure 5.2The sample coordinate system.

The inverse pole figures of ferrite in Fe-0.36(wltreated without and with
the application of the magnetic field are shownFigure 5.3 (under the same
sample coordinate system in Figure 5.2). In th®B&C alloy, an enhancement of
<001> fiber component along the ND (transversedfidirection) appears in the
field treated specimens. Though this enhanceme8T ispecimen is not obvious, it
becomes much stronger when field is increased {b. 12

Based on the above results, it is seen that the ineluced ferrite texture is

related to the field intensity and the carbon conté the alloys.
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(@) TD LD ND

111
101
(b) D LD//FD NED
001
N %
2.4
b 3.C
° ")
111
101
(©) D LD//FD DNFD
001

L

111
101

Figure 5.3 Inverse pole figures of the ferrite in Fe-0.36@la) OT, (b) 8T and (C) 12T

Discussion

It is known that, when carbon atoms dissolve ingorife, they occupy
preferentially the octahedral interstices in therife which are flattened in the
<001> direction As the atomic spacing between the two summatetdfasaof the

octahedral interstice in the <001> direction is Bkmnathan the diameter of the
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carbon atom, the carbon atom displaces the twadtasain the opposite direction.
This will generate the lattice distortion and tllistortion energy [60]Since under
the magnetic field, Fe atoms attract each othangatbe field direction and repels
each other along the transverse field directioe @tomic dipolar interaction), the
lattice distortion can be reduced by the increas®an spacing in the transverse
field direction. If the distorted <001> directiomalong the transverse field direction,
the nucleation and growth of such ferrite graink ka@ energetically favored by the
magnetic field. In this way, the <001> fiber compahalong the transverse field
direction is enhanced. Obviously, this field effexcstrongly related to the degree of
lattice distortion of ferrite. Generally, the madiee crystal lattice is distorted, the
larger the distortion energy is. In this case,riked to reduce the distortion energy
by favoring the growth of grain with their distaitec001> direction parallel to the
transverse field direction would be increased. @quosntly, the field effect appears
stronger and the intensity of this <001> fiber comgnt along the transverse field
direction becomes enhancékhe degree of the lattice distortion is determiigd
two factors. One is the thermal expansion of th#ick which is temperature
dependent and the other is the amount of oversatucarbon atoms in ferrite when
the transformation is non-equilibrium. For the F8EL alloy, the austenite to
ferrite transformation happens at relatively lowsnperature compared with that of
the Fe-0.12C alloy. Carbon diffusion is restrainadd then more oversaturated
carbon atoms will be left in the formed ferrite. Mover, thermal expansion that the
ferrite lattice can reach is also reduced. Thughdr degree of lattice distortion
could be expected in the Fe-0.36C alloy than inRéé.12C alloy. As a result, the
effect of the magnetic field on the texture of greeutectoid ferrite is enhanced for
the Fe-0.36C alloy, resulting in a visible enhanertof <001> fiber texture along

the transverse field direction.
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In addition, it is clear that the intensity of th@01> fiber component along the
traverse field direction is directly related to theld intensity. For the present Fe-
0.36C alloy, the visible enhancement of the <OGberftexture requires high field

intensity, i.e., 12T.
Summary

Due to the atomic-scaled magnetic dipolar inteaactimagnetic field favors
the nucleation and the growth of the ferrite grawish their distorted <001>
direction parallel to the transverse field direstiand thus induces the enhancement
of the <001> fiber component in the transversalfdirection. This field effect is
carbon content dependent. For low carbon contboy &e-0.12C alloy), it is
greatly reduced due to the reduced carbon oveedainrin ferrite and elevated
formation temperature.

At the meantime, this field effect is also strongijyated to the field intensity,
as the enhancement of <001> fiber component albadgransverse field direction
becomes more pronounced with the increase of tlgnet& field intensity. For Fe-
0.36C alloy, a noticeable enhancement of <001>rfibemponent along the

transverse field direction is detected under thE h2agnetic field.
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5.2 Orientation relationships of pearlite under themagnetic field
Introduction

Pearlitic transformation, regarded as the most setasolid-solid state
transformation, has been widely studied under tifiece of magnetic field. The
magnetic field influences on pearlitic transforroatikinetics, mechanism of the
pearlite formation and structure evolutions haverb&uitful. It has been proved
that magnetic field shows considerable effects @arlgic transformation. It
elevates the transformation temperature [39, 42588 increases eutectoid carbon
composition [49] and modifies the morphology of fliea[72].

Nowadays, the investigations on the mechanismeptarlitic transformation
have been widely conducted from crystallographimipof view [61, 62, 82-102].
Several orientation relationships (ORs) betweenlieserrite and cementite have
been consistently reported such as Isaichev OR B&@aryatsky OR [102] and
Pitsch-Petch OR [100, 101]. Recently, new ORs Hasen confirmed by Zhang
et.al[61]. However, the effect of the magnetic fieldthe ORs of pearlite has been
less studied yet.

Based on this, in this section, the ORs of peartitéhree high purity Fe-C
alloys treated without and with the magnetic fielle been examined by means of
SEM/EBSD. The effect of the magnetic field on peiarl ORs and their

corresponding occurrence frequency are analyzed.
Results

The type of the ORs of pearlite found in this wirks been summarized in
Table 5.1.Three ferrite/cementite ORs were detected, nanhedychev OR denoted

IS OR, and two near Pitsch-Petch ORs denoted PRRard P-P2 OR respectively
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[61]. The types of the appearing ORs are the samaé the three alloys without and

with the application of the magnetic field.

Table 5.10rientation relationships in pearlite.

IS OR P-P1 OR P-P2 OR
(103). //(101) (103). //(110) (103). //(011)
[010]. //[111] [010]. //[113]. [314]. / /111,

Habit plane Habit plane Habit plane
(101). //(112) (001). //(125). (009 35° from(125)¢

Although no change in the type of the appearing OfRbtained, the
corresponding occurrence frequency of each ORideatly varied by the carbon

content and the application of magnetic field,llastrated in Table 5.2.

Table 5.20ccurrence frequency of the appearing ORs inmdiffeFe-C alloys.

Carbon content Magnetic field IS OR P-P1 OR P-P2 OR
oT 43.8% 37.5% 18.8%
Fe-0.12C
12T 40.0% 40.0% 20.0%
oT 46.7% 46.7% 6.7%
Fe-0.36C
12T 46.7% 40.0% 13.3%
oT 33.3% 60.0% 6.7%
Fe-1.1C
12T 26.7% 53.3% 20.0%

It is noticed that, without the presence of the neig field, the IS OR is the
most favorable OR in low carbon content steel (A2Q alloy), whereas, with the
increase of the carbon content of the alloy, P-FR ®©nds to increase in the

appearing number (Fe-0.36C alloy: 46.7% and Fe-alldy: 60.0%) at the expense
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of mainly P-P2 OR. For all the alloys, the occucemf P-P2 OR is much lower
than the other two ORs.

When the magnetic field is applied, the occurreinequency of the appearing
ORs has been modified and it is found that thecethé the magnetic field is varied
according to the carbon content of the alloys. &toy with very low carbon (Fe-
0.12C alloy), the effect of the magnetic field ahrer limited indicating by a slight
decrease in IS OR and small increase in both PAéllPaP2. When the carbon
content increases, the effect of the magnetic fiieddomes pronounced. Magnetic
field shows a consistent effect on increasing thenlmer of P-P2 OR. This field

effect is especially noticeable in Fe-1.1C alloy.

Discussion

It is known that wherficc austenite decomposes into dual-phase pearlitenwhic
consists ofbcc ferrite and orthorhombic cementite, there exigts transformation
barriers: one is the transformation strain enemgysed by the lattice misfit at the
austenite/ferrite [45] and austenite/cementite riates [83]; the other is the
interfacial energy of the ferrite/cementite intedawhich depends on the atom
misfit at the ferrite/cementite connecting planeZ][8 To minimize the total
transformation energy barrier, special ORs betwherferrite and the cementite in
pearlite that ensure a low misfit interface betwdenparent and the product phase
and a low misfit habit plane connecting the produ@ses are required. In terms of
the three ORs obtained in the present work (ISLR:RI P-P2 OR), they all possess
a common feature of closed-packed plane parallebstween the ferrite and the
cementite, namely: {103}/{101}r. Since the interplanar spacing of the {193hd
of the {101} are both close to that of the closed-packed pfathé}, of austenite
[61], the transformation strain at the austeniteitee and the austenite/cementite

interface are minimized and hence leads to the mum transformation strain
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energy. In addition, it has been illustrated [Bidttatoms from both the pearlitic
ferrite and the pearlitic cementite are well mattlte the connecting interface,
which guarantees small interfacial energy undethihee ORs in general. In view of
the strain and the interfacial atomic mismatch, tBeand the P-P1 OR have the
lowest formation energy barrier, so they are theerenergetically favored and
appear in large numbers. However, for the P-P2 @& is a 3.5° deviation in
plane parallelism between the pearlitic ferrite ahd pearlitic cementite at the
connecting interface, therefore its occurrencesduiced, much less than the other
two.

It has also been found that different ORs corredpondifferent nucleation
situations. Previous work [61] has suggested tai$ OR could occur with either
pearlitic ferrite or cementite nucleating firstetl?-P1 OR happens when pearlitic
ferrite and cementite nucleate simultaneously; evitiie P-P2 OR appears when
pearlitic ferrite nucleates prior to pearlitic camtige. In this point of view, the
frequency of P-P2 OR is expected to be low in tagtbon alloys, as it is difficult
to offer large low carbon content area in high oarlalloys for ferrite nucleation
first. This is consistent with the results in thiady.

In a hypereutectoid steel, with relatively highliar content, austenite should
possess high carbon content when austenite toitpetnensformation takes place.
This composition characteristic is in favor of ttemation of cementite or the
simultaneous formation of cementite and ferriteisT$ in good accordance with the
present observation. As displayed in Table 5.2 AH#l and the IS OR account for
the majority of the occurrence in the three ORs wilee magnetic field is not
applied. However, when the magnetic field is amplithe occurrence of the P-P2
OR is increased. As mentioned above, magnetic fietomotes the formation of
high magnetization phases [72]. In the pearlitamsformation temperature range,

ferrite is ferromagnetic with higher magnetizatiand cementite is paramagnetic
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with lower magnetization. The formation of ferrigethus promoted by the magnetic
field. Therefore, some low carbon concentratioragr@ austenite would transform
to ferrite with the help of magnetic field beforhet formation of cementite.

Consequently, the occurrence of the P-P2 OR, wtncresponds to pearlitic ferrite

nucleates first is increased by the magnetic field.

Summary

To minimum the transformation barriers, pearligcrite and cementite follows
specific ORs which guarantees the small transfaomadtains and the low atomic
misfits, during the pearlite formation and growttogess. Though magnetic field is
able to offer additional driving force for this isformation and considerably raise
the transformation temperature, it hardly overconttes transformation strain
energy barrier and the interfacial energy barrerotfer new ORs between the
ferrite and the cementite in pearlite. As a restlie magnetic field has little
influence on the type of the ORs appearing.

As magnetic field favors the nucleation of the higlagnetization phase-
pearlitic ferrite, the occurrence of the P-P2 OB #torresponds to the situation that
pearlitic ferrite nucleates first, is increasedtbg magnetic field. This enhancement
of the magnetic field on the occurrence of the RaRis more pronounced in high

carbon content alloys, i.e. Fe-1.1C alloy.
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Chapter 6 Conclusion and Perspectives

Conclusion

In this dissertation, the effect of the magnetieldi on diffusional phase
transformation has been thoroughly investigatedhigh purity Fe-C alloys
theoretically and experimentally. Three high purfe-C alloys with different
carbon content from both hypo- and hyper-eutect@dge were deliberately
prepared. The effect of the magnetic field on nstnectures features and
crystallographic orientation characteristics of trensformed microstructures have
been analyzed. The main achievements and conctukmre been drawn as follows.
6.1 Magnetic field induces new morphology featuresf microstructures.

(1) Due to the magnetic dipolar interaction, magndield induces the
elongated and aligned microstructures in hypo-¢oig@lloys. This field effect is
carbon-content dependent. The magnetic dipolaraot®n works in two scales:
atomic- and micro-scale. In the atomic scale, thegmetic dipolar interaction
affects the grain growth process and results iretbegation; in the micro-scale, the
magnetic dipolar interaction influences the nuateafprocess and introduces the
alignment.

(2) Magnetic field promotes the formation of fegrdue to its thermodynamic
influence on increasing eutectoid carbon compasitibhis field effect becomes
more pronounced with the increase of the carboriecdnMagnetic field inhibits
the formation of Widmanstatten ferrite by introcagithe additional driving force.

(3) Magnetic field promotes the formation of thbnarmal structure by
increasing the driving force of the transformatfoom carbon-depleted austenite to
ferrite. There is no specific OR between ferritel @amentite in abnormal structure.

Magnetic field enhances the spheroidization of [geathrough combination effect
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of enhanced carbon diffusion resulting from thevat®n of the transformation
temperature and the increased relative ferrite/oéiteeinterface energy from the
magnetization difference between boundary areagemd interiors.

6.2 Magnetic field enhances carbon solution in ferte.

Carbon solution in ferrite affects the neighborig magnetic moments, this
leads to a decrease in the demagnetization enehyghwaused by the atomic
dipolar magnetic interaction and makes the systewremtable under the magnetic
field. The field-induced carbon content enhancenwdférs a new possibility of
material strengthening.

6.3 Magnetic field modifies the crystal orientationdistribution of ferrite and
affects the orientation relationship of pearlite.

(1) Magnetic field favors the nucleation and thevgth of the ferrite grains
with their distorted <001> direction parallel teettransverse field direction due to
the atomic-scaled magnetic dipolar interactiors thads to the enhancement of the
<001> fiber component in the transverse field dicgc This field effect is carbon
content dependent. For low carbon content alleg-@A2C alloy), it is greatly
reduced due to the reduced carbon oversaturatideritie and elevated formation
temperature. For Fe-0.36C alloy, a noticeable erdraent of <001> fiber
component along the transverse field directionetecdied under the 12T magnetic
field. At the meantime, this field effect is alsoomgly related to the field intensity,
as the enhancement of <001> fiber component albadgransverse field direction
becomes more pronounced with the increase of tlymetiz field intensity.

(2) Magnetic field can hardly change the type @f dippearing ORs in pearlite.
However, magnetic field promotes the nucleationh@fh magnetization phase-
pearlitic ferrite and thus increases the occurresfcine P-P2 OR that corresponds

to the situation that pearlitic ferrite nucleatesstf This enhancement of the
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magnetic field on the occurrence of the P-P2 ORase pronounced in high carbon

content alloys.

Perspectives

Up to date, the application of magnetic field hasrbpopular in many areas of
materials science. As the maturity of the magniid theory, plenty of magnetic
field-induced phenomena have been discovered aléw®ained. However, better
understanding of materials behavior under high raagrfield is still in need.
Meanwhile, more physical phenomena are waiting ¢o révealed. Moreover,
magnetic data, such as magnetic momé&ttemperature, magnetic anisotropy,
magnetostriction and so on, are waiting to be cetepl New devices thus need to

be developed for experimental measurements.
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