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Résumeé

Nous étudions I’effet thermo-€électrique et les phénoménes qui en résultent, fatckes
courants thermoélectriques (TEC)s@d’action d’un champ magnétique externe imposé lors
de la solidification d’alliages métalliques. Nous avons utilisé des simulations numériques, des
observations directes et des examens de laboraldirgeraction entre les courants thermo-
électriques et le champ magnétique externe lors de Idifisation produit des forces
électromagnétiques et donc un écoulement du métal liguleésultat est nommé effet
magnétique thermoélectrique (TEMHEes formulations de TEC, les forces et les équations
gouvernant les écoulements TEM sont donnés. Afin de npieaver l'existence de la TEME,
des expériences par méthode d'imagerie a rayons X meméssehrtron ont été utilisées
pour observer igitu et en temps réel I’action directe des forces et les mouvements TEM
pendant la solidification directionnelle des alliages Al-Sous avons montré la cohérence
raisonnable entre les calculs analytiques et des siondahumériques qui ont été exécutes
avec les mémes conditions de traitement. En outreapacité des écoulements thermo-
électriques a influer sur la microstructure lors de laiddmition directionnelle est
experimentalement évaluée dans les autres cas en.rgalgélidification directionnelle d'une
seule phase de formation des alliages Al-Cu sous diverspshmagnétiques montre que les
ecoulements TEM sont capables de modifier la forme derfate liquide-solide conduisant
a des morphologies différentes. L’effet le plus intense se produit dans différents champs
magnétiques pour différentes morphologies, en effet, hemp magnétique élevé est
nécessaire pour la morphologie a une plus petite longyeique. Ceci est en accord avec le
comportement des vitesses de TEM qui varient avec lespshanagnétiqgues imposes ainsi
gue les difféerentes échelles de longueur typique. Cettatizariest confirmée par des
simulations numériques 3D. Nous montrons que les dendritemipes et a l'avant de la
phase eutectique, peuvent étre modifiés par les mouveifiEMst les forces de TEM dans
le solide pour améliorer la croissance de la phase géuAfacettes primaire pendant la
solidification des AlI-4Wt%Cu hypereutectigues. Le mécanisme de renforcement de la
croissance de la phase facettesCAIl est confirmé par a électronique observation au
microscope transmission, et la raison de la formatiola d¢ructure de croissance de couple
de Al-26wt% Cu alliages est vérifiée par le test de l'analysemique différentielle. Ainsi,
nous pouvons affirmer que le champ magnétique élevé fdailftemation de la structure de
la croissance de couple pour hypoeutectiques alliages Al-Cuyatst la croissance de la
phase Al2Cu primaire pour hypereutectiques Al-Cu alliages.
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Abstract

We have investigated the thermoelectric magnetic (Y Edices and flows resulting
from the interaction between the internal thermogteaturrents (TEC) and the imposed
external magnetic field during solidification. Numerisaiulations, direct observations and
experimental examinations were taken. As the naturalgrhenon, TEC was discovered
almost 200 years ago, therefore, our introduction begora then on. It is shown that the
interaction between TEC and magnetic field during sodidifon was awaren the context of
a rising field named Electromagnetic Processing of N&seAfter that it is discussed how
the TEC appear and the TEM effect (TEME, referring to B&M forces and flows) behaves
at the liquid-solid interfacein directional solidification underexternal magnetic field
Meanwhile, formulations of TEC, TEM forces and flowse agiven, and numerical
simulations of TEME are performed to visually display tleMrforces and flows. In order to
further prove the existence of TEMIB;situ synchrotron X-ray imaging method was used to
observe the direct resultant of TEM forces and flowsndudirectionally solidifying the Al-
Cu alloys. The observations show reasonable consisteitityhe analytical calculations and
numerical simulations performed with the same processlitions. Except confirmation the
existence of TEME, its abilities to affect the micrasture during directional solidification
are experimentally investigated with the bigger samplée single phase forming Al-Cu
alloys are directionally solidified under various magnéelds, which shows that TEM flows
are capable to modify the shape of liquid-solid interface, the most intensive affect occurs
under different magnetic fields for different interfac®rphologies. Indeed, the smaller the
typical length of the morphology is the higher thegmetic field is needed. This is confirmed
by 3D numerical simulations and agrees with the estigaggulation of the velocity of TEM
flows changing with magnetic fields for different typicédngth scales. Directional
solidification of multiphase forming Al-Cu alloys undearious magnetic fields shows that
the mushy zone length (distance between the front ofaoyi dendrites and eutectic phases)
varies with the magnetic fields, which can be attridute the redistribution of rejected
solutes by TEM flowsIn addition apparent enhanced growth of the primary facete@W@l
phase is found wheAl-40wt%Cu alloys are solidified under sufficient high magnéélds,
which should be ascribed to the TEM forces acting orstiiel because sisesare able to
lead the formation of defects and thus benefit to the drooftfaceted phase. This is
confirmed by comparison of the dislocations in samptdislifed without and with a 10T
magnetic field via transmission electron microscopgesvation. In another aspect, an almost
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entire couple growth structure is achieved when Al-26wt%QGoyslare directionally
solidified under a 4T magnetic field. This can be expthibg the effect of high magnetic
field on changing the nucleation temperature and growtbcitgl of primary o-Al and
eutectic phases respectively. Moreover, the diffeaétitermal analysis test on the nucleation
temperature of each phase verified this explanation. efdrve;, we conclude that high
magnetic field facilitates the formation of couple grovetructure for hypoeutectic Al-Cu

alloys, reversely, enhances the growth of primary pfaadeypereutectic Al-Cu alloys.

Keywords:

v' Thermoelectric currents (TEC)
Thermoelectric magnetic effect (TEME)
Thermoelectric magnetic forces (TEM forces)
Thermoelectric magnetic flows (TEM flows)
Synchrotron X-ray imaging

Directional solidification

Numerical simulation

Magnetic field
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Résume éetendu

L’effet thermoélectrique magnétique (TEM) résulte de linteraction entre le courant
thermoélectrique interne (TEC) et le champ magnétique externe, ce qui entraine 1’apparition
de forces électromagnétiques dites de TEM. De nomiseimsbcations expérimentales
fragmentaires mentionnant l'existence de ces deux phéesnumt été signalées dans la
littérature lorsqu’un champ magnétique continu était appliqué lors de la solidification.
Cependant, il manque des observations ainsi que des étutlraatigues. Par conséquent, il
était nécessaire de découvrir de maniere plus détailfet ITEM dans le processus de
solidification directionnelle sous I’influence d’un champ magnétique externe. Ce travail
constitue une suite du travail de thése de X[1Li La présente thése décrit I'effet TEM et
donne un état de la littérature dans le chapitre 1. lirggration numérique dans le chapitre 2
permet de montrer 1’action des forces TEM dans une configuration proche de celle que 1’on
trouve en solidification. Les observations in situ paagerie par rayons X synchrotron,
détaillées dans le chapitre 3 ont donné la preuve de I’existence de ces phénomenes.
L 'influence de l'effet TEM dans le processus de solidification directionnelle d’alliages Al-Cu
a la fois monophasés et multiphasés dans un champ magnétitgrme est analysée
respectivement dans les chapitres 4 et 5. Enfin leslusioes générales obtenues et les

perspectives sont données dans le chapitre 6.

Chapitre 1

Les écoulements magnétohydrodynamiques thermoélectrigue®ihe phénoméne que
nous avons appelé TEM) peuvent exister et affecter lesg#sag@étallurgiques. Cela a été
mis en avant en premier lieu par A. Shercliff, dans stiolex publié en 1979. Cependant,
parce que ses principales attentions se sont concestrédss écoulements TEM dans les
réacteurs nucléaires, la tentative d'analyse de ce plédoen relation avec la métallurgie a
d'abord été faite par certains anciens scientifiquesUasgoh soviétique en application au
procédés de croissance des crist@u®], puis par d'autres lors de la solidification de alliages
métalliqueg5-7].

En 1981, Michelson et Karklin ont proposé un mécanismendelguel les courants
générés par la force électromotrice thermique dans le awpsristallisation pourraient
affecter la croissance des cristaux si un champ magnétigigpesent?2], lls ont confirmé
I'existence de TEC via la détection de I'évolution des chamgynétiques comme le montre

la figure 1(a). Quelques années plus tard, une preuve expdieg eécoulements TEM qui
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influent sur la croissance de monocristaux a été dopaé&orbunov en 1983]. En effet, il

a visualisé les écoulements TEM deGa-Sn produits par un gradient de température imposé
et un champ magnétique statique a la verticale de la suldafoendus. La Figure 1(b) montre
la mesure de la vitesse de rotation de la surface du baipe@rconstater que la vitesse des
écoulements atteint un maximum lorsque le champ magnétigdeeeiron 0,1 T et diminue
avec l'augmentation continue du champ magnétique. Le cimemgjenéme de tendance a été
confirmé par Kaddeche et @] sept ans plus tard. En outre, Gorbunov a inversédatain

du champ magnétique, et la direction de la rotation derface a été inversée en méme
temps, ce qui pourrait démontrer que ces écoulements todtem reliés au champ
magnétique imposé. Aprés cela, Gorbunov et Lyumkis otiséutce phénoméne pour
expliquer la forte déformation de la forme des cristawdpite lors du tirage de monocristal
InSb qui croissent sous un champ magnétique. D'ailleurattilbuent les stries périodiques

de silicium dopé croissant dans un champ magnétique vertical a l'apparition d’écoulements

TEM [4].

c _

> & 4 y
Figure 1 (a) variation temporelle dientensité du champ magnétique (H) a proxim
d’un échantillon de cadmium solidifié, AA correspond au moment ou le spécan
été solidifié; (b) vitesse de rotation du liquitheGaSn: 1 et In-Sb: 2 en termes
densités de flux imposé de champ magnétique, (c) Bi}d@lliages de Sn solidifigs
sans et avec un champ magnétique tranalrers

L’exploration des écoulements TEM pendant la solidification des alliages métalliques a

D
—+
D

mise en évidence en 1991. Alboussiére, Moreau et Camelproposé que des
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écoulements en régime dendritique peuvent exister pourcaeréie mélange des solutés, et
ces écoulements pouvaient étre produits par l'interaetitne les courants TEC et le champ
magnétique imposg3]. Afin de vérifier l'existence d’écoulement TEM dans le processus de
solidification quand un champ magnétique externe est prédsisntont réalisé une
solidification directionnelle de Bi-Sn et des alliages3Pbavec et sans champ magnétique. Il
a été constaté que, pour l'alliage Bi-Sn, le transpamtadadous champ magnétique est plus
élevé que celui obtenu sans champ magnétique, comme iraliguégure 1 (c), alors que
pour PbSn allié, aucun effet apparent n’a été détecté quand il y avait un champ magnétique
externe. En outre, parce que le pouvoir thermoélectrifpgela du Pb-Sn est négligeable
(ATP, 0.1pV / K) a comparer a Bi-Sn (70uV / K), ces résultats leur ont permis de faire valoir

que les écoulements de TEM existai¢ht. Afin d'obtenir une meilleure compréhension,
Moreau et al. ont construit un modéle numérique pour estlen vitesse des écoulements
TEM interdendritiques en 19940], D'un autre cGté, ils ont analysé les effets Seebeck et
Peltier en l'absence de champ magnétique externe etonstaté que ces deux effets ont
déstabilisé l'interface liquide-solide. Cing ans aprés, Lehned Moreau fournissent un autre
modele pour simuler les écoulements TEM dans la zone pataisaffirment que
I’écoulement TEM modifie la convection interdendritiquélL1, 12]

Parallelement, les analyses de l'influence des écoulsni&i¥l sur la croissance des
cristaux ont été développées. Croll et al. ont trouvé auvenu type de stries de dopants
prononceées et tres différentes de celles provoquées paoneeation naturelle ou
thermocapillaire lors de 1’¢laboration de silicium par la méthode de la zone flottante sous un
champ magnétique axidl3]. lls ont pensé que les écoulements TEM pouvaient explapser
nouvelles stries. Khine et Walker ont étudié théoriguemeanédeulements TEM lors de la
croissance Bridgman de semi-conducteurs sous un champ magniéitense axial et ont
constaté que le changement de tendance de I'amplitude désnéeots TEM avec le champ
magnétique imposé se comporte de la méme maniére quectditgée par Gorbunop.4].

En outre, ils ont estimé les amplitudes des composazienutales des écoulements TEM et
ont trouvé qu’elles pouvaient atteindre plusieurs micromeétres par seconde, ce qui pouvait
générer des stries de rotation en phase de croissancestiasx. Yesilyurt et al. ont simulé
numériguement l'effet des écoulements TEM sur la cnuigsBridgman de Gel-xSj%5] et
ont constaté que la convection méridienne avait modii®haposition et la forme d'interface
de croissance. Apres cela, ils ont prédit les écoulesriEEM avec gravité variablg.6] en
optimisant leur modele numérique. Les derniéres rechesthrelinfluence des écoulements

TEM pendant la croissance cristalline ont été réalipagedold, Szofran, et Berfdi7], qui
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ont donné expérimentalement la preuve qu'il y avait utesse maximum de convection

TEM alors que le champ magnétique imposé n'avait cessé @ateym

TEC TEM
répartition vitesse

kr

Ky ‘I'-;:"'\"M\. LI

_ | Ol

Figure 2 (a) Calcul des courants électriques TE, quand @osiEnun chamg
magnétique transvels (b) observation in situ d’écoulement TEM généré par ur
champ magnétique de 0.45T appliqué transversalement, parrienpge rayons X
synchrotron.

En 2002 et 2006, des recherches sur les effets des écoudefelt pendant la

0.1T

solidification d'alliages métalliques ont été publiées par descheurs de ['Université
Technique de Liaoning. lls ont étudié l'influence des écoulenidtits sur la microstructure
des Al-Cu et des alliagel-Si et ont constaté que lorsque la solidification a dieiprésence
d'un écoulement TEM de champ magnétique externe ce destieapable fait de modifier
les structures des matériql&, 19] Dans le cadre d'une coopération franco-chinoise ersgtre le
laboratoires SIMAP/EPM et I'Université de Shanghai delsereties ont été entreprises sur ce
sujet et se poursuivent jusqu'a présent, animées par lesgeaf Yves Fautrelle et le
professeur Zhongming Ren. En 2007, leur premier doctorant enadle; Xi Li, a commencé

a étudier expérimentalement les écoulements TEMsinfieences sur la solidification en
présence d'un champ magnétique externe. Il a constatégjeéfets du champ magnétique
varie avec différentes morphologies lors de la sotidifon directionnelle. En effet, plus la
longueur du champ magnétique est petite, plus intense doit &hadep magnétique pour
produire des écoulements TEM. En outre, il a constatdeguécoulements TEM turbulents
peuvent se produire lorsque la solidification directionnelleeu lieu sous un champ
magnétique transversal des écoulements TEM peuvent appézai21]. En 2009, Cramer,
Zhang, et Gerbeth ont publié leurs travaux numeériques et expé&iimesur les écoulements
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TEM en étudiant ces écoulements dans une boite caregeuavgradient de température
imposé et un champ magnétique. lls ont constaté que les emide TEM étaient vigoureux
et pouvaient brasser le liquide pendant les procédédlungigues|[22]. Afin d'étendre les
études précédentes, en 2011, Li et Gagnoud ont effectué leatgmald'écoulements TEM
sous l'action d'un champ magnétique transversal fiBlecomme le montre la figure 2 (a),
en accord raisonnableavec les résultats expérimentauxntDuathe période, un autre travail
remarquable a été réalisé par le professeur Yasuda du [¥ap@ha]. en observant pour la
premiéere fois, in situ, les écoulements TEM pendasblaification directionnelle d'alliages
métalliques par imagerie par rayons X synchrotron comme Barigure 2 (b). Avec
augmentation du nombre de recherches sur les flux de, T¢&l8l influences dans des
systemes de plus en plus, on a remarqué et étudié. Juskggatptexistence de flux de TEM
avait été validé dans les superalliages DZ417 par RerjZi]adans hypereutectique alliage
Al-Al,Cu par Shen et.&27].

IDirection de
croissanc

)

Figure 3 (a) exemple de branchement de la cellule d'Al-0.85wt%o@lifié a Sum/

s sous différentes intensités de flux de champ magnétioudlustration du couple
provoqué par les forces de TEM de directions opposées auesahiau fond d'une
cellule ou dendrites, (c) et la carte Microstructure EBSAI-4.5wt% Cu alliage

solidifié & 5um / s avec et sans champ magnétique de 10T.
Il est bien connu que les écoulements TEM sont engendrda force de Lorentz induite

par l'interaction entre le courant TEC et le champ maguetimposé. Ces forces, appelées

forces TEM, s'appliquent aussi sur le solid@]. Cependant, les effets des forces TEM sur un

solide ont été presque ignorés au tout début de leur décoweerils étaient difficiles a
12



détecter. Les écoulements TEM peuvent étre intensifs@dwmmps magnétigues modérés ou
faibles [29]. En outre et jusqu'a récemment, la technologies suchamps magnétiques
élevés n'a pas permis le développement des recherches $orckes TEM sur le solide en
phase de solidificatiofB0]. Grace au développement rapide des matériaux supraconducteurs,
on peut aujourd’hui utiliser des champs magnétiques intenses lgpaalidification en
laboratoire ou pour la métallurgie industriglisl]. Sous des champs magnétiques élevés, les
forces TEM peuvent étre trés grandes, et compte tenu d@ététi croissant pour la
solidification sous des champs magnétiques éld@e$ il est intéressant de découvrir
comment les forces TEM peuvent influencer un solide. Het,efjuelques tentatives
pionniéres ont déja éteé faites.

L'effet des forces TEM sur un solide a été explicitensntligné par Li, Fautrelle, et
Ren en 2007 [33]. En analysant les écoulements TEM ilsamgtaté que les cellules ont été
brisées et l'interface liquide-solide est devenu inégale sa champ magnétique supérieur.
Les écoulements TEM devraient étre amortis en radsoohamp magnétique élevé. Mais la
rupture des cellules et de l'interface peut étre causdesprces TEM dans le solide. En ce
gui concerne la rupture des cellules ou dendf&és ils ont étudié I'évolution morphologique
des cellules et des dendrites lors de la solidificaticettonnelle dans un champ magnétique
elevé. lls ont mis en évidence que les cellules et ledries sont tordues et déviées par
rapport a la direction de solidification. Pour des taux aéssance plus faibles, nous avons
observé une augmentation de la ramification des trpnogires ainsi qu'un fractionnement
de la pointe des cellules comme le montre la figure 3Ra.ailleurs, en 20095], en
combinant avec les simulations numériques effectuéesspgnoud et al. nous avons pu
confirmer I'existence d'un couple sur la cellule ou ssidiendrites (figure 3 (b)) et souligner
gue ce couple peut déclencher la colonne de transitions ésjuf@ET) en cours de
solidification directionnelle. Afin de prouver que la CET pdungre déclenchée par les
forces TEM, Li et al. ont réalisé une solidificatiomedtionnelle de divers alliages, tels que
Al-Cu, Pb-Sn, superalliages, Zn-Cu, Al-Si et Al-Ni avec e$ sdiamp magnétique élej&s-
38], comme le montre la figure 3 (c). L'analyse par diffoactd'électrons rétrodiffusés
(EBSD) a confirmé la présence de CET avec les alliages @moet sous un champ
magnétique suffisamment élevé. En ce qui concerne lackeihégalé39-41), avec l'aide de
Yudong Zhang et Claude Esling, Li et.al ont examiné le plan deridétation locale des
échantillons et ont constaté que l'inadéquation de cristaladt@rf@llon solidifié sous champ
magnétique 10T était plus sévéere que celle sans champ igagnéteci démontre l'existence
de forces TEM. Pendant ce temps, considérant I'ensetebledsultats expérimentaux relatifs
au changement de forme de l'interface et au fractionnedeehinterface plane, ils ont fait
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valoir que les forces TEM sur un solide peuvent provoquetdhiii&é de l'interface lors de la
solidification [42]. En effet, les contraintes a l'état solide peuventngba le potentiel
chimique et la tension de surface solide, et cela infRiéoitement la stabilité de l'interface
liquide-sdide [43].

En étudiant en 1979 les écoulements de refroidissemeatlimés dans un systéme de
réacteur nucléaire, le professeur Shercliff a mis en éwdkexistence d '‘écoulements TEM
pendant le processus métallurgique. L'effet TEM en catiselévrait toutefois étre classé
dans une nouvelle branche des procédés électromagnétiquasatiersaux (EPM), en
particulier dans le domaine de la solidification sous chamagnétique statique externe.
Notons que ce sont les professeurs Youdelis et Dorward quiy@iardtdans les années 60,
linfluence du champ magnétique sur la solidification dioectelle d'alliages Al-Cu, ont
donné les premiéres indications sur | 'existence d'éowmrits TEM dans le processus de
solidification[45].

Chapitre 2

Il est nécessaire a présent d'introduire l'effet thermstridue (TE) si nous voulons
clarifier 'effet TEM dans la solidification. Lfeet TE est un terme générique utilisé pour
décrire les phénomenes de conversion directe dedratiffes de température en tension
électrique et vice-versa. Ceci englobe trois effesirtdits : les effets Seebeck, Peltier et
Thomson [46]. L'effet Seebeck a d'abord été découvert parmi les phénemeéne
thermoélectriques par un physicien allemand, Thomas Seeler 1821/47]. Il a constaté
gu'un circuit constitué de deux métaux différents avegathesions a différentes températures
pouvait dévier un aimant d'une boussole et a nommé ce mpRéera «effet magnéto-
thermique». Un physicien danois Hans Christian Orsted ans@&®ré la découverte de
Seebeck et a constaté qu'une force électromotrice apdaraitdeux matériaux différents.
L'effet magnéto-thermique est devenu effet de themotdité, puis effet Seebeck'effet
Peltier a été découvert par un physicien francais, Jéanl€s Athanase Peltier, treize ans
apres la découverte de Seebeck. Il décrit un processus inlelséfet Seebeck : un courant
électrigue passant a travers les jonctions de deux méiénrents produirait du chauffage ou
du refroidissemeni48]. En 1838, Lenz a mis en évidence les relations entre idfaba ou
le refroidissement et la direction des courants. Parce que la chaleur absorbée ou créée au
niveau des jonctions est proportionnelle au courant @&eetr un coefficient de
proportionnalité appelé coefficient Peltier a été défmir lier la chaleur et le courafiO0].
En 1854 un physicien mathématicien britannique William Thoniglus tard Lord Kelvin) a

tenté d'établir une relation déterminant le coefficiSeebeck-Peltier a l'aide de la
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thermodynamiqués1]. L'effet Thomson révéle que la chaleur peut étre absanbgeoduite
lorsque le courant circule dans un milieu unique avec grathentique et le coefficient

Thomson relie la chaleur aux deux courants électriquas gtadient thermique.

Peltier
. chauffage

Courants
thermoélectrique

_ Peltief/
Solide  (efroidissemen

Ss Tls Ts

Figure 4 (a) interface plane; (b) interface cellula{®; interface dendritique; (d
lllustration de l'effet TE se produisant au cours de lidifoation directionnelle pres
de linterface liquide-solide, G est geadient thermique. S, m et T représentent les
coefficients Seebeck, Peltier et Thomson, respecamemet les indices L, et !
représentent les liquide et solide respectivement.

En introduisant l'effet TE, on peut constater que l'apparde l'effet Seebeck ou

thermoélectriqgue courants (TEC) doit étre le principe dlasx autres effets. Les conditions
nécessaires pour avoir un effet TEC sont deux conducteuésedi connectés et une
différence de température existant entre leurs jonctibrse trouve que linterface liquide-

solide dans le processus de solidification directionn@fond a ces demandes. En regle
générale, liquides et solides d'alliages ont des propriétds é&Tphysiques telles que la

conductivité thermique et électriqgue.Par conséquent ladéqget le solide au cours du
15



processus de solidification peuvent étre considérés eamennx conducteurs différents et sont
reliés les uns aux autres a l'interface. Lorsque ffaterliquide-solide n'est pas parfaitement
plane, ce qui est le cas le plus courant, la compogshntgradient thermique le long de
I'interface existe. Un tel gradient est un facteur ingodripour |'apparition de courants TE
dans le processus de solidification dirigée. En faijroe le montre la figure 4 (a) a (c) l'effet
TE peut avoir lieu dans ces trois morphologies de base ggmmunément aux interfaces
liquide-solide. Considérons un élément de chaque type ddoge(par exemple un coté d'une
interface plane de révolution, d'un cété de la pointe tieleou dendrites) et encerclé par
les rectangles rouges dans la figure 4 (a) a (c), onquagtater que la géométrie comme
dessinée dans la figure 4 (d) peut raisonnablement représesitenis morphologies typiques.
En présence d'un gradient ascendant thermique on ohseevdifférence de température
entre le haut et le bas de l'interface. Les solidesseliuides ont des propriétés physiques
d'ATP différentes. Le courant TE indiqué par le cerclepemtillés sur la figure 4 (d) est
conforme a l'effet Seebeck. A la jonction entre lédsoet le liquide, le chauffage ou le
refroidissement Peltier peut apparaitre comme indiquéegatathes rouges et bleues sur la
Figure 4 (d). Pendant ce temps, le TEC dans chacun desixnilolide et liquide provoque
I'effet Thomson. Dans les cas étudiés, I'effet Pelti#hemson est négligeable.

Dans ces phénoménes, une fois imposé un champ magnétiquee eXedfet TEM
apparait. Quand les courants électriques et les lignes daepcimagnétique ne sont pas
paralleles les forces de Lorentz ou de Laplace appandis€es forces sont la source
fondamentale de l'effet TEM. Par ailleurs, afin d'expligunéuitivement l'effet TEM dans le
processus de solidification directionnelle sous l'effet dumghmagnétique axial et transversal,
nous avons représenté graphiguement les cas a la foigliemeBsions et en 3 dimensions
comme le montre la figure 5.

Pour tenir compte quantitativement de l'effet TEC mgéun mécanisme de potentiel
thermoélectrique résultant des différentes réponsegaldsurs de charge de matériaux a

différentes températures, la loi Ohm doit étre modifiéeme suit :

j =o(E+ilxB-SVT) 1)
dans lequelix Best la force électromotrice provoquée par milieu conducteudéplacant
dans un champ magnétiqueest la conductivité électriqu& désigne le champ électrique,
U est la vitesse de déplacement du milieu dans un champ tioagnB, VT représente le
gradient de température, ®est I'ATP. De plus, les courants doivent satisfaifécauation de
continuité: V.] =0. L'effet TEC dans la situation illustrée & la figure &té& simulé avec le

logiciel COMSOL Multiphysics (version 4.2.0.228), qui utilisee méthode d'éléments finis
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pour la discrétisation spatiale et pour la résolutionydéemes d'équations dérivées partielle
[52]. La figure 6 montre une simulation de l'effet TEC gémiedes gradients thermiques
constants respectivement de 30001t -3000K/m.

@ TEC——_

iy

(€)

Figure 5 lllustration de l'effet de TEM lors du processusal@lification dirigée a
I'interface liquide-solide. (a) 2D et 3D illustration graphigies forces TEM et leu
orientation sous champ magnétique axial vers le hautV(l® de dessus de
écoulements TEM dans le plary générés par les forces TEM a l'état liquide;

illustration graphique 3D et 2D des forces TEM et de leur dineatans un chamg
magnétique transversal; (d) vue de dessus des écoulemeriEdideans le plarx-y

entrainés par les forces TEM dané$idpiide.
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Figure 6 TEC densités de courants électriques générésspgralients thermique
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Tableaul Propriétés physiques de ’alliage d’aluminium utilisés

Symbol Unit Solid Liquid

S VIK -1.5x10° -2.25x10°
o Qm)* 7.9x1d  4.0x10

u Pas 2.0x10  2.9x10°
K W/mK 150 95

C JKgK 0.9x10  1.08x16
p Kg/m®> 2.7x16G  2.4x10

L'interaction entre les courants électriques et le gharagnétique externe produit dans

une force de Lorentz calculée comme suit :

F=j xB (2)
Si I'on néglige le champ électrique initiale, les forc&MTsolides et liquides peuvent étre
simplement exprimées comme suit :

F-——cSVTxB (3)

F=-0SVTx B )
D’autre part, les écoulements généres par les forces TEM dartpuliddi peut étre décrit par
I'équation de Navier-Stokéhl-S)

HPD s pae D=V ps p g v U T B (5)
Puisque le métal liquide est un fluide incompressible, laeration de la masse doit étre la
suivante :

Veu=0 (6)

A 957.95 A7182x107
x10*

70
| 800
| 60
i 600
|

Solid

COTEM
forces”

-1

c S TEM S
v -727.95 0 ﬂOWS ) <

1

0

Figure 7 Forces TEM et simulation des écoulements géngmésun gradient
thermique constant de 6000K / m et un champ magnétique aermu@sT.
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Nous avons utilisé les équations et les parametres du tablehas 1forces et les
écoulements TEM ont été simulés avec un module 2D axisgune La figure 7 montre les
forces TEM simulées et les écoulements causés pardiegt thermique de 6000K / m et un
champ magnétique annulaire 0.08T. Ce genre de champ magnétitieete pas I'effet TEM
en solidification directionnelle méme s'il ne peut pase éstteint dans la réalité.
L'augmentation des intensités de champ magnétique imposéisent a une augmentation
des vitesses d'écoulements TEM. Il a été constaté g@edellements TEM parviennent a une
vitesse maximale lorsque le champ magnétique atteint uaeer\aitique, puis ils ralentissent
lorsqu'on augmente encore le champ magnétique. CeabrtiEnavec les résultats examinés

précédemment.

Chapitre 3

-
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Figure 8 Photographies réalisées a plusieurs instants suscesgiitrant le
mouvement des cristaux pendant la solidification doeckelle des Al-10%wt.Cu
avec différentes intensités de gradients thermique& 2000K / m; (b) G = 0K /
m; (c) G = 2000K / m. (B =-0.08T; les taux de refroidissersent 2K/min)

Bien que de nombreuses indications montrent que l'effé PEut exister lors de la
solidification directionnelle dans un champ magnétique extarne preuve plus directe est
toujours souhaitable, comme de voir directement son infugrendant le processus de
solidification. Grace a la découverte du faisceau de rayomme de synchronie et au

développement des techniques d'imagerie par rayons X, il dewssible d'observer in-situ
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et en temps réel la solidification des alliages métalliquesqueg53-55]. Cependant, un
autre obstacle apparait, a savoir que les deux forcésat dolide et a I'état fondu et les
écoulements sont difficiles a détecter directement olbisarger. Alors que, un compromis a
été donné que l'effet TEM pourrait étre pensé pour égerede directement et a prouvé aussi
longtemps que la résultante directe des forces et desTHM peut étre in-situ vu. En
conséquence, les forces de TEM solide sont révélés papdvement de cristaux qui ont été
détecté seulement lorsque le champ magnétique était présemtire, les écoulements TEM
sont démontrés par le changement de forme de linterigo&ld-solide qui ne peut
s'expliquer que lorsque l’on suppose que le transport des solutés est réalis¢é par des

écoulements TEM.

Figure 9 Trois images successives capturées pendant laisatidif directionnelle
d’un Al-4%wt.Cu avec un gradient thermique de 3500K/m et sous un cl
magnétique transversal 0.08T, et écoulements TEM simuégsla géométrie et le:
mémes parametres. (Taux de refroidissemBritK/min)
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Pour révéler les mouvements des cristaux, plusieurs #nagises pendant la
solidification sont superposées en une seule image. Eh e#s images représentent les
mémes cristaux mais a des positions différentes, l'irdagerojection unique permet de voir
le déplacement des cristaux. La figure 8 montre les imdgesojection obtenues a partir des
images prises lors de la solidification directionnelle Ale$0% en poids des alliages Cu avec
différents gradients thermiques de direction. Commegingpar les fleches jaunes et rouges,
la direction de déplacement des cristaux est inversésguie le gradient thermique est
appliqué dans la direction opposée, et les cristaux cowlericalement sans gradient
thermique. Ceci suggére que le déplacement de ces crigtditectement lié au gradient
thermique lorsque le champ magnétique externe est pesstatble. Apres avoir analysé ces
situations, nous nous trouvons face a deux possibilitéprelmiére est que les pressions
engendrées par les forces TEM circulent autour desgxistt la seconde est que les forces
TEM agissent sur les cristaux. Si I'on considére ksgatix comme une sphére solide, le
fluide s'écoule autour de cette sphére par l'effet TEMvilesse engendrée par les forces
TEM a été calculée analytiquement, et le détail de cealsaont décrits dans le chapitre 3.
lls montrent que les pressions causees par les écouteirielt devraient étre nulles, et que
les vitesses de calcul des mouvements engendrés petr TEf1 étaient comparables a ceux
mesures par l'observation in-situ. Cela peut démontrer queugement des cristaux pendant
la solidification directionnelle Al-10% en poids des alliag®s sous un champ magnétique
transversal 0.08T est entrainé par les forces TEM gsseagfi sur eux. En d'autres termes, on
peut dire que le mouvement des cristaux est directement gandes forces TEM sur un
solide, et nous pouvons donc affirmer que les forces TEMuB solide sont directement
observées et avérées. D'autre part, on a pu obsersitn it en temps réel le changement de
forme de l'interface liquide-solide comme le montradare 9. Comme le soluté Cu rejeté est
plus lourd que la matrice liquide environnante, si I’interface est déja inclinée, ce soluté a
tendance a s'enfonceéins la partie concave de l'interface, qui s’enrichit et l'interface devient
de plus en plus inclinée. Cela a été prouvé par Bogno €¢b@Gl.quand ils ont étudié
I'évolution de linterface plane pendant la solidificatdirectionnelle des Al-4wt%Cu. Par
conséquent, a partir d’'une l'interface initialement plate, il y a suffisamment d'écoulements
dans la direction de I'enfoncement pour transférerligéstes plus lourd a partir de la partie
concave vers la partie convexe de l'interface. On pausuo la figure 9. Nous avons gardé
les parametres de condition utilisés par Bogno et.ahg@s imposons un champ magnétique
transversal 0.08T. Alors l'interface initialement incliniient progressivement plate comme
dans le processus de solidification directionnelle. Cela seggée les écoulements
suffisamment intenses et sont apparus et que le solutéé@urajetés de la partie concave
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vers la partie convexe. Bien qu'il semble que I'écoulemEM puisse se produire dans un tel
cas, il est nécessaire de verifier si oui ou norésilements TEM peuvent correspondre a
ceux permettant a une interface initialement inclinée de nitey@esque plane. Des
simulations 3D des écoulements TEM ont été effectués damé@mes conditions que celles
des expériences in-situ .et avec la méme la forme rdéinte obtenus par les expériences in
situ ont été effectuées. La figure 10 montre les écoulsmBBM simulés, et il peut étre
observé que TEM coule dans ce cas de la partie concavetelddte vers la partie convexe,
contrairement a la direction d'amortissement des solatgds. En outre, le calcul du nombre
de Peclet chimique a montré que les écoulements TEM de grenpditude étaient capables
de transporter des solutés Cu rejetés. Par conséqugrgubnpertainement affirmer que dans
ce cas, le changement de forme de linterface liqutldes est directement issu des
écoulements de grande amplitude TEM, et qu'ayant pu obsergeredient les écoulements

TEM, ceux-ci sont avéreés.

Chapitre 4

Bien que l'effet TEM ait été prouvé par l'observatioredt, la taille des échantillons
utilisés par des expériences in situ, par exemple épai88urm, ne sont pas communs pour
les lingots de métal. Par conséquent, il est intéresdantérifier 'effet TEM dans des
situations plus réalistes. Les échantillons d'alliafe€u d'un millimetre de taille dans les
trois dimensions ont été solidifiés de facon directioenedbus différentes intensités
d'écoulements magnétiques transversaux. Par ailleurgjeaftoncevoir des expériences plus
précises, les écoulements TEM ont été évalués analyténieaua préalable.

La vitesse de ces écoulements peut étre obtenue simpl@aefiéquilibre entre les
forces TEM et les forces de viscosité ou d'inertie. vadsurs du nombre de Reynolds peut
permettre de choisir I'équilibre pertinent en fonction du charagnétique imposé et de la
longueur typique de la morphologie concernée. D'autre partiedgn du principe de la
magnétohydrodynamique (MHD), un métal liquide circulant damscliamp magnétique
pourrait induire des courants électriques qui peuvent engertds forces de Lorentz
s'opposant a I'écoulement. Ainsi, des forces de freinageédeulements TEM ont été
produites et rivalisent avec les forces TEM . Les écoaigsnTEM accélerent au maximum
sous l'intensité du champ magnétique, puis ralentisser@sarenque le champ magnétique
imposé croit, parce que les forces de freinage sont promoeties 3882, tandis que les forces
de TEM sont proportionnelles B. Comme le montre la figure 10, les vitesses des
écoulements TEM sous champ magnétique différent ontvétl@é&s pour trois longueurs

typiques, et les détails de ce calcul peuvent étre tralas@s le chapitre 4.1 de cette thése. En
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outre, la courbe des écoulements réalistes TEM avech#ssps magnétiques variables est
indiquée par la ligne en pointillés jaune dans la figure 10cfr) I'estimation de la vitesse

pour la premiéere phase d'accélération n'a pas pris ssfde freinage en considération.
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Figure 10 Courbes d’évaluation des écoulements TEM en fonction des chamg
magnétiques imposéour différentes échelles typiques: (a) A = Imm; (b) A =0,1mm
(c) A=0,01lmm.

Les morphologies de solidification faisant apparaitfieérdintes échelles de longueur, les

évaluations présentées dans la figure 10 peuvent étre c@esid@&mme un outil de prévision

des écoulements TEM dans divers processus de solidificat®o la morphologie. En
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conséquence, nous pouvons connaitre quelle fourchette dp otegnétique doit étre choisie
pour réaliser les écoulements TEM les plus intensesapgort a différentes morphologie.
Par exemple, les champs magnétiques de 0 a 0,3 T ontpigéisnlorsque les conditions de
solidification ont imposées pour réaliser la croissadieterface plane, car la longueur

typique d'une telle morphologie a été prise égale a 1mm.

(a) (b) (c)
Figure 11 Coupe longitudinale (parallele a la direction deissance et
perpendiculaire au champ magnétique) de la structure de #icedifuide-solide de:
alliages AI-Cu obtenu sous diverses intensités de TMF 8é#d{G=6000K/m) et
aprés trempe: (a) cas de ’interface plane, Al-0,85wt%Cu,R=0.6um/s, (b) interface
cellulaire, Al-0.85wt%Cu,R=5um/s; (c) interface dendritique, ATu2,5nm%Cu,
R=50um/s.
La figure 11 montre linterface liquide-solide avec des gdkaAl-Cu obtenue sous

différentes intensités de champ magnétique. Il peut étsered que quelle que soit la

morphologie, la forme de linterface change lorsqu'mpoise un champ magnétique

transversal. En effet, les interfaces sont alorge®inclinées. Cette forme d'inclinaison de

l'interface doit étre attribuée aux écoulements TEMlesrsimulations numériques 3D ont

montré que les écoulements TEM dans ces cas étaiegcdelements unidirectionnels qui
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transféraient les solutés rejetés d'un c6té versd'autidingot. Les solutés enrichis dégénerent
progressivement l'interface au cours du processus de isaliih directionnelle, ce qui
pourrait causer linclinaison de linterface. Nous pouvons tatersque linclinaison de
l'interface plane réalisée dans un champ magnétique de 0,86 avec des interfaces
cellulaires et dendritiques survient & moins de 0,1 et Or@spectivement. L'écart entre la
valeur exacte de lintensité de I'écoulement et celle dmphmagnétique critique pour la
vitesse maximale de I'écoulement TEM est du aux impréciginsseques a |'évaluation. Le
véritable gradient thermique dans un liquide et solide digtdfférent de celui initialement
appliqué.
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Figure 12 Calculs numériques des forces TEM et des écoulengénérés pa
I’application d’un gradient thermique de 6000K / m etl’un champ magnétique axiz
de 0,1 T: (a) les forces TEM dans le liquide (B) des ®MEM dans le solide; (c
distribution des écoulements TEM.

Si l'on excepte l'effet TEM quand la solidification diiennelle se déroule dans un
champ magnétique transversal, la situation sous un chagpétigue axial a été étudiée par
des simulations numériques 3D. Ces simulations ont digeats dans les mémes conditions
de solidification et avec une forme d'interface correspatedd.a figure 12 montre les forces
TEM simulées et les écoulements générés par le gtadenmique de 6000K/m et un champ
magnétique axial de 0,1 T. On peut observer que les fordelsdBias le liquide forment un
tourbillon qui tourne dans le sens des aiguilles d'une manti@ur de linterface liquide-
solide, et que leur plus grande amplitude se situe au sormiagtreximité de l'interface. Par
conségquent, ce modele de forces a entrainé un tourbillvhdiiEtourne autour de linterface
tel qu'il apparait dans la figure 12 (c). Généralement, omperse pas que ce type
d'écoulement soit en mesure de redistribuer des sollithgefois, si nous prenons la
difféerence de densité entre les solutés enrichis au @ntks différences initiales, les
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turbulences peuvent redistribuer les solutés rejetés reo@foent a leur effet centrifuge. Ceci
devrait modifier la structure au cours de la solidifmatidirectionnelle. En plus des
¢coulements TEM, comme le montre la figure 12 (b), I’existence de forces TEM sur un solide
ont également été confirmées par des simulations nguesti Celles-ci ont révéelé que deux
couples opposés formés respectivement sur le haut et ldebkisterface sous 'AMF ont
tendance a tourner dans le sens des aiguilles d'une reartiaut et dans le sens contraire en
bas. Horaire. Enfin, nous avons vérifi€ comment les vitedes écoulements TEM variaient
avec les champs magnétiques et avons constaté que leatiéws, les expériences et les
simulations indiquaient toutes une évolution en constartissance des écoulements TEM

avec le champ magnétique.

Chapitre 5
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Evaluatingmaximum velocity of TEM flows
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Figure 13 Coupes longitudinales (paralléle a la fois lassavice et la direction d
champ magnétique) montrant la structure de l'interfagkséés avec Al-26wt%Cu

(a) et Al-4Wt%Cu ; (b) alliages solidifiés sous des intensités différentestdanp
magnétique. La ligne rouge marque les interfaces eutestefules points verts le
interfaces dendritiques, le pointiltdeu illustre comment les vitesses d’écoulement

TEM varient en fonction de 'AMF. Les longueurs mesur@eszone pateuse so
donnés dans la partie supérieure de chaque figgr@um/s, G=6200K/m).
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Afin d’étudier linfluence du champ magnétique externe sur la soditldn
directionnelle d'alliages hors eutectiques, et afin d'exanieféet TEM pendant le processus
de formation de la structure multi-phas®us avons étudié la solidification directionnelle
d’un alliage hypo-eutectique Al-26wt%Cu et hyper-eutectigue 40wt%Cu sous différentes
intensités de champ magnétique statique axial. Il a étstaté que, dans le cas sans champ
magnétique, la structure dendritique-plus-eutectique typiqueé aatéeint pour les deux
alliages hypo- et hyper-eutectiques avec gradient thermique applg@200K/m et ne
vitesse de tirage daugh/s. De plus, la dendrite primaire de Al-26wt%Cu gghhse a-Al, et
celle de AICU40OWt%Cu est la phase ACu comme le montre la figure 1Bar I’'mposition
d’un champ magnétique axial statique (AMF), la longueur dera pdteuse et la distance
entre la pointe de la dendrites primaires et le frontotigtee a été modifiée. En effet, comme
indiqué dans la figure 13, la longueur de la zone péateuse de Al-Zawi%bord augmente,
puis diminue de maniére continue lorsqu’on augmente le champ magnétique appliqué.
Inversement, la zone pateuse de AWBACu d’abord courte, s’allonge en augmentant le
champ magnétique a pardirune intensité critiqueOn pense qu’un tourbillon TEM circulant
autour des dendrites primaires peut se produire et rendre @egieelir de zone pateuse
variable. Le contenu des solutés au fond de la zone pipeusmit étre affecté par ces
ecoulements et devrait étre en mesure de faire variengueur de la zone pateuse pendant
solidification directionnelle. Toutefois, avant de dé&ala facon dont les écoulements TEM
modifie la longueur de la zone pateuse, ces cas ongdf@y par des simulations avec les
mémes conditions que celles utilisées et la géométrieagienib celle obtenue dans les
expeériences.

La Figure 14 (a) et (b) montre les distributions simulies courants TE dans les deux
cas pour lesquels les cellules/dendrites sont des phagas étla-Al respectivement. Il peut
étre constaté que le courant TE peut apparaitre dans cesadeeixformer des circuits autour
du tronc principal de dendrites. En outre, la figure 14 (ddkgillustrent schématiquement
comment les forces et les écoulements TEM pourraentomprter aprés application d’un
champ magnétique statique axial. On peut observer qu’un écoulement vortex similaire a celui
découvert par des simulations numériques dans le chapitwet4oduites par des forces
TEM a ['état liquide et I'écoulement est dans le setis@nire autour des dendrites. Comme
le soluté Cu lourd est rejeté lors de la solidificatiareationnelle les hypoeutectiques Al-
26wWt%Cu, l'effet centrifuge des écoulements TEM peuvengrdoile soluté Cu loin des
dendrites comme indiqué par les pointillés jaunes dans laefitdir(c). Cet effet dilue la
teneur en Cu au fond dans la zone pateuse et donc asartwhgueur. Avec les mémes
écoulements, si le soluté rejeté est plus lefeffet centrifuge rassemblera le soluté dans
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I’avant de la dendrite, en particulier, au centre de 1’écoulement. Dans le cas de la

solidification directionnelle deAl-40wt%Cu, I’écoulement vortex TEM rassemble les

élémers de soluté les plus légers et enrichit localement la matrice d’aluminium. Cela fait

fondre l'avant des dendrites,8u comme illustré par la figure 14 (d), court-circuitant ides

zone pateuse. Dans un autre aspect, la dégénérescence ditesd&bCu au centre de

I'eéchantillon, comme indiqué dans la figure 13 (b) confirmewane I'argument selon lequel

un écoulement vortex TEM regroupe les plus légers scdutéentre de I'échantillon. Lorsque

I'AMF est supérieur a l'intensité critique, la vitesse mayadal’écoulement TEM ralentit, et

donc la longueur de la zone pateasendare a revenir a I’état sans champ magnétique.
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Figure 14 Simulation numérique des courants TE dans lesleasolidification
directionnelled’alliages Al-26wt%Cu (a) et Al-40wt%Cu (b). lllustration qualitati
de la facon dont les forces et les écoulements TEMraispant sous un cham
magnétique axial. (c) se rapporte a (a) tandis que (dppena a (b).
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Comme le montre la figure 15, zone pateuse plus courte gdaeeobédnue sans champ
magnétique a été observeée lors de solidification dineaelle d’un Al-26wt% Cu sous AMF
supérieur a 1T, et presque toute la structure de la croissanplée est apparu quand AMF
était égal a 4T. Nous pensons que cela peut étre attribuéetdiefthamp magnétique élevé
sur les phases '(a-Al et phases eutectiques), par exemple la température tatioe et la
vitesse de croissance. En effet, selon l'analyse therndiifiéeentielle (DTA) testée sur la
solidification d’alliages hypoeutectiques AI-Cu sous champ magnétique éle&, étié
constaté que les mécanismes supposéessus ont eu lieu dans ce cas. Les détails de la DTA
peuvent étre trouvés dans le chapitre 5 de cette thése. Ainsi,popavons conclure que le
champ magnétique élevé est bénéfique pour la formation deutztise de la croissance au
cours de la solidification directionnelle couplée hypoeigees les alliages Al-Cu.
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Figure 15 Coupe longitudinale (perpendiculaire a la foisdiré&ction de croissanc
et le champ magnétique) montrant lausture trempée de l'interface d’un Al-
26wWt%Cu obtenus sous différentes intensités de champ npgméti leur structure
correspondante dans une coupe transversale (paralleldo#s la la direction de
croissance et le champ magnétique): (a) et (d), 1T, t(lge)e2T, (c) et (f) 4T.
(R=2um/s G=6200K/m)

Par ailleurs, pour un alliag@l-40wt%Cu solidifié sous champ magnétique élevé,
'amélioration de la croissance des facettes phas€uAdrimaires a été observé&fin de
permettre de définir quantitativement I'amplitude de l'effef'amélioration de la croissance
du champ magnétique élevé, les fractions de la régioa gbdse AICu primaire obtenue
sous différentes intensités de I'AMF ont été mesuréegedigtat est montré dans la figure 16.

Celle-ci montre que l'amélioration de la croissancedesenu évident lorsque I'AMF est
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supérieur & 1T. Or il a été prouveé et largement accepté sjusgraintes dans les cristaux
lors de leur croissance sont capables de déclenchaniation et la propagation de défauts.
Ces défauts sont bénéfiques en ce qui concerne la cicesdas cristaux a facettes. On peut
donc conclure que la croissance accrue de la pha€ei fleut étre attribué aux forces TEM
agissant sur les cristaux lors de la solidificatioeationnelled’ Al-40wt%Cu sous un champ
magnétique élevé. Par conséquent, nous sommes capablesid'aobe autre conclusion
selon laquelle le champ magnétique éleveé freine maisvoeida la formation de la structure

de la croissance associée aux alliages hyper-eutectpias.
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Figure 16 Courbes de fractions de surface mesurées des phgSegrimaires de
structures entierement solidifiées tracées fenction de lintensité du cham
magnétique imposée, et vue agrandie des données marquikselsgite jaune.

Chapitre 6

En conclusions générales de cette thases avons montré que 1’effet thermo-électrique
existait dans les métaux liquides en cours de solidifinaét pouvait produire de nombreux
effets sur le solide formé, grace

- a des expériences de solidification sur lingot et anajyssismortem des structures

- a des expériences de solidification avec observatisitu par imagerie X.
Cela ouvre de nouvelles perspectives concernant le oetria maitrise de la solidification

d’alliages en fonderie.
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Chapter 1: Introduction

1.1 Encounter between magnetic field and solidification

As the most popular method to prepare metallic matersddidification process
determinates their solid strucuture and then the mechamioperties. Therfore, it is a
longterm desire to precisely control such process. Enhgldtedoy magnetohydrodynamics
(MHD) theory that dealing with the problems of fluid flaiimder magnetic field, an idea to
control the melt flow during solidification by applying magodield comes to peple’s mind.
Verification of such idea leads to the encounter betweagnstic field and solidification.
Further, applying the MHD to metallurgy process gives théh b a newly and rasing
research field neamed electromagnetic processing @frialat(EPM) that aiming aaking all
the advantages of various types of magnetic fiefdslifferent material preparsions or
processes. Therefore, ig better to introduce how MHD theory forms in advanced é& w

intend to know how the encounter between magnetic freddsalidification happens.

1.1.1 Step from Magnetohydrodynamics to Electromagnetic Processing ofdtgrials

Magnetohydrodynamics, a branch of the hydromechanics, 8petgals with how the
electrically conducting fluids behave under an exterragmetic field It is the combination of
two classical disciplines that electromagnetism andd flmechanics[1-3]. A Swiss
astrophysicist named Hannes Alfvén is known as the establisiMHD theory because he
firstly proposed the terrfiElectromagnetic-hydrodynami€ in 1942[3] and won the Noble
prize on the benefit of this work. Actually, the earligBtiD related event happened in 1832
In that year an English scientist Michael Faraday stoothe Waterloo Bridge in London and
attempted to measure the electric signal when the shiynés water ebbed back to the sea.
Although Faraday did not detect any signals probably bechtlee oor ammetehe had
must been realized that solid or fluid subject should xpee an electromotive force when it
cutting the magnetic field linejgl, 5]. Further, ifthis subject is electrically conducting the
electric currents can appear and lead to two consequi@ices
1. Thesecurrents induce a new magnetic field that perturbs the origine;
2. These currents interacting with the original magneeéld fproduces an electromagnetic

force, and this force perturbs the subjects' motions

For the sake of illustrating the two consequences, a sigiplation is considere@ds
shown in figure 1.1a metal sheet dropping through a gap of magnet. Thecaiemtive force
will be induced in the shestimmersed part as soon as it enters the magnetic Aeklmost
the same time, electric current loops should appeardasied in the figure 1.1 (b), because

the sheet is conducting. And thethpse currents induce a magnetic field to deform the
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original one as shown in figure 1.1 (a). In another aspecklectromagnetic force oppdse
the sheet's moving direction is produced via interacting betwleese currents and the
original magnetic field. Iis easy to image that if replace the moving metal shedahdéy
flowing melt the electrcomagnetic force (consequencei@t influnce the melt's flows that
play critical role in strucuture formation during sdiicition.

Dropping metallic sheet

Deformed magnetic

field lines \

Currents
Electromagnetic forg

N Pole face

G Magnetic field lines
(a) (b)
Figure 1.1 An example of basic MHD phenomena.

In order to kiow the view at the other side of the ocean, sail waserhbg our ancestors
to discover this curiousness. Therefore how the seawates fivas eagered to know for the
safety consideration. Based on a widely accepted viewnthgnetic field exists in a set of
astronomic objects included eaiffl], Faraday thought that the motions of ocean might be
attributed to the perturbations of edstimagnetic field by consequencg¢l], on the contrast,
William Ritchie counédthe movements of ocean to the consequeriég. & does not matter
who is correct, the passion to figure our how the seawiders motivated the initial
development of MHD theor|8]. Talde 1.1 briefly lists some remarkable events in astro- and
geophysical fields that promoted the grwoth of MHD therdpiteeHannes Alfvéa pubished
his electromagnetic-hydrodynamic wave theory in 1942. Oncehevey is established, it
application should naturally attract peopleattentions. But sometimes the pradtica
applications can run ahead to the theroy, and this did happéHD related caseSable 1.1
also lists some industrial and technological eventsdbaseMHD principles happend before
1942 that is considered as the birth year of MHD theltogan find that just when Faraday
investigated the theory aspect of electromagnetic inducgpbenomenon, Rithchie had
successfully pumped the water electromagnetically. Ih, Bdéhchigs experiment is the

rudiment of the electromagnetic pump that firstly patented in 1910s’. Figure 1.2 simply
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illustrates a case that pumping conducting liquids with aa@ricurrent and satic transverse

magnetic field.

Table 1.1 MHD related events in Astrophysic, geophysic, indasttd technology.

Year Astrophysical & Geophysical | Industrial & Technology
1831 (9]
Michael Faraday tried to detg William Ritchie electromagneticall
1832 | the currents generated wh| pumped the water when he studied
Thames river water ebb tid20]. | voltaic electricity[5].
Bigelow guessed that there wers¢
1889 magnetic fields on the sun and
hale, and Babcocks confirmed
this later[11].
1906 First patent for the induction heatir
appeared in UK12].
19105’ Electromagnetic pumg& inductive cold
crucible were inventef 3].
Emile Bachelet awarded a USA pate
1912 “levitating transmitting apparatiisfor
electromagnetic suspension systédi.
The electromagnetic stirring was first
1917 attempted to modify the final soli
structure in Europgl5].
Larmor suggested the magne
field of the sun and othg
heavenly bodies might be due
1918 | dynamo action whereby the
conducting material of the st
acted as the armature and stato
a self-exciting dynam@l6].
Petersen converted the electromagn
1919 pump and invented the MHD general
using ionized gas as an armat[@].
Hartmann & Lazarus theoretically and experimentally invettdjathe
1937 | laminar flow of an electrically conduag liquid in a homogeneous magne
field [18].
Walter Elsasser began
1939 | investigatethe origin of earth’s
magnetic field19].
1942 | Hannes Alfvén published the classical paper remarked the btHD [3].

After the second word war, utilization of the nucleagergy in a peaceful and safe way

caught lots of attentions. In order to control the thewmtear fusion magnetic field must be

applied to confine the ionized deuterium away from all wallgs Ts just the MHD case that

conducting gases moving in a magnetic field and intensivetiextuntil now [20]. Moreover

transferring the heat generated by nuclear reaction t@ehset is another typical MHD
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phenomenon because the liquid metal coolants should flow extlernal magnetic field as
well [21]. From the steelmaking inductrial aspdbere should be burst demands on the steels
because destroyed constructions are earger to be reberltted wordwide war. Motived by
this, many methods had been found by the metalltsigisring those years to optimal the
quality of iron and steel products. In which, applying an eslemagnetic field to influence
the melt flows is one of their excellent achievemetit€an image that such idea must be
proposed by a metallurigist who was familiar with the neMiyD theory at that time. In the
following years, MHD theory made another great progresemthe exploration of applying

it to the metallurgy process[22-24].

Electric
current P

\

umped
flow

Z— | Electromagnetic— =

force”

A

/

Figure 1.2 Simplest principle of the electromagnetic pump.
The first laboratory in the word aiming at applying MHD niretallurgy was offically

—Insulating wall

=
Magnetic field

\

established in Grenoble (France) in 1986, which was named MADY laAkhe beginning
and the SIMAP/EPM now15, 25 and 26] The first international symposium specially
focusing on applying MHD to metallurgy was hold by the Irdéional Union of Theoretical
and Applied Mechanics (IUTAM) at Cambridge University in 1982a bertain extends, this
symposium foreboded the birth of a new research fieldedaBlectromagnetic Processing of
Materials (EPM)[27]. In fact, just three years after the Iron and Stestitute of Japan (IS1J)
found a aommittee of electromagnetic metalluf@g, 27] In another aspect, before the
metallurgists noticed the charm of applying magnetic fisldme material scientists had
successfully employed the magnetic field to control tle¢ian of the conducting solutiosn
electro-deposition process in 19[28-30] This widens the application range of MHD theory
in the field of material science and extends the cortEBEPM field. Finally, an international
conference specially aiming at the newly progresses on tHeamm of MHD to various
material processes emerged in 1994 and was held everyydaeefrom then on. The term
‘EPM’ firstly used in the 8 international Iron and Steel Congress in 1990 was choses to b

the name of this newly research fi¢&i-35].



1.1.2 Brief introduction of Electromagnetic Processing of Materials

Electromagnetic Processing of Materials is a broadein which contains subjects that
related to applying various magnetic fields to different emak processes, for example
solidification, electro-deposite, heat treatment amdesng etc.[36]. The corresponding
international conference was held alternatively in Feasmed Japan only at the early stage
But now it has becoema more worldwide academic event due to it had been held inaBerm
in 2009 and in China in 2012. Because there are lots kinds efialgirocesseand as well
as the types of magnetic fields, combinations betweem gbrovide numerous topics. Here,
according to the chronological order of tlo@ics’ appearance, the main ones are introduced
to give a general glance of the EPM research field.

> Induction heating & Cold crucible electromagnetic melting

Vessel

Figure 1.3 Induction cooker introductions appearing on the ng@espaore than 10(

years ago (a) and brief illustration the principle ofititiction cooke (b).

The induction heatings introduced firstly because it is the earliest practgadlication
of electromagnetic phenomenon. Thanks to Faraday and J¢hdefound the time-changing
magnetic field can induce eddy currents wthin the condyaitibstance and electric currents
flowing in the resistace can release heat respectivgdy]. The self-heated feature gives the
induction heating a number of intrinsic advantages, suchigs electro-heating transfer
efficiency, localized and shape changeable heating[8840]. These advantages enhance a
wide application of induction heating, in which, the aesely related to people’s live is
induction cooker as shown in figure 1.3. Figure 1.3 (a) isrithection cooker firdy appeared
on the newspaper 100 years 4@8, 41] The principle of such cooker is briefly inllustrated
in figure 1.3 (b). The copper coils supplied with alterraterents produce the time-changing

magnetic fields, and such fields induce eddy currentbanvessel. Because the conducting
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vessel must have resistance the flowing of those eddgrds release heat in accordance to
theJoule’s law, this heats the vessel.
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Figure 1.4 (a) Induction channel furnace; (b) Inductionihgaturface harden; (c
Induction welding.

Induction heating has wide application in industry as well isnehainly used in three
processes, which are induction channel furnace in iron restmie or continuous casting
tundish, surface quenching harden and induction welf#2g45]. In order to reduce the
energy cost during the steel making process, an extezatihg is applied during transporting
the iron or steel melts. Figure 1.4(a) shows the tymibahnel furnace with induction heating
used by the iron reserver tar[d6]. Moreover, because the electromagnetic stirring
accompanies the induction heating all the time this aklafurnace can also purify and
homogenize the melts during transportat[dii]. Because the copper coil can be easily
shaped, the subject with complex shape can be heated. ri-tates the advantage of skin
effect of high frequency magnetic field surface hardenecbaiplex shape products can be
realized by high frequency induction heating coupling with watgenching as shown in
figure 1.4 (b)[48, 49]. The third magic technology based on the principled@iction heating
is induction welding. As illustrated in figure 1.4 (c), eddyrents induced by the inductor
would gather at the yellow point because the currentsyalilaw along the path with the
lowest resistance. Therefore, the local current deraitthe yellow point is dramatically
increased and make there remelted. And then, while thegukensmitting by the two rolls
the disconnected parts can be welf&@52]. Although a lot of applications in accordance to
the induction heating had been achieved, researches orldhent topics are still active. This
is because the complex intereaction between thengmotying electromagnetic stirring, heat
and mass transfer is far from thoroughly understbmteover, how to more precisely control
the induction heating is a longterm aspirafi68].

Induction heating provides another attactive applicatiort thalting the ultrahigh
materials. Theoretically, if the material is condutyivt can be melted by induction heating
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no matter how high melting temperature it is. But what kindhef crucible can be used
blocks the further development of this application. Aai{t) such obstacle motivates another
great invention that the well known cold crucible elecegnetic melting. This smart
solution was figured out in early 191(54], and the first patent was obtained by a Germany
company named Simens und Halske in 1g5]. The cold crucible is a water-cooled copper
crucible made by a number of separated sectors to redushidhe effect of the conducting
crucible. In operation, a skull made by the melting objesslfi forms between the crucible
and the melt andwids the reaction between them. This makes meltingethetive materials
become possibl¢56]. Figure 1.5 (a) gives a photo of real cold crucible electromagne
melting device and figure 1.5 (b) shows its corresponding skEtaept melting the reactv
and ultrahigh melting point meterials cold crucible elaoagnetic melting provides more
possibilities, such as fabricating the ultrahigh purity malseand growing the single crystal
[57-59] Moreover, another good exammé&usingthe cold crucible electromagnetic heating
in high efficient material preparing technology is thddcerucible continuous casting
(C.C.C.C or 4C) process that illustrated in figure 1.5 (c)pascess was developed initially
by cooperation between the CEZUS company and MADYLAM (now SPERPM)
laboratory in Grenoble (France) and patented in 168P Similar to induction heating, it can
find thata number of brilliant works related tookd crucible electromagnetic melting have
been done. However, because the relationship bwteen diotsnass or heat transfarmelt
contained in the cold crucible are not clearly undertood not/, massive investigations on

this topic carry on with the aids of numerical simalas[61-63].
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Figure 1.5 (a) Photo of real cold crucible electromagnetitimyedlevice; (b) Sketcl
of cold crucible electromagnetic melting; (c) Sketch ofdccrucible continuous
casting device.
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> Electromagnetic levitation
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Figure 1.6 (a) Levitation of solid Al sphere; (b) Levitatiof Al melt; (c) lllustration
of levitating a melt droplet by AC magnetic field; (d) Exaen of numerical
simulation of electromagnetic levitating.

When time stepped into $0century’s second decade, another fascinating phenomenon,
electromagnetic levitation, was invented by perfectly zitif the MHD principle as
described in chapter 1.1.1 and patented in 1842 As one kind of magnetic levitatipn
electromagnetic levitation is realized via a time-gjiag magnetic field. This kind of field
can induce the eddy currents in the conducting object andanter&ith them to produce the
electromagnetic forcedf the electromagnetic forces are oppsite to and big enough to
counterbalance the gravity under a certain conditibesconducting objectcan be levitated
[65]. According to the baisis of the electromagnetic levitgtimany applications had been
achieved, for example the maglev trdin.the same time, the advantages of such levitation
were noticed and used by some material scientists, suttieaxamples given in figure 1.6.
Figure 1.6 (a) shows the first experimental attempt of mlewtgnetic levitation in 1952 by
Okress[66], figure 1.6 (b) gives the image of levitating aluminum mbigsan alternating
current magnetic field at EPM laboratory in Frar{é&], the simply illustration of the
levitation principle is in figure 1.6 (c), and figure 1.6 (pvides an example of numercal
simulation of electromagnetic levitatig8]. Moreover, it is worthy to point out that deep

undercooling, ultrahigh pure material preparation and measmteaf material$ high

41



temperature thermophysical paramenters can be realizbdthd aid of electromagnetic
levitation as wel[69, 70]
> Electromagnetic stirring

Electromagnetic stirring is another classical exangdlepplication of MHD principle
and main subject in EPM field. This smart inventatiors weported in a literature published
in 1917 [71], and itis reasonable to belre that its appearance must be under the strong

expectation of controlling the melt’s flows in the metallurgical process.
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Figure 1.7 (a) Mechanlcally rotating magnetlc field; Ebotatlng magnetlc fleld
realized by phase different currents; (c) Sketch aftedenagnetic vibration device
(d) Numerical simulation of melt flows field during cold crolei electromagnetic
melting.

According to the type of applied magnetic fields, melt carstirred by the following
approacks 1) meltis stirred by an alternating current magnetic field, dgample the melt
can be stirred during of induction heating, cold cruciblectebmagnetic melting and
electromagnetic levitationj72]; 2) meltis stirred by an pulsed magnetic figltB]; 3) meltis
stirred by a moving magnetic field such as melt cartibed by a rotating magnetic fie[d4,
75]; and 4) meltis stirred by imposing the non-parallel magnetic field aledtecal current
simultaneously (sometimes called electromagnetic tidrp[76-78]. In order to gain some
perceptual knowledge, figure 1.7 (a) gives an example of ireglithe stirring by a
mechanically rotating magnetic field. Figure 1.7 (b) shivestop view of the device stirring
melt by imposing phase differemurrents. Figure 1.7 (c) simply illustrates the method
commoly called electromagnetic vibration. It should b&ced that such method combme
the advantages of stir and vibration, but the insertedretix blocks the widely application of
this method79-81]. Because relationship between the input conditions and thesponding
flow field of stirred melt has not been thoroughly underdtaesearches on electromagnetic
stirring are still rising. Moreover, due to the difficulti@s observing flow field in melt,
numerical simulation is a main and surfficient wayduge the investigations on this topic
[82-84] Figure 1.7 (d) is an example of numerical simulatibfioav field in melt during clod

crucible electromagnetic melting5].
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> Electromagnetic braking

Controlling the fluid flow should at least contain two aspébat promag and suppress
If saying the electromagnetic stirring can be regardepr@soting melt flow, to fulfill the
demands of control, there must be a method to suppredwsein melt. It seems easy to
realize the suppress purpose visa producing an electromafpmetichas opposite direction to
melt flows[15]. Besides, beause the direction of electromagnetie foan be easily managed
though modify the applying electromagnetic field. This mdtbhould be operable. However,
suppressing flows by an opposite electromagnetic fornetiso successful in reality. This is
because stronger other than weaker motions will be led Wisenopposite force acts on the
flowing melt Nevertheless, even melt flows are slowed down by the d@ppiosce, which

are not stabl¢B6].
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Therefore, more efficient method is desired to realeettudy control of melt flows
Motivated by this, another way was figured out that is usinginteced electromagnetic
pressure to balance the hydrostatic pressure of melt flBwsshown in figure 1.8 (a), a
simple induction coil around the circular nozzle withdecentered hole can control the
downward melt stream based on the similar principle oftrels@agnetic levitation87].
However, the hole of nozzle cannot be placed in the cehie to the alternating magnetic
field with axisymmetric distribution is impossible to entiredtop the cylindrical flows or
levitate then{88]. Figure 1.8 (b) gives the most commonly method used to sugptdisy

in the continouse casting mold by static magnetid fiathich is based on the MHD theory
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related effect 2 as illustrated by figure 189]. For this methodif the static magnetic field is
not stuable arranged unwanted counter flovesiappear near the nozzle [60-92] So that,
there are still many works worthy tw on this topic and numerical simulation can be the best
choice to optimize the magnetic field and then toichtbbe unwanted counter flow93-95].
Figure 1.8 (c) shows some solutidngerfect the electromagnetic braking effiag].

> Electromagnetic shaping
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Figure 1.9 (a) Mercury drop is at rest; (b) Mercury dro d by magnetic fielc
with frequency of 2.1Hz; (c) Gallium drop is emulsified by nmetgn field with
frequency of 6.2 Hz; (d) Equipment for the near-net sl@gp®inuous casting; Je
Mold of equipment shown in (d) and the ingot) @roductsof soft-contact
continuous casting under different electromagnetid fiedlquencies.

Taking advantage of the electromagnetic pressure, anothér subjectof EPM,
electromagnetic shaping is invented to control or modify shape of liquid metdP7].
Because the electromagnetic pressure accompanies albelagtretic related process, it is
difficult to clearly tell the precise time when the @femagnetic shaping is invented.
However, it must be a scientist with an art heart indidgly noticed and treated this
fascinating phenomenon asindividual research subject. Because, as shown in figlréa]).
to (c), shaping the liquid melt just likes creating an arkwThese artworks are caused by the
electromagnetic instabilities that related to both amplitadd frequency of the imposing
magnetic field [98-100] Except creating artworks, electromagnetic shaping provides t
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important industrial applications. One is the near-napshcontinuous casting as shown in
figure 1.9 (d) and (e) that the equipment, mold, and produged nespectivelyj101, 102]
The other is soft contacting continuous casting thatbeseh successful used to fabricate the
aluminum based alloys with high surface quality as showfigure 1.9 (f)[103, 104]
Meanwhile electromagnetic shaping is able to modify the meniscusominuous casting
mold, which can improve the surface quality of continuouasting product§l05, 106]

> Magneto-Electrochemistry
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Figure 1.10 (a) Magneto- electrochemlstry dewce (b) Hatgin of micro-MHD
flows in composite magneto-electrodeposition; (c)sthation of MHD flows in
electroless deposition; (d) Micro-chiral structure of Bilo-particleAl,Os; achieved
under influence of micro-MHD flows; (e) Macro-chiral strure of Ag metal-leaves
under influence of MHD flows.

Emergence of magneto-electrochemistry extends thecafiph range of MHD theory
and enriches the content of EPM research f{igli¥]. Chemistry reactioms another efficient
method to preparaing advanced matelia@3-110] Therefore, whether or not the magnetic
field can affect during such process is worthy to investigalectrochemistry process was
firstly choosed to investigate the influence of imposingeaternal magnetic field due to
electric currents exists inherenfli/11-113] Magneto-electrochemistry specially refers to the
electrochemical process taking place in the pmseh magnetic field, as shown in figure
1.10 (a)[114]. Because Lorentz force should be produced by the imposiggetic field and
the inherent electric currents, flows caused by suchefappear in solutions and affect the
key factor of such process that the mass trangfi@f]. Two kinds of flows involved in
magneto-electrochemistry are defined, anenicro-MHD flow that produced by interacti
between magnetic field and deformed current at the vicofityrystal, and the other called
MHD flow is generated by the non-parallel magnetic field atettec currents in the
diffusion layer[116, 117] as illustrated by figure 1.10 (b) and (c). Under the influemice

such flows, the micro- (figure 1.10 (d)) and macro- (figurg01(e)) chiral structure were
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obtained in composite electrodeposition of Ni/nano-pard,O; [118] and electroless
deposition of Ag metal-leaves respectivel{9].

Until now, main subjectef EPM havebeen introduced briefly, but which must be far
from to get the fully view of EPM because some other topiesnat mentioned such as
velocimetry of liquid melf120-122] electromagnetic field controlling plasma procgsa3-
125], microwave heating126], and application of electromagnetic field environment
problems[127, 128] Particularly, topic the most closely related to the pred®sis has not
been introduced, which is a rising branch of EPM that applyiagcsmagnetic field to
solidification process.

1.1.3 Influence of static magnetic field on solidification

As an important section in metallurgy and the widest nekttm prepare metallic
materials, solicification was consciously treated amédapendent discipline from late 1950s
to early 1960% [129-131] Although electromagnetic fields had been used in several
metallurgical processes at that time, most of them wiene-¢hanging or mechanically
moving magnetic field§132-134] First attemption of applying static magnetic field was
inspired by the expectation to damp flows in melt that nesylt in solute segregation and
banding in solidification procesgl35-137] After that, rising interests on studying the
influence of static magnetic field on solidificatiovere waked up. Eanwhile, numerous
interesting and meaningful phenomena were uncovered, arlycwhen the solidification is
conducted under high static magnetic figl@8-140]
> Static magnetic field affects the thermodynamics of solidification

Thermodynamics determinates the possibility of occurasfcghase transformation
which is represented by the Gibbs free energy difference betweentpanenproducing
substanceg141]. Just like temperature and pressure, magnetic field is ema&ssential
thermodynamic parameters and able to change the intewr@yeof systenmil42]. So that, if
the phase transformation takes platenagnetic field, the Gibbs free energy of both parent
and producing substances may be shifted because of tfieret magnetism properties
[143]. In order to express this shifadditional item standing for the magnetization Gibbs
energy differencdas added to the expression of total Gibbs free energy differer the
system142]:

AG=AG,- (1,/ 2)H?A (V) (1.1)
where,AGy is free energy difference in the absence of magrielit. The second item at
right is the magnetization Gibbs energy differencewimich uo is magnetic permeability

(4nx10" H-m™"), H is imposed magnetic field strengghdenotes magnetic susceptibility and
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V represents molar volume of the substance. It can Ils&tethe bigger the magnetic
susceptibility difference of the substances is the morerappahange of total free energy is.
For this reason, inchoate investigations on this topic wdmeost focused on the
ferromagnetic materiald44]. Murgas and Biacovska applied a magnetic field during cooling
the pure iron from melt and found that both temperatures$ tof 6 and 6 to y phase
transformations were shifted to high region as indicatedidwre 1.11(a)[145]. Similar
investigations were also taken on solid phase transformptimeesses, such as austenite to
pearlite, austenite to bainite and austenite to ferrite tvemstions. It was found that the
bainite was dramatically promed when applied a 10T magnetic field during bainite
transformation process as shown in figure 1.11[145-148] Additionally, phase diagram
calculation suggested that magnetic field changed paethand y- Fe;C transformation as
revealed by figure 1.11(¢149].
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Figure 1.11 (a) Differental thermal analysiscooling iron from melt without anc
with different magnetic fields(b) Bainite transformation at 1275K for 10 m
without and with a 10T magnetic field; (c) Fe-C phasgiim associated with the
a andy- Fe;C transformation under various magnetic fields.

Although the magnetization Gibbs energy difference betwiegiid and solid of non-
ferromagnetic systems is negligible, the change délifohtion temperature is detectable
when an ultrahigh magnetic field is applig@i50]. For example, Ren and Li et al.
experimentdy demonstrated that 10T magnetic field can increase téneperature of
peritectic phase transformation, BiMn1.08 + L = BiMn,diyout 20K[151]. If saying there is
still a ferromagnetic phase involved, another experirpenformed by Li, Fautrelle and Ren
provided strong evidence. They found that 12T magnetid i®lcapable to increase the
solidification temperature of Bi by about 6H52]. Furthermore, Chuanjun Li invented a
specially designed device to perform the differential theramallysis under high magnetic
field. He found that the high magnetic field can shift sbédification temperature of Al-Cu
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binary system as weJl53]. Meanwhile he proposed another possibility that may respond to
the solidification temperature shifting, which is the phgsiproperties but not only the
internal energy are changed under high magnetic fieldace tensions and wettability
between the melt and the nuclei for instajicet].

> Static magnetic field affects the orientation during solidification

Figure 1.12 (a) Orieated Al-Al,Cu alloy fabricated via solidification under a 1z
magnetic field; (b) Oriented medium plain carborekt#tained through austenitize
under a 12T magnetic field; (c) Oriented egg white lysozynaeua 1.13T magnetic
field; (d) Oriented Zn film achieved via vapor deposition uradl6 T magnetic field.

When the thermodynamical demands are achieved solidificaieps in the second
stage that is the growth of nucléior this stage, which orientation should be selected is
another core problem of solidificatiofi55]. Moreover, because orientated or textured
structures can dramatically increase produpts/sical and mechanical properties preparing
the materials with aligned structure is desired, pagity, with the specified crystal
orientation[156]. Inspired by thissome methods had been invented by numerals efforts paid
such as directional solidification. However, the cijystgaphic isotropy materials are always
hard tobe orientated because the small difference between the gmtérgrowth direction
and the other§l57]. Thanks to magnetic susceptibility and shape anisotropyysfais, the
aligned structure of such materials mag/achieved by applying an external magnetic field
during solidification [158], electrodeposition [159], vapor deposition [160], solid
transformation[161], and the protein synthetize procgd$2]. Figure 1.12 give some
examples of oriented structure obtained via applying magfekil during different processes.
Just as mentioned above, the magnetic susceptibility ape stmasotropy of crystals should
respond to such alignment behaviors. The magnetic susdéptibilvariousin crystals’
different axeqd163], and the magnetic energy each axis induced by the external magnetic
field is expresse(il64]:
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Gui =— HoXi H2/2 (1.2)
where, Gy is magnetic energy dfaxis, 4o is magnetic constant £410° H-m™), H is the
imposed magnetic field strength,denotes magnetic susceptibility iedxis andi stands for

the direction of crystal. It has been well know that crystlay grows along the direction
that bears minimum system energy. The growtb-axis should be enhanced in the presen
of external magnetic field iGyvap IS bigger thanGy,, and then the orientated structure is
achieved. In the case that magnetic axes correlates tsyinmetry of crystal, for example the
tetragonal crystal structure, the crystal receivesgnatic torqud (0, H) [165] expressed as:

T(0,H) = oy, _ H*V(sin 29)/ 2 (1.3)
where,A)(H _, is the susceptibility difference between two perpendicula&saX is volume

andd is the angle between applied magnetic field and the aibhsmaximun{;d. Expression

1.3 reveals that the easy magnetization axis of themaayaetic crystal should rotate along
the applied magnetic fielfl66]. Because the induced demagnetizating field dependents on
the shape of crystals and the magnetigatiirection, the crystal has unsymmetrical structure
can be orientated by the external magnetic field basetthe shape anisotropy of crystdis
these cases, crystals should grow along the directisimghdower demagnetizing field to
ensure the minimum total magnetic energy of the sy4éi.
> Static magnetic field affects the distribution of primary phases

Other than the orientation of crystals, where they placed is another crucial factor in
determining metallic materials’ properties [168]. Because the position of primary phases are
decided by the nuclei, the inclusions and the local melts’ condition (content of solutes for
instance), if there is a method to affect these facpommary phases position may be
controlled [169]. Fortunately, the magnetic property difference betwden ruclei, the
inclusions, the solutes and their surrounding melts perimgsuniform or gradient static
magnetic field to modify their distributiofl70]. It shold be pointed oput that different from
the electromagnetic levitation introduced in 1.1.2 thedigmt static magnetic field is another
approach to levitate substance, which is called magneto-Aedeaisnlevitation171]. The
remarkable differece between these two levitations is the former realized tisne-changing
magnetic field but the latter levitates substance btiic magnetic fieldil72].

In 1991, Beaugnon et al. levitated some diamagnetic sudestdoy a high gradient static
magnetic field and named such phenomenon as diamadmeétation[173]. This should be
categorized to magneto-Archimedes levitation. The substiangeadient magnetic field is

subjected to a magnetic force expresseld a4
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F=2BZ (1.4)
U, 0Oz

where, 1o is magnetic constant £4107 H-m), B is magnetic field flux intensityy refers
magnetic susceptibility and is volume. Because both object and its surroundingunedre
are subjected to this force, the object can be levitatbe ifesultant magnetic force acting on
it is opposite and equal to its gravity. It can find thatelghould be only one position far
specified object to be stably levitated. Therefore, dffierobjects must locate at different
positions if put them in the same magnetic field. This plesvian approach to separate the
mixed objects via imposing suitable magnetic field. As shown in figure 3.(B), the feeble
magnetic particles are sepaadby a 12T magnetic fielfll75]. By using the gradient static
magnetic field, Tagami et al. in-situ observed thkdsation of a levitated water droplet
and investigated the containerless crystal groMi#6]. Wang Qiang et al. utilized a high
gradient magnetic field to grade the Mn soluies Mn-Sb melts and achieved the
compositional gradient composites as shown in figure (LA 77]. As shown in figure 1.13
(c), Ren Zhongming et al. studied the effect of magnetid fa the migration of primary
MnBi phase in the melt and found that distribution of pringhase an be controlled via

modifying magnetic fields and varying the holding time dgisolidification[178].

Figure 1.13 (a) Feeble magnetic particles with differeagnetic susceptibilities i
6wWt%MnChL aqueous solution are separated by a 12T magnetic field;
Compositional gradient Mn-Sb alloy obtained by bulk séfidation under a high
gradient magnetic field; (c) Radial migration and aligntref primary phase in Mn-
Bi alloy under gradient static magnetic field.

> Static magnetic field affects the flows in melt during solidification
Just like the storm can destroy everything when it pasttesugh the thermodynamical
permission has been achieved, the selection of grding¢htion of crystal has been dicieded
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and the position of primary phases has been redistdh all these can be changed if severe
engouth flows in melt appear during solidificatifit¥9]. Unlucky, flows in metl exist in
almost casesif solidification conducted under terrestrial because thermal and
compositional gradient are always presgi@0]. Reducing or suppressing the flows in melt is
desired in most crystal growth and solidification procgs31l]. However, not all the
electromagnetic braking methods introduced in section &ré.Buitable except the one using

static magnetic field.
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Figure 1.14 (a) Thermal fluctuations durlng crystal growth vatid without a
magnetic field; (b) Etched (211) surface of InSb singlestal without and with
transverse magnetic field; (c) Simulation of themposition near solid-liquid
interface without and with gradient magnetic field.

The theoretically analysis of damping flows in melt hadrbereated in 1952 by
Chandrasekhaf182]. In 1966, Chedzey et al. published their experimental reshdts
imposing a static magnetic field during growing the semiconduristal can eliminate the
solute banding, or saying growth-striae. Curve shown in figudel (a) is the thermal
fluctuations obtained by them. It can see that flowms@it were damped in the presence of a
0.175T staic magnetic fielfll35, 136] After that, intensive numerical and experimental
researches have been performed to understand the rolariofissr magnetic fields in
optimizing the quality of crystalfl83-185] Like showing in figure 1.14 (b), which is the
InSb single crystal obtained without and with a transveragnetic field by Witt et a[186].
Figure 1.14 (c) is the numerical simulation of compositi@ar solid-liquid interface during
growing SbGe crystal in the absence and presence gfald@ént magnetic field. Oreper and
Szekely numerically investigated the influence of extemagnetic field on the buoyancy
driven flows in a rectangular cavity and stated thatddweping effect of applied magnetic
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field was related to the its flux intensity and the getoynef studying system. Additionally,
they pointed out that flows cannot be damped entiedy]. Reports of damping flows in
melt by a gradient static magnetic field also candend [188-190] This has the similar
principle of magneto-Archimedes levitation, but the maigrferces produced by the gradient
static magnetic field are opposite to the melt flowingection rather than the gravity

direction.
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Figure 1.15 (a) Average solid compositiga solid fraction ofSn43wt%Pb alloy
fabricated with and without magnetic field; (b) Cellulaicrostructure of Pb-Sr
alloys solidified without and witha 0.45 transverse magnetic field; (;
Macrostructure of Sn-Pb alloys solidified under differettic magnetic fields
applied parallel to the solidifying direction.

But the damping effect of static magnetic field does ivays work, which was awared
when some unexpected results emerge in directional fadiibn of metallic alloys under a
static magnetic field. The first voice saying the invadif the damping effect rose in 1981
[191], when Bottinger et al. investigated the relationship betveedute convection and the
macrosegregation in Sn-43wt%Pb alloy. They initially ptato suppress the convections by
applying a 0.1T magnetic field, but they finally found tHa¢ static magnetic field cannot
reduce macrosegregation at all (figure 1.15 (a)). To invesetidas further, 13 years later,
Tewari et al. applied a higher magnetic field during diceeti solidification of Pb-Sn alloys
[192]. They also found that the 0.45T static transverse magiedtd has no influence on the
bulk convections. In additioto, a strange phenomenon was uncovered. They found that
0.45T magnetic field led to new freckles in cellular arragsshown in figure 1.15 (b) and

attributed this to the magnetic field causing thermosolutal convection’s anisotropy. Because
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the appearance of freckles or saying the distortion aflaelrrys suggests convections exist
in the mushy zone, such strange phenomenon should inthedtapplying a static magnetic
field may lead to new flows in melt during solidificatioim fact, this is not role case, the
indications for static magnetic field produceing new flowsnelt can be aloso found in some
other studies with different purposes. For instance, With purposed to investigate the
anisotropic effect of MHD on metal solidification Kinshiga al. solidified Sn-Pb alloys
under different magnetic field493]. As shown in figure 1.15 (c), it can find that compare to
the solid structure obtained without magnetic field theaad crystal region was enhanced
under in the sample solidified under 0.2T magnetic fid@ldis indicates the existence of
severer flows in melt when a 0.2T static magnetic fisldpplied because the increasing of
equiaxed crystal region is commonly caused by intense flowelt[194]. Nowadays, more
indications of static magnetic field being able to produms flows in melt during directional
solidification emergy[195], but the systematic research is lack. This is on¢hefmain

reasons for making the present thesis.

1.2 Encounter between thermoelectric magnetic effect (TEME)and
solidification
Similar to the encounter between magnetic field and solidificatibefore TEME
officially comes across with solidification a relevant theory nammeelmoelectric MHD s
proposed196]. Therefore, iis better to begin the story from the meet between thelewntric
currents and magnetic field to the appearance of theratgel®HD theory, and tanwe can

gradually step into the following encounter between TEMEsatidification.

1.2.1 Meet between thermoelectric currents (TEC) and magneticefd

TEC refers the currents that caused by heat and isspeetaof the thermoelectric (TE)
effect. Three phenomena make up THe effect, which are Seebeck effect that converting
temperature difference directly into electricity, Relteffect that heat absorbing or releasing
at an junction of two dissimilar metals when elecrtriccents flowing across, and Thomson
effect that heating or cooling of a current-carrying conaluetith thermal gradienf197].
These three phenomena were discovered respectively in 182iobyas Johann Seebeck, in
1834 by Jean-Charles Peltier, and in 1851 by Lord Kgli&8]. Although the TEC was
discouvered early in 182, the meet between it and the external magnetic fiefthéned
almost a century later. This was realized by a smart iwetihat pumping the liquid metal
by the Lorentz force produced via TEC interacting wittgneic field. In order to transfer the

heat from fusion reactor blanket to the hot engine andtthgenerate electricity, the coolant
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should be carefully chosen. Because the low solidicaand high evaporation temeperature,
liquid metalis the best candidate. Otherwise, how pump such the liquidcmelant should
be sovled as well. At #itime, because the MHD theory and related effects had W&dely
known, people tried to find a method in accordateehe principle of electromagnetic
pumping. It should be clear that temperature differencegatbhe heat exchanging tube
inherently exists and the liquid metal and the tube must dassimilar physical properties
This gives rise to the appearancel&C in case the liquid meltal coolant flowing within the
heating exchanging tube. Moreover, the magnetic fieldtrexist to protect windings from
neutron bombardment in the fusion reactor blapk®9]. Therefore, the problem of pumping
liquid metal coolant in nuclear fusion generator wasesblidy the interaction between the
inherent TEC and the static magnetic fif2@0]. This solution made TEC meet the magnetic
field. After that, under intensive demands on developingfuseactor generatostudies on
optimizing the utilization of the interaction between TE@ magnetic field were boom. For
this reasonseveral progresses and patents had been made as listeé ih 2atblat the events
happened before Shercliff published the thermoelectric MHDrthin 1979196].

Table 1.2 Experiments and patents that utilize intenadt@iweernT EC and magnetic field

Year People Events

Improvements in or relating to heat transfer systéJns. Patent
Appl.20911/51201]
E. Luebke Compact reactor power plant with combination heat excha
L. B. Vandenberg thermoelectric pump (aldd.S. Paten®.748.710, 1956R00]
An experimental liquid metal thermoelectric electro-metq
Lesi s e SEREER pump—pheat exchanqge{202] S
1961 D. von Rex Thermoelectric pump for liquid metgd03]

1964 SJ \II:V 2f]tgerrllset The thermoelectric hydromagnetic pufi204]

1964 S. R. Rocklin  Thermoelectric pump.S. PatenB.116.693205]
M. A. Perlow  The development of the SNAP-10 thermoelectric pump (

1951 W. Murgatroyd

1954

1965 W A Davis  U.S. Paten8.288.070, 1966P06]

1969 M. de Cachard Fuel elements of sodium thermosyphon for irradiatieth[207]
P. Caunes

1969 V. S. Makarov  Pressure-consumption characteristic and efficiency o

A. Kh. Cherkasskii thermoelectromagnetic punip08]

Just like the paper published by Hannes Alfvén in 1942 marking thblisement of
fully-fledged MHD theory, the paper published by J. Arthur Sliférin 1979 [199 is
regarded as the birth of thermoelectric magnetohydrodysa(iiEMHD) theory Although
this paper mainly dealt with the fluid flow problems invohiacheat exchanging process in

the nuclear fusion generator, he proposed the idea ofiappfEMHD to metallurgy. This
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lighted the enthusiasm of studying TEMHD phenomena in roeggllprocess and provided a
reasonable explanation to how new flows in melt appean e solidification is conducted
under external magnetic field. After that paper, J. Artther8iff applied his TEMHD theory
to some specific phenomena such as the pipe end problemSMHD and TEMHD with
walls parallel to the magnetic fie[@09, 210] Although these topics are still related to the
heat exchanging system of nuclear fusion generator, Hiarirworks made the TEMHD
theory gradually mature. So that let us go together witthierial researchers who had got
Shercliff’s inspiration to discover the TEMHD phenomena in the metallurgy, particularly in
solidification process.

1.2.2 Review on researches of TEM flows in melt during solidification

bl @ |np, rpm (0)
| D 1:In-GaSnmelts |
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| | B 2 |
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R 25t g
| ' B |
| | B |

Flgure 1. 16 (a) Curve of magnetlc fleld strength H) cItoserystthzmg cadmlum
specimen versus the time (A-A corresponds to the mothantthe solidification of
the specimen finished); (b) Rotating velocities of ililgmeltal veries with increasing
magnetic field; (c) Bi-40at%Sn alloys solidified withoahd with a transvers
magnetic field.

We call TEMHD flows thermoelectric magnetic (TEM) flolwsre in order to emphasize
their original that interaction between TEC and magniid. The attempt of investigating
TEM flows in metallurgy was made by some former Soviet Wrgoientists in the crystal

growth procesg211-213] In 1981, when Michelson and Karklin investigated how the
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magnetic field control the crystallization processesytfound that currents generated by
thermal electromotive force in the crystallizing bonyght affect the crystal growth via
interacting with the magnetic fielf211]. Further, they proved the existence of TEC by
recording the changing of magnetic field that close &wbssel because the changing TEC
should induce a fluctuation magnetic field near the ciyatad body. Figure 1.16 (a) is the
curve of magnetic field strength versus time made by theemexplicitly evidence for the
existence of TEM flows in melt during crystal growth wasviled by Gorbunov in 1987
[212]. By applied only thermal gradient and vertical statignetic field to liquidin-GaSn
contained in a copper crucible, he observed the motionmeredured the rotaing speed from
the surface under different magnetic fields as showigure 1.16 (b). It can findhat TEM
flows firstly speed up to the maximum and then slow dewth the continuously increasing
magnetic fields. Sevepears laterthe similar change tendency of the speed of TEM flows
was pointed out by Kaddeche et al. in their numerical stulavorks as well[217].
Furthermore, Gorbunov and Lyumkis argued that TEM flows should respond to the
deformation of crystal shape and the remained periodatishs in doped silicon single
crystal (figure 1.14 (b)) fabricated under a static magiedd [213].

TEM flows in solidification of metallic alloys wengoticed inthe early 1990s’ [214-216]
In 1991, Alboussiére and Moreau et [2l14] solidified Bi-Sn and Pb-Sn alloys without and
with magnetic field and found that solutal convection undagnetic field was more severe
than the field is absent fd@i-Sn alloy as shown in figure 1.16 (c). Whereas, for PbiSg, a
the solutal convection did not change a lot no maemnhagnetic field is present or not. They
concluded that the more severe convection appearing 8n&illoys should be TEM flows
becauseBi-Sn has much higher absolute thermoelectric po@wenV/K) than the Pksn
(0.1uV/K). After that, they built a numerical model to estimahe velocity of typical
interdendritic TEM flows in 1994218]. By analyzed the influence of both Seebeck and
Peltier effects on solidified microstructure they fouhdttsuch effectsan destabilize the
liquid-solid interfacg215]. They introduce a new dimensionless paran®é&to characterize
the influenc of Seebeck and Peltier effects, which isesgad:

sp= 9501 (5= 9)0 (L.5)

osto, KgtKk

where, s is electrical conductivityx stands for the thermal conductivity, S is absolute
thermoelectric power, # denotes typical temperature at interface, subsci$ptand L
represents solid and liquid state respectively. S| unitsuaesl by the above physical
guantities. Furthermoré&loreau and Lehmann et al. used TEM flows to modify interdeadr

convections introduced a simple model to simulate TEM flows in theshyuzone and
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validatedit by comparing the computing results to the experinigt®-221] Figure 1.17 (a)
to (c) show the typical structures obtained under diftetyges of TEM flows.

Figure 1.17 Transverse structures of Cu-Ag alloys direaliprsolidified without

magnetic field (a), under a 1.5T axial magnetic field (i) ander a 0.65T transvers
magnetic field (c). GeSi crystal grown under differexinbmagnetic fielg: (d) OT,;

(e) 2T; (f) 5T.

In 1990s’, studies on TEM flows in crystal growth process developededis but this is

after a little bit long stagnate from the pioneer exgtion made by Gorbunov et al. It was
1998 wherCroll et al. found a new type of pronounced dopant striatioite gifferent from
the ones caused by buoyancy or surface tension drivingecoons. They thought this should
be attributed to the ocoence of TEM flows during growing silicon under a strongista
axial magnetic field[222]. In the same year, Khine and Wallker studied TEM flaws
semiconductor crystal growtf223] and found the same change tendency of speed of TEM
flows with imposing magnetic fields as the one measuredsbsbunov and numeridsl
computed by Kaddeche. Further, they estimated the azimcomaponent speed of TEM
flows and found that the maximum speed can be severabmeters per second. Thgalde

to cause the rotational-like striations during crystal growdbreover, they studied TEM
flows in crystal growth under different moderate magnetic $ieddfind out how TEM flows
vary with the imposing magnetic fields and the thergrdient at crystal-melt interface
[224]. Yesilyurt et al. numerically simulated the influence &M flows on Bridgman growth
of Ge.,.Sk [225] and found that the meridional convection atkthe composition of melt in
front of the crystal/melt interface then changed ftapg. At the beginning of Zlcentury

they optimized their model and predicted TEM flows under ingrgravity levels[226]. In
57



2001, Croll et al. deeply studied the explanation used in theivipus paper published in
1998 via numerical simulatiorj227]. The latest research of TEM flowrs crystal growh we
can find was taken by Dold, Szofran, and Benz in 2@28]. They experimentally proved
that TEM flows reach the maximum speed under a unique meadred for the given
condition, over such threshold, TEM flows slow down urfiigher magnetic field. This can
be indicated by the periodic striations in the cryagashown in figure 1.17 (d) to ().

TEC
distribution

Figure 1.18 Computed TEC distribution, TEM flows and irtheorrespondin
experimendl results under axial (a) and transverse (b) magnetid; f(c) In-situ
observation of TEM flows generated by a transverse 0.4&jnatic field.

The researches of TEM flows in solidification of niitaalloys in this new millennium
began with two mastesy work from Liaoning Technical University, China, published
respectively in 2002 and 200829, 230] They investigated the influence of TEM flows on
the formation of microstructure &l1-Cu and Al-Si alloys. This put forward a question that
should we control the microsture by TEM flows during sodidtion? It is pity that no more
publishing works from them could be found from then on. Forayah raising and active
group noticed this interesting topic and insisted the rektigdly till now. This group is based
on the successful cooperation between SIMAP/EPM labgratdfrance and key laboratory
of metallurgy of Shanghai University in ChinBrof. Yves Fautrelle and Prof. Zhongming

Ren respectively represent these two loboratories. In 206¥#, first co-supervised Ph. D
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student, Prof. Xi Li now, qualitatively evaluated the TEMw in different typical scale
lengths and compared with experimental results obtaingerudfferent axial magnetic fields
[231, 232] He concluded that effect of magnetic field varies for eteint typical scale
lengthes, indeed, the smaller the structure is the langanagnetic field is needed to produce
the apparent TEM flows. In 2009, Li, Ren and Fautrelle thorougigstigated TEM flows
and its influences on solidification under a low axial net@ field[233]. They computed the
distribution of TEC along liquid-solid interface and theocities of TEM flows around the
cells/dendrites (figure 1.18 (a)) with help of Dr. Gagnoud.him $ame year, a group from
Germaly published their numerical and experimental investigations grure TEM flows
problem. They found that TEM flows can be vigorous and bewble to stir melin some
metallurgical processd234]. In order to extend the previous studies, Li and Gagnoud treated
the phenomenosimilar to the one published in 2009 but under lower transverse magnetic
field [235]. They found a perfect agreement between the simulatidntlze experimental
results (figure 1.18(b))During ths period, a distinguished work was taken by a Japanese
scientist Prof. Yasua He should be the first one to atteniptin-situ observe the TEM flows
during directional solidification of metallic alloy|36] although his results seems wrong
Figure 1.18 (c) shows two pictures from him that captured égynhchrotron X-ray imaging
technology during solidification of Al-Cu alloyBecause more and more material researchers
have noticed and began to study TEM flows in solidificafi@M flows in different systems
was uncovered. For instance, Renaétfound that TEM flows can result in a dramatic
increased dendrite number in superalloys DZ{A37], and Shen et al. found TEM flows
should respond the modification of mushy zone length wdisgctionally solidifying the

hypereutectic AlAI,Cu alloy under different magnetic fiel{z38].

1.2.3 Review on researches of TEM force in solid during solidification

It has benwell known that TEM flows are driven by the Lorentz far@educed by the
interactionof TEC and magnetic field in meln fact, such forces should act on solid as well
because TEC flow through liquid and so]&B9]. Similarly, we name such forces as TEM
forces to emphasize their origin. According to thediteres, it can find that the influence of
TEM forces in solid are nelgrignored at the early stage of studying on the intenaatio
TEC and magnetic field in solidification. This is beaadgrces in solid are always hard to
detect comparing to the flows in melt. Besides, TEM flows ba apparentven if the
imposed magnetic field is moderate or weak but the influerfcEEM forces in solid can be
aware only when the magnetic field is relatively hig40]. Moreover, blocked by the

limitation of high magnetic field generating techniqueeagshes on influence of TEM forces
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in solid during solidification are rare before recgttl]. Thanks to the fast development of
superconducting materials, utilization of high, even bigl, magnetic fieldn solidification

or industrial metallurgy is realizable nowaddg42]. Because TEM forces in solid can be
very strong under high magnetic field their influences shdad paid attention tad the
solidification is conducted under a high magnetic fieldlekd, performing solidification
under high magnetic field is a rising research topic becewasy unexprected and meaningful
phenomena have been uncovered in the past decade. Even, tiheugppecialized studies on
the influence of TEM forces in solid during solidificatiprocess appear till very recently.

directio

Color scale

Figure 1.19 (a) Cell branching wheé-0.85wt%Cu alloy solidified at Bn/s under
different magnetic fields; (b) lllustration of torquaused by TEM forcesn the top
and the bottom of cell or dendrite; (c) Microstructurel &88BSD map of Al-
4.5wt%Cu alloy solidified at jom/s without and with 10T magnetic field; (d) Loc
crystal misorientation map of samples solidified withand with a 10T magneti
field (white dotted line refers the liquid-solid interfa¢eapge).
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It was 2007 when Li, Fautrelle and Ren tried to validate @eadysis on TEM flows
[232] they found that cells were broken and liquid-solid istegfbecame uneven under a 10T
magnetic field. Further calculation suggested that TEMWdl should be mostly suppressed
under such high field. This makes they realize thatbifeaking of cells and the uneven
interface might be caused by TEM forces in sdlidey continuously investigated these novel
phenomena and uncovered two important effects that TEMe$ in solid can cae
Columnar to Equiaxed Transition (CET) and liquid-solid ifsteg instability[243, 244]
Regarding on the breaking of cells or dendyitesy studied the morphological instability of
cells and dendrites during directional solidification unddrigh magnetic field245]. They
found that cells or dendrites twisted and deflected froensthiidification direction at lower
growth rates and side-branching and tip-splitting of c@lfgeared at moderate growth rates as
shown in figure 1.19 (a)They thought that TEM forces changed the surface chémica
potential of solid and shifted the surface tension otiallor dendrit tips. After thaf with
the aids of numerical simulations done by Gagnoud, Li.etamfirmed the existence of a
torque in a cell or dendrite as illustratedfigure 1.19 (b). Moreover they pointed out the
posibility of TEM forces causing CEiR directional solidification. In order to proveishthey
directionally solidified various alloys, such as Al-Cu,-®tfy, superalloys, Zn-Cu, Al-Si, and
Al-Ni, without and with high magnetic fieldR46]. Electron back-scattered diffraction
(EBSD) examination of the microstructure obtained fromséhexperiemnts revealed that
CET did occur under a sufficient high magnetic field asnsho figure 1.19 (c). Upon the
uneven interface, with the help of Yudong Zhang and Claudagidli et.al examined the
local misorientation map of samples and found that th&alrmismatch of sample solidified
under 10T magnetic field was more severe than that withoghehia field (figure 1.19 (d))
[240]. This demonstrated that TEM forces did exist in thédsewhen magnetic field was
present. Moreover, concerning the changing of interfaepeskand the splitting of planar
interface, it $ reasonable to argue that TEM forces in solid may caesmtirface instability.

This argument was validated in Zn-Cu alloy by their follagvpape247].

1.3 Purposes and organization of present thesis

It should be clear from the above introductions thattlatagnetic fields have been
widely used in metallurgical processesan efficient flow field or microstructure controlling
method Therefore, investigation of ultilization of the magaoefield to optimize the solid
structure of metallic materials will catch more and matéentions. Concerning TEC
inherently exists in solidification process, TEM foreasl TEM flows must appear once the

external magnetic field is presenbo that, how they affect the solidification and the
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relationship between them and the magnetic field areedksi know. Although many studies
on TEM forces and TEM flows in solidification have besmade thg are fragmentary.
Therefore, it is the time to have a systematic ingastn from the medmsm of how TEM
forces and flows appear to their irglees in solidification of metallic alloysThis motivaes
us to do the works in the present thesis that condisig ohapters.

In chapter 1, introduction of two important crossoverat tmaking the TEME in
solidification aware is given. Story begins with the aypace of magnetohydrodynamics
(MHD) theory becasue its applications in metallurgy pesntihe first crossover between
magnetic field and solidification. Besides, this cressogives the birrio a rising research
field namend electromagnetic processing of materiaPBME Works on this crossover are
generally introduced as welfter that, we begin another trip to see the second @egss
between TEME and solidification. BecauBEME is resulted from the interaction of TEC and
magnetic feld, the introduction of how TEC meets magnetic field igeg in advanced.
TEME should exist and affect in the metallurgy process was gubiotit by Prof. Shercilff
More indications of TEM flows in solidification prosg have been reported because appying
magnetic field during solidification has become populartainly, these pioneer attempts on
studying the TEME in crystal growth and solidification odtadlic alloys are also reviewed.

In chapter 2, thermoelectric (TE) effect is introdudestlf, and then their corresponding
phenomena in the solidification process are illusttat@dmparsion of the influence of
different TE effects on solidification is taken asidows that TEC in accordante Seebeck
effect should be paid more attentions. Further, how TBMek and TEM flows happen is
phenomenologicét described. Moreover, numerical simulations of TEC aBME at the
liquid-solid interface during solidification are takeneafdeducing the formulasf them to
give a more intuitional view

In chapter 3, TEME is confiimed by in-situ and real time observation during
directionaly solidifying the Al-Cu alloys. TEM forces are confirmed by comparing the
analytical calculating velocities of TEM forces drivingwvement of particles to the velocities
of the movement of crystals observed in directionétigication of Al-4wt%Cu alloys under
a transverse magnetic fielth the other side, because TEM flows being capable to trenspo
the rejected solutes are demonstrated by simulationtharghape of liquid-solid interface is
sensitive to the solute concentration of melt ahead, TlBWs are confirmed via observing
the shape evolution of panar liquid-solid interface.

In chapter 4, influence of TEM flows are examined with larg@mples. Directional
solidification of Al-Cu alloys under different axial anchmsverse magnetic fields taken.
Preliminary evaluation of the velocities of TEM flowseamade before performing the
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experiments. Results show that TEM flows are capablédange the liquid-solid interface
shape whatever the morphology is. Numerical simulatidn&M flows with the same
conditions used by experiments are taken and show reasoagldement with the
experimental results. The velocity evalutipti®e experiments, and the simulations of TEM
flows are consistent, and particularghange tendency of the velocities of TEM flows with
increasing magnetic fields that achieved from thaseet methods perfectly consistent.

In chapter 5, whether TEME can influence the solidiitcaiof near-eutectic alloys or
not is examined. Hypoeutectidl-26wt%Cu and hypereutectic Al-40wt%Cu alloys are
directionally solidified under different axial statiagnetic fields. It is found that TEM flows
exist and modified the mushy zone length dring solidificatf both hypo- and hypereutectic
alloys Becides, dramatic growth enhancement of facetesfCWAlphase is found in Al-
40wt%Cu alloys solidified under high magnetic field. This iecdsue the defect
multiplicationin faceted phase can be caused by TEM forces actiitg Dafects in solid are
benefit to the growth of faceted phase. Moreover, cougtedith structure is found in the
hypoeutecticAl-26wt%Cu alloy solidified under a 4T axial magnetic fieBecause in the
absence of high magnetic field the dendrite-plus-eutettiectureis prevailing under the
given conditions, such discovery may provide a novelhowtto extend the composition
range for hypoeutectiél-Cu alloys forming coupled growth structuiifferential thermal
analysis (DTA) test sugguests that high magnetic fieldgihgrthe solidification temperature
of the a-Al and the eutectic phases shoud respond to the fommatfiocoupled growth
structure in this case.

In chapter 6, conlusions and prospects are given.
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Chapter 2: Thermoelectric (TE) and thermoelectric nagnetic
effect (TEME) in solidification

2.1 Thermoelectric (TE) and thermoelectric magnetic effect (EME) in

directional solidification process

Considering thermal gradient at liquid-solid interfaced atie different physical
properties of solid and liquid phases, such as thermal ludrieal conductivities and
absolute thermoelectric powers (ATP), it can be known tbaditions at the liquid-solid
interface naturally meet all the demands for the occuerefcTE currents in accordanoe
the Seebeck effed48]. Therefore, TEME takes place once an external magfield is
imposed. In order to more precisely and separately caheggdrocess conditions, directional
solidification has been widely used in the investigatiohsolidification related problems
[249]. Moreover, because the information of liquid-solid ifaee can be esealy obtained by
such method this thesis uses directional solidificatostudy TEME in solidification as well.

2.1.1 TE effect

TE effect is an umbrella term used to describe the phenarthat direct conversion of
temperature difference to electric voltage and vice-verdach contains three separdte
effect that Seebeck, Peltier and Thomson eff2b0]. About 200 years ago, with lireil
knowledge on the law of transition between heat andr&edttook 34 years from the first
discovery of Seebeck effect related phenomenon to undbeeinner-relationship between
these three separated effeff51]. However, at the atomic scale these effects and their
relationship can be easily understood nowadays. Because daarges in material tending
to diffuse from the hot to the cold paglectromotive force would appear if thermal gradient
exists in a materigR52].
> Seebeck effect

Seebeck effect was firstly discovered by a German plysithomas Johan Seebeck, in
1821 [253]. He found that a circuit consisting of two dissimilar metalith junctions at
different temperatures would deflect a compass magnet.naieed such phenomenon
‘thermomagnetic effett A Danish physicist Hans Christian @rsted reconsiderebedfs
discovery and found that electromotive force existmdwo dissimilar materials. Therefore,
he rectified théthermomagnetic effetto ‘thermoelectricity effect[254]. It can image that if
the dissimilar materials are conducting electric cusrar@n appear in the circuit, and this
should be the real reason for the deflecting of thepass observed by Seebeck. In order to

memorize the first discovetSeebeck effeCtwas used to represent this heat to electric
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transition phenomenofrigure 2.1 graphically illustrates the story from Seebeekperiment
to the measurement of thermoelectromotive force imcait and then the schematic of how

TE currents flow in a circuit consisting of two dissimifaetals.

Dissimilar gg( ) !
metals 1 g
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Figure 2 1 (a) Instrument used by Seebeck when he diswbtlee deflection of
compass needle; (b) lllustration ghermoelectricityeffect’, V represents voltage
(c) TE currents flow in a circuit consisting of twasimilar metalsS, andS stands
for ATP of metal A and B respectively, wh&>S,, TE currents flow from metah
to B at the hot junction.

> Peltier effect

Peltier effect refers to the phenomenon that heatirggaling happens at the junction of
two dissimilar metals when there are electric currentsifig throughlt was discovered by a
French physicist named Jean Charles Athanase Peltier in 1338]. 4 years later
relationship betweethe heating or cooling and the direction of electric cusrevds pointed
out by Lenz[256]. Because the magnitude of heating or cooling at junctignaportional to
the density of electrical currents flowing through, a propoality coefficient named Peltier
coefficient was definefR57]. Figure 2.2 (a) illustrates Peltier effect diagrammatically.
> Thomson effect

TE effect was full-fledged after the Thomson effect weedicted in 1854 and observed
in 1855 by a British mathematical physicist William Thomgtater Lord Kelvin) [258].
Thomson effect was uncovered when Thomson attempted to @stablrelationship of
Seebeck and Peltier coefficient via introducing thermodyos Finally, Thomson
relationships that describing the interdependency of tiieee separated phenomennon were
found[259]:

7=S-T (2.1)
_dz _
= e (2.2)

where,z (V/K) is Thomson coefficient, and (V) andS (V/K) is same as defined in figure 2.1
and figure 2.2. Based on this theory, Thomson believed ttiere must be a third
phenomenon existing in the homogenous conductor, which wadatee well-known

Thomson effect. This phenomenon reveals that heateabdnrbed or emitted when electric
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currents flow in a material with thermal gradiembhomson coefficient was defined to link
heat with both electric currents and thermal gradi€he illustration of Thomson effect is
shown in figure 2.2 (b).
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Figure 2.2 (a) lllustration of Peltier effeat, andzg represents the Peltier coefficiel
of metal A and B respectively; (b) lllustration of Theson effect, two conductor
have the same Thomson coefficient.

Apart from TE effect, there is another phenomenoateeto the conversion of heat and
electric, which is Joule Heatind British physicist and brewer James Prescott Joule studied
and proposed such phenomenon in 184060]. Joule pointed out that electric currents
flowing through a conductoran generate heat. However, Joule heating is not categdadzed
TE effect because it is not a thermodynamics relviergirocess. In the case of solidification
Joule heating is neglectable if there are no electnicents being imposed externally. This is
because the density of TE currergsveak in most solidification procesSorrespondingly

the electromigration of solutes caused by driycurrents can be neglected as well.

2.1.2 TE effect in directional solidification process

It must be found that the first step of TE effexthie appearance GiE currents, and this
requests the circuit consisting of two dissimilar conductous the temperature difference
existing between the junctions. It is so happen that liqaldt interfacein directional
solidification inherently meets the above requests. adigeliquid and solid phase of alloy
has different ATP and physical properties, so that they lmmegarded as two dissimilar
conductors. Bsides, solid and liquid phase must connect aith ether at interface during
the directional solidification proceeding. Moreover, rthal gradient exists at liquid-solid
interface naturally. TE currents can appear at the tycofiliquid-solid interface because the

applied thermal gradient and the interface must not begiriorthometric in reality.
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Take the typical morphologies of interfaces commonlytamled by directional
solidification of metallic alloys (Figure 2.3 (a) to (chow TE effect takes place is illustrated
Select a small but representative element from eawh d&f interfacesascircled by the red
rectangles, it can find that a simple geometry as diawigure 2.3 (d) can represent all the
typical morphologiesin these casebecause upward thermal gradient provides a temperature
difference between junctions and the different ATP @imgsical properties of solid and liquid
phases TE currents can appear and flow as indicated bgotted circle in figure 2.3 (d)
Once there are electric currents flowing through thetjons between solid and liquid Peltier
heating or cooling as indicated by the mdblue spot happensooking at the individual
solid or liquid phase, heat absorbing or emitting ocauexcordance with Thomson effect.

Thermoelectric-.,
current

Solid Peltl.er
R heating

lllustration of TE effect taking place at liquid-soliaterface,G is thermal gradient
andR is the growth velocityS = andr arethe same as defined in figure 2.1 and 2.
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2.1.3 TEME in directional solidification process
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Figure 2.4 Graphically illustration of TEMat the vicinity of liquid-solid interfee
(a) lllustration of TEM forces and its direction undedial upward magnetic field
(b) Top view of TEM flows in a horizontal plane; (duktration of TEM forces anc
its direction under transverse magnetic field; (d) Togwviof TEM flows in a
horizontal plane.

As a non-contact method of controlling flows in malbplying external magnetic fields
has become a popular approach in metalluigyfact, the fast development of magnet
manufacturing technique has permit to apply high magnetid (®lT) in some industrial
metallurgy process. Therefore, the influence of theracten of TE currents and applied
magnetic field should be paid more attentions because fldet einherenly exist in
solidification or crystal growth processes. We name thentaréorces cause by interaction
between TE currents and applied magnetic field TEM foircekis thesis. As introduction in
chapter 1, TEM forces have a number of influences idifoation of metallic alloys, such as
TEM forces in liquid can result in TEM flows and inlidahey may trigger the fragmentation
of dendritesor change the total chemical potentja6l]. Therefore, in order to intuitively
explain the interaction between TE currents and applieghete in solidificaton, typical
cases are graphically illustrated in figure 2.4. Similar tolthstration of TE effect at liquid-

solid interface, the structure drawn in figure 2.4 (a) apatda represent the planar, cellular
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or dendritic morphology. Under the processing conditgiwen in figure 2.4 (a), TEM forces
in liquid are swirling and result in TEM flows rotating arouhé solid front as indicated in
figure 2.4 (b) Replace the axial upward magnetic field by a transverseldekl forces in
liquid are pointing to the same direction as marked byrédearrows in figure 2.4 (c) and
drive the one-way TEM flows at the adjacent of solidhfras shown in figure 2.4 (d).

2.2 Thermoelectric currents (TEC) in directional solidification process

2.2.1 Neglect of Peltier and Thomson effects
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Figure 2.5 Comparison of interface instability considereditifiuence of TE effect
and electromigration with that considered only the MalSekerka model fo
different initial compositions in the bulk.

Although above descriptions show that all the three phen@mEMNE effect can exist at
liquid-solid interface during directional solidification, [Ber and Thomson effects are
neglectable in most casg62]. Without any externdy imposed electric field, Seebeck effect
is the sole source of electric currentderefore, the magnitudes of the influences of Peltier
and Thomson effects depended on the density of TEC. GlgnéBP of metals is about 10
VI/K, electrical conductivity is about 1(2m)™* and given the thermal gradient is*¥0m, the
density of the resulting TEC is about®1&/nT during directional solidification of metallic
alloys Consequently, the flux of Peltier heating or cooling arat peoduction in accordance
to Thomson effect is about W/n?. This is negligible because the solidification is as/
conducted under the temperature of several hundreds degrieylgdy for the metallic
alloys. Except this approximate estimation, Dr. Matoko TAM@had precisely investigated
the influence of TE effect on the interface instabi[i2$3]. He also found that Peltier and
Thomson effectsan be neglected as revealed by curves in figure 2.5. It easebn that,

compaed to the Mullins-Sekerka (MS) interface instability analysie interface instability
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was almost not affected by Peltier and Thomson effectstie Ge-Ga alloys with
composition less than 10wt%Ga. Even for the high compostliloys, the influence of these
two effectson the interface instability was less than 2%. Take bothlyaas above into
account we consider only TEC in the flowing studies onitifieence of TEM effect in
solidification. And more, TEC should not be neglectedmimagnetic field is present can be
proved by a simple estimation that the TEM forces calisethtereaction between a 10T
magnetic field and the TEC estimiated just now is abo&itNEAT. It is obvious that a 10

N/n? cannot be neglected no matter it acts in liquid odsoli

2.2.2 Formulation of TEC

Consider both the thermoelectric potential caused by tetye difference and the
electromotive force induced by conducting substance motimogigh the magnetic field lines
Ohm's law should be modified §$96]:

i=c (E+uxB-SVT) (2.3)
in which ¢ is electrical conductivityE denotes electrical fieldy is velocity of moving

substance in a magnetic fidk] VT stands for temperature difference @i$ ATP. Assume

the applied thermal gradient is upward, the temperaturerelif€e can be written as:
VT=Gi, (2.4)
here, G is constant thermal gradient aﬁd is unit vector along-axis. An effective scalar

potential Wi=V;+ST should be defined before we formulate TEC in both liquid swlid, in
which the subscript stands for the state of concerning subjescméans solid antl means

liquid). Further, itcanset the thermoelectric potential as:
UM)=/SdT (2.5)

that integrateddr the datum temperature. Beca®is assumed as constant, then it has:
U=3T (2.6)

Considering TEC (Negleakﬁ) only and using the effective scalar potentiM=Vi+ST,

expression 2.3 becomes:

i ==o VY +U) =—a Wy (2.7)

This togethers with the continuity of currents:

Ve =0 (2.8)

then it has:
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VAW =0 (2.9)

and, accordinglyWV is harmonic.
Considering boundary condition, continuity of normaimpmnent of TEC must be
satisfied at liquid-solid interface that can be expreésse

oV, oV,

where, G stands for the normal component of the thermal gradMoreover, the scalar
potentialV, should equal t&s at interface in the meantime.

In practice, AP of materialss difficult to directly measure, but the ATP differenuiea
pair of dissimilar materials is easier to obtafor the sake of showing how to use ATP
difference, thermoelectric potential in a bimetallicrthecouple is calculated. As shown in
figure 2.1 (c), TEC flows in the circuiaabe described:

é’hot— cold — §§ ~dr (2.11)

which integrated through that circuit and along the TB@ifig direction, it gets:

Thot Thot Thol Thot
Srorcon= | SVTedr— [ SVTe de= [ (§- 9 dF [ A § « (2.12)
Teold Teold Teold Tcold

Becauseis constant, then it has:
é/hot—cold = ASBAT (2-13)
Considering the continuity of currents gives:
Vzé’hot—cold =0 (214)
It can be seen that, for a given system, ATP diffexefdwo dissimilar materials can be
achieved by measuring the voltage in their circuit withoastant temperature difference
Correspongdingly, given the ATP difference is wmp the corresponding thermoelectric

potential @anbe calculated as well. It is just the later relationg@pmitting us to quantitively

investigate TE and TEM effect in magnetic field assigtalidification process.

2.2.3 Simulation of TEC at liquid-solid interface

In order to show TEC in directional solidification prog@sore intuitively, such currents
at the vicinity of liquid-solid interface were simulated the commercial code COMSOL
Multiphysics (version 4.2.0.228). This code solves physics-bagstems of partial or
ordinary differential equations via using the finite elammethod for spatial discretization
[264]. COMSOLcanconvenierty perform the multiphysics simulations through selectirg
predefined physics/engineering modules or specifying a sefieaser-specific partial

differential equation§265]. Here, we select the predefined stationary electric c@wrendule
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to perform the 2D axisymmetric simulations of TEC at a aiplanar liquid-solid interface
Such interface shape is typical and widely obtainedetbies it is only drawn but not from
computation. The drawing in 2Dz work plane and the 3D topography achieved by revolving
the 2D work plane around tleaxis were shown in figure 2.6 (a) and (b) respectively. This
geometry corresponds to a cylinder sample of 5mm in haighBmm in diameter, which are
the same diamensions of samples used in the followmgexperiments.

@ | (b) ——
" R=1.5mm:.
4 o ﬁ@ |
.| Symmetric i | Liquid
axis al |
3 = g Interface
R @ - W TINATR
Z \ | ‘ \ //’)
[ | = e
Solid Interface | Sahd
E =0 i = a '

-2 -1.5 < & 0.5 0 0.5 1 1.5 2 25 3

Figure 2.6 Geometry used in simulation of TEC at liquiddsioterface. (a) Drawing
of the configuration in the 2Dz work plane; (b) 3D topograplof geometry.

Continuity of currents as described by expression 2a®pdied in both solid and liquid
and acts as the basic equation to describe the TECd Ras¢he finite element method,

projecting expression 2.8 in the basis of functiensn domair2 has
H Ve idQ=0 (2.15)
o
because
Ve(aj)=Va,ej+aVe] (2.16)
expression 2.15 becomes:
.m.aﬁOTdQ=IIJ.§0(04T)dQ—IfJ.§04 ¢ jdQ=0 (2.17)
o o o
and then, follow the theorem of divergence:
[[J e ends- [[[Vey o ja2=0 (2.18)
T o

where T is the boundary of domain. The first term at leftexfpression 2.18 represents
boundary condition, which is zero for the isulating wadls,that the second term should be

zero as well. Moreover, considigthat expressed by 2if7gets:
[[[Ve o (oW oSV T) d2=0 (2.19)
Q
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This is the programing equation used in the simulation dZ.TEompare to equations 2.20

that governing the electric current module in COMSOL, TiEGet as an external current

densityJe and wrriten in the same form of expression 2.7 in boindi and solid. Q is set as

zero to ensure the continuity of currents.

Figure 2.7 Mesh and boundary conditions used in simulafirfE® at liquid-solid

interface with a 2D axisymmetric electric current mied

The ‘extremely finé triangular mesh as shown in figure 2.7 was usesimulation and

created automatically under the control of physical phemamElectric insulatg conditions

are applied for the walls indicated by the green linefigiure 2.7. As the parameters list in

table 2.1, simulations were performed for the4wt%Cu alloy system because it is used in

experiments as well, and a constant thermal gradient of 8608Kused. As shown in figure

2.8 (a), the computed thermoelectric potential increasatugily from the soliqcold) to the

liquid (hot). Contours of bothr andz components TEC densities are given in 2D plase

shown in figure 2.8 (b) and (c) respectivelshich shows that the desity of both componets of

TEC increase from the cold to the hot region as virgdjure 2.9 (a) shows the streamlines of

norm TEC, and red arrows in figure 2.9 (b) indicates theiving directions. It can be seen

that TEC circuit forms around the liquid-soid interfaEarther, the magnitudes of red arrows

obtained in accordande norm TEC density show that TEC is big at the regiom neahe



symmetry axis and gradually decreasé¢he regions that departing from the center. This can
be more clearly seen in figure 2.9 (c) that the magnifgdée of region near interface.

Table 2.1 Relevant physical properties of Al-4wt%Cu alloys @sesimulation of TEC

Symbol  Unit Solid Liquid
S VIK  -1.5x10° -2.25x10°
o Q@myt  7.9x1d 4.0x10

Agenaxmg A 91157

x10 (b) 5

|

(©)

Liquid Liquid

-20

- \

Solid

¥ -5.646x10° ¥ -1.193x10*

Solid

1367x10°

Figure 2.8 (a) Computed thermoelectric potential (V) remteseby colored surfact
(thermal gradient(, of 6000K/m); (b) Desitiy of the component of computed TE!
density (A/nf); (b) Desitiy of ther component of computed TEC density (A/m
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Figure 2.9 (a) Streamlines of norm TEC density;Nbrm TECs flowing direction
(c) Magnified view of the region near liquid-solid interface
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Figure 2.10 Curves of currents densitiesz@f) andr (b) component of compute
TEC varying with distance in direction along the line at the middle height of curv
interface under different thermal gradients.

Based on equations 2.7 and 2.19, it can be concluded thataireciii magnitude of

TEC dependent on the thermal gradient only if other cromditare fixed. In order to reveal

this dependence, simulations of TEC at liquid-solid fatar are performed under various

thermal gradients. Current densitiy of batandr components of TEC were detected along

the green linesindicated in figure 2.9 (c) are taken and plotted vensesiistance from the

center to the crucible wall for each thermal gradientsi®wn in figure 2.10, the magnitudes

of TEC increase with the absolute values of thermadlignts increasing, and their direction

reverses once the thermal gradient is imposed in aostppdirection. Moreover, in order to

give a more clearly view of the dependence of directiohEC on the direction of imposed

thermal gradient, figure 2.11 gives the thermoelectricntialeand corresponding norirfEC
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generated by the thermal gradient of 3000 K/m and -3000 K/nectegply. It is obvious that
direction of both thermoelectric potential and TE@erse once the thermal gradient changes
from positive to negativeln additions one thing should be noticed that bathand z
components of TEC rapidly decrease to zero at just the Jgplid interface. This satisfies
the currents continuity boundary conditions at intexfand agrees with the physical reality
therefore, which can prove the validity of simulations@ened above to a certain extent.
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Figure 2.11 Thermoelectric potential and corresponding ndMeC densities
generated by the thermal gradient of 3000K/m and -3000K/m.

Because liquid and solid has different thermal conducsivii@ferent thermal gradients

0
¥ -4.8357x107

in liquid and solid should be achived if the imposed termperaitfexence is constant. This
is the common case in most directional solidificationcpss[266]. For this reason, the
thermal transfer module is coupled in the following sirmiakes of TEC. Set the top wall as
983.15K and the bottom wall as 953.15K, which gives a 6000K/m therndiegtdor the
thermal conductivity uniform medium. Simulations coniiag both electric current and heat
transfer modules are performed with the same geomiedryrsin figure 2.61n order to get a

reference, simulation of temperature fields in theral conducitivity uniform medium is
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perform in advance. Compare the one in thermal condugitinuniform media or saying
the real case that setting different thermal condumsvito liquid and solid (95 W/mK for
liquid and 150 W/mK for solid)as shown in figure 2.12 (aho apparently influence from
coupling heat transfer module is detected if the tempexatifference is constant. However,
when look at the magnified region near interface, chasfgboth temperature field and
thermal gradients are detectable as shown in figure 2)1Z{ls means that temperature field
is not modified a lot by coupling heat transfer module asing the real materials parameters.
However, because TEC at the liquid-solid interface isdylarelated to the temperature field,
how such modified temperature field affects the distrdsutind magnitude of TEC should be
determined. Therefore, magnitude of TEC densities computbdw and with coupling heat
transfer module were measured and shown in figure 2.13. £imvegure 2.13 (a) are
component densities of computed TEC plotted along the mbakztine as indicated in figure
2.9 (9, and figure 2.13 (b) shows the curvelsr component dendities of computed TEC
plotted along the vertical line as indicated in figure Z&l)2

EE 982.85 |
SameIthermal 40315 | Real thermal |i 38163 !
conductivity | [ conductivity |} 960145 |

980 T~ Liquid

Liquid

975

Liquid

Solid

CONOBOONDBEOONOBEOON®
vt tote v B tete iy te et iy il

970 [~

i A Same thermal conductivit [ 5¢%2 |

Liquid 91.85 |
960

. 958,85 |
Solid 938.25 |

955

[ 6000K/m | 5 5% |

¥ 953.15 A Real thermal conductivity

_______________________________________________________________________________________________________________________

Figure 2.12 (a) Temperature fields obtained by simulating thiéhconstant and th
real thermal conductivities for solid and liquid; (b) Contoaf temperaturek() and
arrows of thermal gradienK(m) obtained by simulating with the same and the t
thermal conductivities for solid and liquid.

It can findatiny deviation as emphasized by the green circle in bgtine 2.13 (a) and
(b). Comparethe deviationsto the changes of temperature field and thermal gradieat n
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interface, it can conclude that coupling heat transfer uloénd using real materials
properties in simulation of TEC at liquid-solid interdalcave a neglectable influence. Indeed,
the change tendency of TEC with the given temperatufereiifce has not altered at all. This
suggests that when performing only the qualitative analysis GffhE heat transfer may not
be necessary to take in consideration, on the contfamake the quantitative investigation
the influenc of heat transfer should be paid more attesitoo Moreover, in addition to reveal
the deviation of TEC at the vicinity of liquid-solid inface, figure 2.13 (b) provides another
evidence for the validity of present simulations. It tnogve been found that TEC rapidly
decreases in the region far from the interface boliquid and solid. This just satisfies the far
field conditions that no currents out of domains and agwats the physical reality that
Seebeck effect weakens quickly in the thermophysical propaifyrm mediun{267].
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Figure 2.13 Computed TEC with the same and the real thermdlctvities for
liquid and solid. (a) Computed component densities of TEC plotted along
horizontal line as indicated in figure 2.9 (dpb) Computed component densities ¢
TEC plotted along the vertical line as indicated in figure 2&)2 (
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2.3 Thermoelectric magnetic effect (TEME) in directional solidificaton
process
As explained in chapter 2.1, once the external magnete i presentt must interact
with the internal TEC to casue TEME in the directiosalidification processHere, a
preliminarily view of TEM forces and TEM flows will be unfolded bymerical simulations.
Before simulations, TEME is formulated in the comtek solidification, and the simulation
method is verified after #t

2.3.1 Formulation of TEME

Interacting between electric current and magnetid frekults ina body force named
Lorentz or Laplace force, similarly, the major preenef TEME is a kind of Lorentz force
that resulted from the interacting btween the intefifiaC and the imposed magnetic field
According to the rule of electric current continuilEC at liquid-solid interface should flow
cross both solid and liquid, consequently, TEM forcestariboth of them as well. Similarly
to Lorentz force, TEM forces can be expressed by tlssickl formulation as well:

F=] xB (2.21)
that togethers with discussions in section 2.2.2, TEMefmcting on solid and liquid are

expressed respectively as:
F-oSTTB @.22)

E|=—0'| S%TxﬁB (2.23)
According to the definition of fluid, existence of TEM des in liquid can drive flows

that the TEM flows. Insert an external volume forcentéo Navier-Stokes (N-S) equation

TEM flows can be described as:

%+ P(lieV)U=—V pt p gt 4V i+ ik B (2.24)

It should be noticed thatx B must be taken into account when calculate the edemirients
|, because TEM flows must induce electromotive force timeg appear in melt. Conseqgently,

it has:
]x§=ﬁ+(ax§)xé (2.25)
with assumption that metl are incompressible Newton fldiek conservation of mass

becomes:

Veu=0 (2.26)
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Two approaches can be used to get the flow field of TEM fipaverned by expressions
2.24 to 2.26. One is directly solving the equations with s¢vesssumptions and
approximations, and the other is numerical simulatiomeHeve employ the latter one to
display TEM forces and TEM flows in directional sdfiication process.

2.3.2 Verification of the simulation method

Before taking simulations of TEM effect, the using metistould be verified. In order
to do this, a simple case is considered. Assume amit@fong cylinder immersed in its
corresponding melts and a vertical constant thermaligmna exists in such system, TEM
forces acting on the cylinder are both analytically cakad and numerically simulated.
Comparing the consistency of TEM forces separately aetlidy these two methods can
provide the opinion on whether the simulation methodaiglvor not. The case of infinite-
long cylinder immersed in its metls can be treated jasra 2D problem. Figure 2.14 shows
the dimensions and geometry used by both analytical catouktd numerical simulation.

0:.5mm

wuws o

z

Figure 2.14 Dimensions and geometry used by both analyticallaabn and
numerical simulation and the coordinat§. andS;. are the ATP of liquid and solic
respectivelys andosc respectively presents electric conductivity of liquid aatid.

Solve both expressions 2.7 and 2.22 in this case TEC factieg on the cylinder can be

expressed as:

F.=-0.B,(VV xi +S Gi) (2.27)
with

B=Bi, (2.28)
and

VT =Gi, (2.29)
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where,By andG are constant and applied magnetic field flux intensitgl thermal gradient

respectively,i, andi, are unit vectors alongaxis andy-axis respectivelyVV,. is the scalar

potential in solid cylinderSc andos: respectively presents ATP and electrical conductivity of
the solid cylinder. Project expression 2.27 in three unittovec the corresponding

components of TEM forces in the Cartesian fraele achieved:
F, =0 (2.30)

oy Fscz

and

F :_O-scacha)(Ssc_ Sc) (231)

SCX
Glc + O-sc

where,Fscx Fscy andFsc;respectively stands for TEM forces y andz component acting on
the solid cylinder,S; is ATP of cylinders corresponding melts, angk is its electrical
conductivity, which are the same sa illustrated in figure .Z-idther, becasuse TEM forces

are constant within the cylinder, the total forcecabmponent is:

Ez_o-sco-chaJ(Ssc_ Sc) vol (232)
O + 0

vol is the cylindets volume.

It should be found that two aspects can be examined taialide simulation metid in
accordance to the analytical soluti@ne is dependence of the direction of TEM foroes
component on the given conditions, such as the thegradlents or imposed magnetic fields
The other is the exactly magnitude of TEM forces aabinghe cylinder. In another aspect,
considering the assumption that material propertiesiaiggie in each medium, examining
whether or not TEC and TEM forces distribute uniformly withie solid an judge the
valid of simulationgo a certain extent.

Because TEC is the only source of electric currentgjlation of TEC should be taken
before TEM forces. TEC is simulated without coupling that heansfer module in this pure
2D case, because the analytical calculation did not ta&ettrensfer into account as well
Figure 2.15 shows the computed TEC generated by a cotistamtal gradient of 3000K/m.
The gradually increasing thermoelectric potential with dimgorising temperaturgFigure
2.15 (a) agrees with the previous simuations of TEC at curved liquid-sderface. Free of
arrows in the region far from the cylinder as shownigare 2.15 (b) suggests that TEC is
nearly zero there, which satisfies the far field caodg¢ and can validate this simulation
methodto a certain extent. Figure 2.16 is the view of magnifiggome near the solid cylinder
in which, (a) shows the streamlines of norm TEC, andh(bfates the direction of norm TEC

by red arrowsParallely arranged streamlines and arrows within the solid cylindictehe
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uniformity distribution of TEC, which agrees with the asgtion that thermophysical
properties with each medium are unique. Further, simakid TEC were performed under
several thermal gradiente order to confirm thie uniformity wthin the soid. Figure 2.17
shows thecurvesy component densities of computéHC plotted along the horizontal line as
indicated by the white arrow in figure 2.15 (a) under diffettiermal gradients. The flat
segments of each curve represent TEC within the solid cyli@ambine the results shown
in figure 2.16 (a) and (b), it can confidently say that Tt#&hin the solid distributes
uniformly. This uniform distribution can verify the validitgf this simulation method in

another aspect.
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Figure 2.15 Computed TEC (a) Thermoelectric potential geegrby a constan
thermal gradient of 3000K/m and (b) its corresponding TEWifg direction
indicated by red arrows.
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Figure 2.17 Profiles of component densities of computed TEC along the horizc
line indicated in figure 2.15 (a) for different thermal geads.

When TEC has been knowsimulation of TEM forces acting on the cylinder can be
done Because TEM forces act as the external volume foimcethe NS equation that
governing TEM flows such forces can be obtained via solving the TEM flows field.

Moreover, because there is no physical module in COMS@abée to computgxB only,

TEM forces acting on cylinder are achieved by solving esgwas2.24 in both liquid and
solid. By setting an ultrahigh viscosity to solid ® Ha-s for instance (the viscosity of melts is
about 10 Pa<s), the computed flow field in solid is almost zero, and tHati&m of flow field

in liquid (melts) is not affected. Therefore, simulatof TEM flows field in both liquid and
solid are performed for this pure 2D case by combining the EOMpredefined electric
current and fluid flow modules. The direct linear soligeused to solve the modified 8-
equation. Figure 2.18 shows the computed TEM forces causddE®yinteracting with a
0.08T magnetic field imposed indirection, in which, red arrows have the same direction
with TEM forces and their sizes suggest the magnitude ofl Td&tces. According to the
coordinate defined in figure 2.1gositive thermal gradient and TEM forces mean theyrare
the same direction of positiye andx- axis respectively. Because we use the same coordinate
in both calculation and simulation, the comparisbtheir results can be taken directly. It can
be found from the analytical calculation that thensid Fscx should be opposite to that of the
thermal gradient undea fixed magnetic field and vice versa. Highlighted by the big blue
arrow at cylinders centre, the same relationshipt between the direction compnent of
computed TEM forces in solid and thermal gradisnbbtained from the computed results.

This perfectconsistency verifies the validity of the using simulatimethod in one aspect.
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Figure 2.18 Arrows of computed TEM forces resulted by diffetieatmal gradients
and a 0.08T magnetic field imposed andirection. (a) G=3000K/m; (b) G=-
3000K/m; (c)G=6000K/m; (d)G=-6000K/m.

In another aspect, the exact magnitude of TEM forceairddd from both analytical
calculation and numerical simulation should be compaked.this reason, simulations of
TEM flows in both liquid and solid are performed under salvénermal gradients and
magnetic fields. Further, the magnitudes xoftomponent of computed TEM forces are
profiled along the vertical line as indicated in figure 2.1%. (Bigure 2.19 shows the
corresponding curves. It can be seen that flat segmesdich curve confirms the uniform
distribution of TEM forces. As discussed previously, tligrees with the unique
thermophysical property assumption and is able to vdndysimulation method to a certain
extent. Moreoverit can also find that inverse correspondence between thaiairef TEM
forces and he thermal gradients is revealed, and the magnitude of T&Wes in solid
increagswith the increasing of magnetic field and the absoluteevaf tha applied thermal

gradient. All these features can be found from the analy$blution, and these consistencies
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validate the simulation method. Even though, let us ma&kedmparison of exact magnitude
of TEM forces obtained from both analytical calcidatand numerical simulation anyhow.
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Figure 2.19 Curves oy component desities of compitelEC plottd along the
vertical line indicated in figure 2.15 for different therngmhdients (a) with sam
magnetic field of 0.08T and different magnetic fields\lith fixed thermal gradient
of 3000K/m

Because magnitude of computed TEM forces acting on salieeisne corresponding to
flat segment of each curve in figure 2.fi%re are several resultarde used to compare with
the analytical solutions. In another aspect, the acalytalculation can provide a continuous
curve ofFscx as the function of thermal gradient or magnetitdfi@herefore, as shown in
figure 2.20, the comparison of exact magnitudes of TEM $ocem be made by insertitige
points standing for computed results the continuous curve achieved by analytical

calculation. Finally, it can conclude that computed ltesperfectly agree the analytical
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calculations, which then definitely verifies the validay the simulation method used here
This enables us confidently to employ such method to uncheerTEM effect in the

following section.
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Figure 2.20 Comparison of the exaotomponent magnitudes of TEM forces acti
on the cylinder obtained by analytical calculation and enigal simulatbn. (a) TEM
forces plotted under various thermal gradients with 0.0&gnetic field; (b) TEM
forces plotted under different magnetic fields with ¢ans thermal gradient o
3000K/m.

2.3.3 Simulation of TEM effect in directional solidification process

Use the same method that has been verified in chapter, 2:812couple the fluid flow
and electric current modules predefined in COMSOL, sinariatare perfored to uncover
TEM effect in directional solidification process. Siarilto the one used in chapter 2.2.3, 2D

axisymmetric geometry is used as well. Moreover, in ota@nvestigate the influence of heat
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transfer on TEM effe¢toth results of simulations without and with couplihg heat transfer
module are examine€onsequently, simulations of TEM effect in this secsbould involve

three physical phenomena that electric current, flaia fand heat transfer. Consider so, the

related material properties of Al-4wt%Cu alloy are givetalvle 2.2.

Table 2.2 Materials properties of simulation systenTieM effect

Symbol  Unit Solid Liquid
S VIK  -1.5x10° -2.25x10°
o Qm)*  7.9x1d 4.0x10
U Pas  2.0x10 2.9x10°
K W/mK 150 95
C JKgK  0.9x10 1.08x1G
p Kg/m®>  2.7x10 2.4x10
BT (] 9
$13:0
0 9
(c)
SERCpreIo
P i
SREBKES
K
S8R
S
<K
S . d rz TG """"""
5 :
l's
¢ ! |

....................................

Figure 2.21 (a) Mesh and non-slipping and insulating camdit{Green lines) use
in simulation of TEM effect in solidification proceg®) Magnified region indicatec
by the red box in (a); (c) Magnified region indicatedtbg red box in (b) showinc
the boundary layers along interface; (d) Coordinate usé¢dese 2D axisymmetric

simulatiors.
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Geometry, its dimensions and meshre the same as used in chapter 2.2.3. Butesesh
in liquid should be refined because flow flied involved in thiseca he refinement of mesh
is realized by applying fluid flow phenomena controlling meshignid. Mestes of the
whole domain after refinemeig shown in figure 2.21 (a). It should be noticed that hosv th
mestles in liquid like is hard to tell from figure 2.21 (a) becaukey are extremely fine
Therefore, figure 2.21 (b) gives a magnified view of mestess the liquid-solid interface.
Moreover, as shown in figure 2.21 (c), two boundary lagdyag interface are added at the
liquid side becaus¢he complex flow field always appears very close to ingfaNor+
slipping conditions are applied to the walls indicated by gliees in figure 2.21 (a) for fluid
flow module and insulating conditions are also sahése walls for electric current module
Based on the coordinate defined in figure 2.21 (d), COMSOL penpmiit ionly r and z
component external volume forces in 2D axisymmetric cabés limits the direction of
applied magnetic field that must begrdirection, which is because onpydirection magnetic
field can produce the andz component TEM forcewith a z direction thermal gradient
Fortunately although the constaut direction magnetic field is not realistic, such sejtdoes
not affect the purpose of showing TEM effectirectional solidification process at all.

It has been clearly that TEC is one of the premises TIEM effect. Therefore,

simulations of TEM effect in solidification should begwith TEC as well. Moreover
considering that TEM flows in melt can induce an elenttive force described hyx B,
how this influences the finally TEC is shown in advancadd the ux B term to the
expression governing the electric currents, simulatioh&®C with considering the influence
of induced electromotive force can be achieved by compitiitlg effect but not TEC only.

Apparently changes of TEC in liquid region can be obsewa comparing the TEC without

and with the influence of TEM flows inducing electromotigeck as shown in figure 2.22.
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Figure 2.22 Thermoelectric potential obtained without (&) w&ith (b) coupling the
fluid flow module, streamlines and arrows of norm TECaot&d without (c) and
with coupling the fluid flow module (d). Constant thermaldjeat G of 6000K/m is
used for both cases. A 0.8T magnetic fiBlds imposed irnp direction. Unit of the
legend is V.
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Figure 2.3 (a)r component and (k) component of Computed TEM forces achiev
undera constant temperature gradigatof 6000K/m and a 0.08T magnetic fiekd
Unit of the legend is N/fh
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Figure 2.25 Curves af (a) andr (b) components velocities obtained under differ:
magnetic fields and respectively plotted along the zbotal and vertical lines
indicated by the green arrows in figure 2.24 (b).

Step to TEMETEM forces should be shown in advance. Botindz componets of
TEM forces achieved under a constant thermal gradie®0D00K/m and a 0.08T imposed
magnetic field are displayed in figure 2.23. It can bensihat whatever the component is
TEM forces exist near the liquid-solid interface onlpisTagrees witlthe distribution of TEC
that regions departing from the interface in both liquid solid are free of currents. Based on
the coordinate defined in figure 2.21 (d) and magnitudes of TEked$orepresented by
colored surface in figure 2.23, the general directionaridz components of computed TEM
forces are pointed out by gray dotted arrows in figure 22par{d (b) respectively. It can find
that ther component of TEM forcesre outward from center in liquid and inward from

periphery in solid, and thecomponent of TEM forces are downward at center and upward a
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periphery in both liquid and solidn bther wordsin solid, a torque along the interface can be
produced by the componenbf TEM forces. Image the dimensions of geometry usekese
simulations are small enough to represent a tip of celtendrites, the torque in solid may
break their arms when TEM forces become sufficient ligreover, in liquid, indicate the
component of TEM forces by the dotted red arrows on theefighowing the component of
TEM forces asshown in figure 2.23 (a), #éanbe known that a vertical vortexanbe driven
by such TEM forces in liquid

In order to prove the discussion about vertical vorteliquid above, TEM flows under
various magnetic fields arsimulated and shown in figure 2.24. Meanwhile, in order to
illustrate the flow field more precisely, magnitudesz@ndr components velocities of TEM
flows are measured and plotted respectively along a horizortaleatical line as indicated in
figure 2.24 (b). Figure 2.25 shows corresponding curves. Just like predication based on the
TEM forces in liquid shown in figure 2.23 (&9 vertical vortex appear as demonstrated in
figure 2.24 (a) and (b). This suggests that, with a congtaral gradient of 6000K/m, even
such week magnetic field (0.08T) is able to drive detectatlesflIt can also find that TEM
flows slow down rapidly in the region far from the liquediid interface because the arrows
and streamlines of their norm velocities are.rahes rapid veleity decreasing can be proved
by the blue curves shown in figure 2.25 (b) as well. Angbhenomenon should be noticed is
that the vortex is small and locates at the region teeboth the liquid-solid interface and the
symmetric axis when the magnetic field is 0.08T. Incréasemagnetic field, both the range
and the center of vortex in liquid are changed. As showiigure 2.24 (c) and (d), the vortex
is enlarged and locates at the region near to the top apetipbery when the magnefield
is 0.8T. This can be proved by the red curve in figure 2.255Wedl because the period of
this curve occupies almost the liquid region. When the etagfield is 1.6T, the center of
vortex is closer to the periphery than that achieved urie ®agnetic field. Further, much
higher magnetic field that 8T does not dramatically geatine range and the position of the
vertical vortex a lot. But a new phenomenon shoulddiged in this high field case that new
vortex very close to the liquid-solid interface andvbey periphery wall appears as indicated
by the red circle in figure 2.24 (g) and (h). This may bgpacial phenomenon occurring
under high magnetic field (High hartmann number case) doyexample the Hartman layer
problem Because this new phenomena relates to another resegichand is out of the
concerning range of the present thesis, here, no mangsdiens will be given. Regarding the
magnitude of the velocities of TEM flows achieved undéfedint magnetic fields, it can

conclude from the curves in figure 2.25 that the absoluteesaf bothz andr component
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velocities of TEM flows increase with the increagsimagnetic field until 1.6T and then are

apparently suppressed when the magnetic field is over tahibid value, 8T for instance
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Figure 2.26 Curves of maximum (a) and average @)dz component velocities o
TEM flows varying with different magnetic fields.

In order to investigate how the velocities of TEM flowsyaith the imposed magnetic
fields, the maximum velocities of TEM flows, as we#l the average, are plotted versus
magnetic fields as shown in figure28. These curves suggestinigue change tendency of
TEM flows with constantly increasing magnetic fields, vhis TEM flows firstly speed up
to a maximum velocity under a crtical magnetic field arehtBlow down when magnetic
field increases further. Indeed, this should be resutt@ah the competion between TEM

forces in liquid and magnetic damping forces that expreas(émﬁ)xlé. It can be known

from the expression 2.23 that TEYces in liquid are proportional #®, on the contrasthe
magnetic damping forces are proportionaBfo Conseqgently, the competition between these
two kinds of forces must lead to a critical magnetitdfiender which the velocities of TEM

flows reach the maximum.
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Figure 2.27 TEM flows fields simulated without and withupling heat transfei
under different magnetic fields. (B¥0.08T; (b)B=0.8T; (c)B=1.6T; (d)B=8T. Unit
of legend is m/s.

For the sake of coming closer to the reality and ingastig the influence of coupling
heat transfer in simulation of TEME, the heat transfiedule predefined in COMSOILs i
added to the simulations coupling both the electric curamadk the fluid flow modules.
Because there are two phases involved in simulatiorgdiierning equations of heat transfer
in liquid and in solid are defined separately. In liquid, ifgal values of flow field and
pressure are set to use the calculating results fropréwious stpe of computing TEM flows.

In solid, governing equations of heat transfer in soldespredefined by the COMSOL are
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used. Meses are kept the same as described in figure 2.21, and mafogierties used in

simulations can be found in table 2.2.
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Figure 2.28 Arrows and streamlines of TEM flows simulatdti tveat transfer unde
different magnetic fields. (3=0.08T; (b)B=0.8T; (c)B=1.6T; (d)B=8T.

Comparisons of TEM flows fields obtained without and vaittupling the heat transfer
module under different magnetic fields are shown in &gar27, from which dramatic

changes are uncoveredlith the help of figure 2.28 that the arrows and streamirfiéREM

96



flows simulated with heat transfer module under differeagnetic fields, it can see that the
general flow field one vertical vortex occupying the alimliguid region is not changed
whaterver the heat transfer is coupled or not. Howevfferetent from the simulations
without coupling heat transfer the center of the vortebaioed with coupling heat transfer
module become closer and closer to the liquid-solidfaaterwith increasing magnetic fields.
Moreover, the lower part of the vortex becomes very éimd near to the interface when the
magnetic field is 8T as indicated by the red regionfigure 2.27 (d) or the gathered
streamlines in figure 2.28 (d). Because the flows in liquidlywadtect the heat transfer, and
TEC is partly decided by the temperature field, TEM flow&ds are dramatically changed by
coupling the heat transfer module should be reasonable aadcstartiable.
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vertical lines indicated by green arrows in figure 2.24 (b).
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Figure 2.30 (a) Curves the maximum velcoties of TEM flowsnguted with
coupling heat transfer module varys with different magnids; (b) Curves the
average velcoties of TEM flows computed with coupling hesatsfer module vary:

with different magnetic fields
Except TEM flows fieldsinfluence of heat transfer on the magnitudes of itsoitds is

examined as well. Both andr componers velocities of conmputed TEM flows are ploted
and respectively shown in figure 2.29 (a) and (b). Becausanthenum and maximum
velocities of TEM flows appear respectively under 0.08T &r®I magnetic field, the
influence of heat transfer on the magnitudes of vetscitif TEM flows is compared for these
two cases only. It can find that taking heat transfer intowtcdecreass the velocities of
TEM flows, which should be attributed to the homogenizatidecebf flows in liquid on the
temperature field. Once heat transfer in liquid is coneiethe temperature field of liquid
must be homogenized by TEM flows, and the homogenized temperi@id reduces the
temperature difference that one of the determining fadtorproducing TEC. Consegently,

the reduced TEC slows down the TEM flows. In another aspscshown in figure 2.29
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curves obtained by simulations coupling heat transfer taaie smoother than those without
considering influence of heat transfer, which can prowe ltbmogenous effect as well.
Moreover, it can find that the influence of heat transge more apparent under a 0.8T
magnetic field than that under 0.08T. This can be anotheerce for the homogenous effect
of TEM flows on the initial temperature field becauseMI'#iows under 0.8T magnetic field
are faster.

Similar to figure 2.26how the velocities of computed TEM flows vary with difént
magnetic fields is worthy to investigate as well when hlikat transfer module is coupled.
Measure and plot the maximum and average velocities of i@ versus magnetic fields
how the velocities of TEM flows vary with magnetic fislcan be revealed by curves shown
in figure 2.30. It can see that both maximum and averageitretoincrease to the maximum
under a critical magnetic field and then decrease witthdurrising magnetic fields. This
agrees with that obtained from simulations without cawgphieat transfer module. Therefore,
it can conclude that such tendency of how the velocitieBEM flows vary with imposed
magnetic fields should be general principle for TEM flows in directional solidiéition
process.

Although the purpose of this section is unfolding TEM foreesl TEM flows in
directional solidification process, it would be alsoenesting to examine the influence of
TEM flows on the temperature field. It can be known thakimum velocities of TEM flows
appear under a 0.8T magnetic field from the simulations eabblerefore, the temperature
fields obtained without and with TEM flows generated by a Or&ifnetic field are simulated
and shown in figure 2.31. Moreover, the contours obmponent thermal gradients are also
given in figure 2.31lt can be found that the modification of temperatuetfoby TEM flows
is undetectable as indicated by the colored surtdoeever, as shown in figure 2.31 (b), the
contours of component thermal gradients at the top of liquid regiaggests that the thermal
gradients in liquid are changed a lot. More precise, baitdr component thermal gradients
obtained without and with considering the influence of TEdWvH are measured and plotted
along the vertical line indicated by the green arrow in figude (a). Figure 2.32 shows the
corresponding curve#t can see that the curves of thermal gradients ddaiinder influence
of TEM flows are appreantly smoother than those without considerirg fi&@vs. This
enhances the conclusion that TEM flows are able to homagémazintial temperature field.
Moreover, deviation of component thermal gradients as indicated by the blue Gtggests
that TEM flows decrease the temperature difference ih gion. Thiscan explain, in
another aspect, why slower TEM flows are obtained whenlaiionstaken the heat transfer
module into account.
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andG; representz andr component thermal gradients respectively.

2.4 Summary

Aim at unfolding TEM forces and TEM flows in solidificati process, this chapter
introduced the TE effect by the phenomenological arebsd the corresponding phenomena
in directional solidification process in advancé&te approximate estimation of the influence
of Peltier and Thomson effects on solidification wkd these two effects are negligible. In
fact, detail analyses about the influence of TE effediquid-solid interface instability made
by Dr. Makoto Tanaka had proved that Peltier and Thomsomteffean be neglected in
solidification of metallic alloys neither. Thereforepnsideed Seebeck effect only, the
governing equations and boundary conditions for TEC wereulated. Further, TEC at the
liquid-solid interface in directional solidification wasimerically simulated to intuitively
display howit appears and acts. And then, TEME occurs when an exteagadetic field was
present. Phenomenological explanations of both TEREe®and TEM flows were giveand
formulationsof them closely followed After that, numerical simulations of TEM forces and
TEM flows in the context of directional solidification wveeperformed to unfoldhow the
TEME emergy and affectCertainly, verification of the simulation method usedeheras
taken prior to perform those simulations. Finally, compassof simulations of TEME
without and with coupling the heat transfer module were matdeh shoved that the heat
transfer cannot be neglected when dealing with the THWM&blems. For this reason,
simulations in the following chapters are performed by dogpthree physical modude
predefined in COMSOL that electric current, fluid flow dreht transfer.
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Chapter 3: Visualization of thermoelectric magnetic effect (TEME) in
directional solidification process

Thanks to the discovery of synchrotron radiation beamthedlevelopment of X-ray
imaging techniques, in-situ and real time observing the psooé solidification of metallic
alloys comes tru¢268]. During the past twenty years, this method has provided owser
precise data for critical validation of solidificatiatheories and for the optimization of
numerical simulation prediction®269]. Consequently, it becomes an efficient and reliable
method to characterize and confirm phenomena those appealidification proces§270].

So that we also try to prove the TEM forces and TEM flowslirectional solidification
process byin-situ observation in this chapter. Moreover, analyticalculations of TEM
forces driving movement of a sphere and numerical siongbf TEM flows with the same
conditions used by in-situ observation experiments &entaCombine the in-situ observation,
analytical calculation and numerical simulation, TEdMces and TEM flows in directional
solidification process are more clearly uncovered, inhfluence on solidification structure

are revealedb a certain extent.

3.1 Experimental apparatus
3.1.1 General view of insitu synchrotron X-ray imaging setup

The in-situ and real-time observation of directiondidsication of metallic alloys are
taken in European Synchrotron Radiation Facility (ESRBEated at Grenoble, France. Based
on the third generation X-ray beam, ESRF provides more 48abeamlines to perform
various scientific investigations. Beamline named BMO05 is the that provide in-situ
synchrotron X-ray imaging facility. Indeed, experimentshm present thesis are all carried on
this beamline. As shown by the photo taken before experiraedtshe corresponding sketch
in figure 3.1, except the X-ray beam emitter main compisnehthe setup used fam-situ
synchrony X-ray imaging are ultrahigh vacuum Bridgeman fienandfast readout-low
noise (FReLoN) CCD camera that developed at ESRFicient high energy of synchrotron
radiation source makes it possible to record images witlugh contrast in a reasonable
timescale (less than 1 second), which is fast enougivéstigate some dynamic probleis
solidification such as the growth and motion velocitdéscrystals or solute transportation
driven by flows in melt. Moreover, the FReLoN can achiavgood compromise between
larger field of view and satisfying spatial resolution (pigeke used i§.47umx7.46um) that

is sufficient for the concesd length scales in this thesis.
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Figure 3.1 Photo and sketch of in-situ synchrony X-ray imagingpset

3.1.2 Ultrahigh vacuum Bridgeman furnace and samples

In order to protect the heating elements and samples fradiziog during experiments,
an ultrahigh vacuum chamber made by stainless steeledswhkich can subject to more than
10" Pa pressure difference. Several windows with various siseshown in figure 3.2 (b)
were reserved to meet different demands such as linking mapump, fixing translation
device and permitting synchrotron X-ray beam passing throughwhich, there is a
reservation for changing samples as indicated by relg airdigure 3.2 (a), and the view seen

from this window is shown in figure 3.2 (c).
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Figure 3.2 Photos and 3D drawing of ultrahigh vacuum Bridgeman firnac

Figure 3.3 shows the furnace that placed inside the ultrah@lusrachamber, as shown
by the 3D drawing, which consists of two separated heating elenhertieder to protect the
surrounding electric devices from high temperature two lsaer cooling jets are placed
outside the heaters. Directional solidification islizea by the power down method, which
applies the same cooling rate on two separated hegléngents during the entire experiment.
In fact, suc two heating elements design permits not only thetabinad solidification but also
the isothermal solidification by setting the same teatjpee and the same cooling rate to both
heating elements. Adjustment of samples position iseaeli by the translation device fixed
at the top of vacuum chamber as shown in figure 3.1 and 3.2 wdaicrealize both vertically
up/down travelling and horizontally revolving. Sample holdelinked to this device by a
stainless steel tube as marked in figure 3.3. Constrain¢igelnequest that samples must be
perpendicular to the synchrotron X-ray beam, thereraramum three samples can be put for
each timeln fact, when the magnet system is installed only one samplbdearsed for each

time because the limitation of space.
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Figure 3.4 (a) Dimensions of samples; (b) lllustratioagdembling the samples; (c
Photo of assembling sample used in experiment.

Because absorption was the main source of image coatrdsdepends on the atomic

numberof elementsor solute content, there is a restriction on the thesknof samples to
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permit synchrotron X-ray beam passing through. In the preseperiments, samples are
about 150 t@50um in thickness, 40mm in height and 4 to 6mm in wiaslshown in figure
3.4 (a). TheAl-Cu alloys used in this study are fabricated from purendl@u elements. The
prefabricated samples are sandwiched between two graphigeafal two molybdenum
diaphragms, hold together with two clips and fixed to a madgeillustrated in Figure 3.4(b).

Photo of the sample assemble used in experimentsusshdigure 3.4 (c).

3.1.3 External magnet system

In order to impose the magnetic field, an external magystem should be installed.
However, there are limited spaces left to do so becauseultinahigh vacuum Bridgeman
furnace is intentionally designed to investigate solidikica process without any external
fields. For this reason, a samarium cobalt permanegh@tas chosen. The size of the magnet
is 50mmx50mmx50mm. Figure 3.5 (a) and (b) show hasviitounted.

Figure 3.5 Photos illustrating how magnet systemounted.

Magnetic fields generated by this permanent magnet andased by using the static
magnetic field and no current module predefined by COMS@th this magnet’s real
property parameters. Figures 3.6 (a) andréspectively shows the geometry and mesh used
in these simulations. As displayed in figure 3.6 (c), sitioihs are constricted within the
vacuum chamber, and the magnetic fields fulfié vacuum chamber as indicated by the blue
streamlines that repsenting the magnetic field lines. Magnify regitimat we are most
interesting, magnetic fields inside the furnace are gbyered arrows in figure 3.6 Xd

Further, near the furnace and the magnet, magnetis figl bothx-y andy-z planes were
examined and displayed in figure 3.7 and 3.8 respectively. Basdleomagnetic fields

represented by arrows and contours, it can be reaspmaghrded that the magnetic fields
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uniformly distribute within the sample region. More prelyiseceomputed magnetic flux
intensities varying alongy and z direction as indicated by purple and green arrows
respectively in figure 3.7 (b) and 3.8 (a) are profil@the corresponding curves are
respectively shown in figure 3.7 (c) and 3.8(0) order to show the uniformity, the curve
corresponding magnetic fields within the sample is mfeggl and inserted in figure 3.7 (c)
Moreover, magnetic field flux intensities along yetition are measured and compared with
the simulations in figure 3.7 (c) as well. The perfectsegiant between the measurement and
simulation verifies the validity of the simulationd magnetic field generated by that
permanent magnet and the uniformity of magnetic fietthiwithe sample regions.
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Figure 3.6 (a) Geometry used in simulation of magnetic fi€llsMeskesused in
simulation of magnetic fields; YcStreamlines and arrows of magnetic fie
distribution; (d) Arrows of magnetic field near the face and magnet.
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3.2 In-situ observation of thermoelectric magneticTEM ) forces

Considering it is hard to in-situ and real time observeneasure the stresses in splid
particularly during solidification process, TEM forceg déinougth to be in-situ observed and
proved if their directly resulting phenomenon is detededecorded. The movements of
crystals during directionally solidifying Al-Cu alloys underransverse static magnetic field
are observed and analyzed to uncover the TEM forces actitigecsolid Moreover, because
the movements of crystals can be also driven byltvesfin melt analytical calculations of
TEM forces driving movements of sphere particles arentaRé&EM forces in solid are
confirmed by comparing the real movement velocities gbtals measured in the in-situ
observation to the analytical calculating velociti€$BM forces driven movements of sphere
particles. Indeed, for these &itu observation experiments, flows in melt should by week
because the thickness of the sample is very thin thigtabout 200m and thermal-solutal

stable configuration (upward thermal gradient with heaviectegesolutes)271] is used.

3.2.1 Analytical calculations of TEM forces driving movements of sphenearticles

(@) (b) V
v B 7 . /
Thermoelectric B
% current (TEC)\

Solid
T,®
G Liquid
ol
S
s

Figure 3.9 (a) lllustration of conditions used in anagjtialculating the TEM force:
driving movement of sphere particles immersed in its nwelts a constant therma
gradient and under a static transverse magnetic fie)JdTlie model and spherice
coordinatesr( ¢, €) used in analytical calculations and schematic of TEC.

The calculations of TEM forces driving moveneif sphere particles are taken by
assuming the thermal conductivity and the other physical pgiepebeing unique within
liquid and solid respectively. Moreover, it is supposed that dize of particless small
enough to avoid any influences from the container walls. é&{ternal magnetic field is
applied inx-axis direction, and liquids around the particle are comsiti@s infinite. The

velocities of TEM forces driving movesnts of sphere particles can be simply estimated by
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balancing the TEM forces to the Stokes drag forces. TovereTEC and TEM forces should
be calculated before that estimatidine temperature difference is prescribed as:

VT =G, (3.1)
where G is the thermal gradient andTZ is a unit vector along the-axis. Neglect

electromotive force induced by liquids moving across tlegmatic field lines and apply
Ohns law, the equation governing the electric current derssity
=W, -6S$G =—qVW (32
wheres, andS respectively denotes the electrical conductivity and the,Asubscript can
be replaced by for the liquid ors for the solid phase, anl¥ is defined as an effective scalar
potential:

W=V+ST (33)
here,V, is the scalar potentigRegarding the continuity of electric current density:

V-j=0 (3.4)
the effective scalar potentidk is harmonic.

The boundary condition at the liquid-solid interfacquiees the continuity of the normal

component of electric cumédensity:

—alaaln'—al sGTZ.ﬁ=—aS%—aSSSG ip.f (3.5)

and the scalar potential:
Vs=V| (3.6)

where,n is the normal component unit vector. Moreover, the nbooemponent of current
density should be zero at infinity. Because the liquididrine particle is regarded as infinity

it has:
- oV -
ji - z—a,a—n'—al SGi,.n=0 (3.7)

Because we look at a sphere particle, TEC in this situatam easily be solved
analytically in spherical polar coordinates. Based fiteegcal polar coordinates defined in
figure 3.9 (b), the Laplace equation governififg can be:

Lol L e, 2 @8)
reor or | r¢sing 0¢ op

Because the thermal gradient is symioeaiong z-axis, it can be assumed that the electric

potential is axisymmetric in the form:
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W, =W (r)cosp (3.9)

ReplacingW in equation 3.8 by 3.9 leads to the following equation gove\rﬁii(l@ :

with the boundary conditions:
W (r =+o0) =0 (3.11)
W (r = R) =W,(r = R) (3.12)

andVVS(r =0) is non-singular. R is the radius of the particlee Eblution forVT/i (r) is:

3
W (r)=b {R—z} (3.13)
r
VVS(r)zar (3.14)
. s 2b
withb=— - me ) (S5-5)G anda= —%’S =B

TEM forces acting on particle can be expressed:
F.=|j.xBi, (3.15)
with s = —oVW,. So that:
F.=—cBVW.x 1, (3.16)
In order to obtain the three components of TEM foineSartesian coordinates as defined in

figure 3.9 (a), perform projections on the unit vectasi{,i,) it has:

Foy=Fs,=0 (3.17)

Fsyzzaseso[z 9 }(ss— 9 (3.18)

oF + Oy
The single component of total TEM forcl:%y acting on the patrticle is simply because TEM

forces are constant within the solid:

Fey =205 G By {L} (Ss— S ) vol (3.19)
20| +0g

wherevol is the volume of the sphere particle.
The simple estimation of TEM forces driving movementspafticles are taken by

equaling TEM forces expressed by 3.19 to the Stokes drag forces @ethe same particle:
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Fey = 205 GBo| =—— |(Ss— ) vol = 6zu RU (3.20)
20'| +O0g

here,U is the estimated velocity of particlR, is the radius of particlg; is viscosityof the

surrounding melt andol is %;zRg. Consequentlyvelocity of the sphere particle can be

expressed:
2
U :S% Fsy (3.21)

It is clear that the comparison between the analyyicadlculaed velocities of sphere
particles and the directly measuring ones during in-situ observabperiments can be made
in two aspects. One is the dependence of the main dmeatiorydals’ movements on the
direction of applied thermal gradients and magneticdgieThe other is the exact magnitude
of the velocities of movements obtained by analytiedtdation and direct measurement.
Actually, if the movements of crystals are really drivenTEM foces ating on them the
former comparison is easy to makeitysitu observation. This is because that the change of
the main direction of movements should reverse whemrtagnetic field or thermal gradient
changes to the opposite directidn the other aspect, comparison of exact magnitude of
velocities of movements must be made after the axgets because the velocity
measurements of the movements of crystals need to éde crystal image by image. In
order to make the latter comparison, use the materiafsepies of Al-4wt%Cu alloy list in
table 3.1 velocities of TEM forces driving movements ofesphparticles were analytically
calculated for different magnetic flux intensitiesdamhermal gradients. Further, the
calculating results are plotted versus the diametetiseo$phere particles, and the curves are
shown in figure 3.10. With respect to the coordinate defindidune 3.9 (a), positive thermal
gradient means the high temperature is at the positasds, and positive magnetic field
refers that the transverselfl has the same direction witkaxis. It can be seen that the bigger
the particle is the faster its TEM forces driving moeeinis. The TEM forces driving
movements of sphere particles can be speeded up by incredisiatyite value of thermal
gradients, as well as the magnetic flux intensities. edeer, sphere particles reverse the
direction of their movements when the sign of thergradient or magnetic field changes to
the opposite.

Table 3.1 Materials properties of simulation systeniTieM effect

Symbol  Unit Solid Liquid
S VIK  -1.5x10° -2.25x10°
o Qm)*  7.9x1d 4.0x16
u Pas 2.9x10°
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Figure 3.10 Analytical calculat velocities of particles plotted versus their diamet

under different thermal gradients (a) under a 0.08T magtield and magnetic
fields (b) under a thermal aradient of 3000K/m.

3.2.2 Velocity measurement of movements of crystals during in-sitwbservation
experiments

According to discussions in the above paragréphust have been known that there are
two aspects can be compared between the calculatiomaimdsitu observation experiments.
They are the dependence of main direction of TEM fodceéng movements on the direction
of imposed magnetic fields or thermal gradients anceiaet magnitudes of their velocities.
Therefore in-situ observation experiments are performed respectietier positive and

negative magnetic fields with fixed thermal gradient3600K/m and with various thermal
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gradients under a fixed magnetic field of 0.08efore give the measurement results, it
should be necessary to explain how to determinate theatydiameter of crystals and

measure the distance between two positions of crystavansuccessive images. It will be

easily understood with the help of illustrations showngaore 3.11.

(@) (y4’ 24) (b)

TEM

. Motion
Gravity

% Moving path

3 3 y "
I y (yto"'t’ Zto+t)

Figure 3.11 (a) lllustration of how to determinate the @pdaiameter of a crystal
(b) Explanation of how to measure the distance betweepadsitions of crystal.

Figure 3.11 (a) shows a dendrite which is the common crydtaérved during
directional solidifications process. As shown in fig@r&1 (a), consider the two main arms of
crystal as the long and the short axes of an ellipdar@asure the length of these two axis to
calculate the area of that ellipse as indicated by thedalligk line in figure 3.11 (a). Because
the exact coordinate values of each pixel can be knowhéedjrée image analysis software

named Imagethe long and the short sof the ellipse & andb) can be calculated:

a=[(y,- ¥)*+(z- ;)z]y2 (3.22)

b=[(%- W +(z- 97 (3.23)
Calculate the area of this ellipse and edutd the area of a cite

zab=rxr? (3.24)

Then we camassigned the typical diameter of the crystal shownigure 3.11 (a) asr2
Moreover, becausthe resolution used here is 7.46x7.46um? the exact typical diameter can
be obtained byrx7.46um.

When the typical length of crystals has been deciied, the time to measure the
distance between two positions of the cyrstal recordégidarnsuccessive images. With respect
to the coordinates defined in figure 3.9 (a), the field of viebtamed during in-situ
observation experimentis in the y-z plane as indicad in figure 3.11 (b). Appoint the
geometrical center of crystals representing their jposit as marked by the white points in

figure 3.11 (b), the precise distance between two positions ofctlistal can be obtained
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because the exact coordinate values of the geometrictdrseof crystals can be given by
ImageJ as well. The interval, between two successive images can be known automatically
during experiments. Movement velocities of the crystal(um/s), can be approximately
calculated:

2
WAL CRSTR RLCHES 5 (3.25)

Indeed, only thg-axis direction speed of the movements of crystalsbeatcompared because
the total length of the moving path of a crystal like drawy the blue dotted line in figure
3.11 (b) can not be got. Therefore, yhaxisdirection speed should be calculated:

L 7460~ %, ) (3.26)
t t

In another aspect, the previbpsanalytical calculation of movement velocities of eggh
particles are alsg-axis direction speed only because the calculation didaketthe effect of
gravity into account as well.

The main movement direction of crystal can be rieeedy a figure that is projected
from several successive images containing the same crystal different positions as shown
in figure 3.12. Figure 3.12 (a) is projected from 9 images, whgblalis the moving path of
the crystal under a positive thermal gradient of 3000Kreh @ 0.08T transverse magnetic
field. More distinctly, region marked by a white rectangldigure 3.12 (a) is magnified and
shown in figure 3.12 (b)niwhich the white dotted line with arrows indicates the mealing
path of the crystal, and the angle between the magatein of the movement marked by the
yellow arrow andy-axis is defined a®. Similarly, moving path of the crystal under the same
thermal gradient but a -0.08T transverse magnetic fieldh®vn in figure 3.12 (c) that
projected from 5 successive images. It can find thatatigde between main direction of
movement of this crystal andaxis isn-®. These demonstrate that the crystals reversed their

moving direction when the imposed magnetic fields chdngehe opposite direction.
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Figure 3.12 Pictures obtained by projecting successive imagbstheitconcernec
crystal that captured during directionally solidifying Al-4wt%@lloys under (a) anc
(b) a 0.08T transverse magnetic field, (c) and (d) a -Ote8isverse magnetic fielc
(G=3000K/m, Cooling rates are the same that 2K/min)
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Figure 3.13 Examples of measuring the exact magnitudes ofitiedoaf crystals
movements during directionally solidifying Al-4wt%Cu alloysider transverse
magnetic field. (a-c) B=0.08T, typical diameter is 93:th; (d-f) B=0.08T, typical
diameter is 12648m; (g-i) B=-0.08T, typical diameter is 116n; (j-I) B=-0.08T,
typical diameter is 107,6n. (G=3000K/m Cooling rates are the same that 2K/min
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The exact magnitudes of movement velocities of crysied carefully measurefieveral
free crystals were observed during experiments. Usingngtbod introduced by figure 3.11
the velocity measurements were made on all of them. @poh of the moving crystals, its
final typical diameter is defined as the mean valueypical diameters obtained from all
relevant images. Likewise, the mean value of velegitf a crystal achieved from every two
successive images is regarded as its real velocity. FBja@ (a) to (c) is the process of
measuring a crystal with 93ifh in diameter, and the crystal typical diameter is 126.8 (d)
to (f). Reverse the magnetic field direction, figure33(f) to (i) show the crystal with
116.1um in diameter, and the typical diameter of crystal jndj(l) is 107.eum. Further, these
measured movementvelocities of crystals are plottesbgeheir typical diameters and shown
in figure 3.14. It an be concluded that the big crystals have higher veloditi@s the small
ones. Moreover, whatever the size of the cryst&ls thovement velocities seem proportional
to about the square of their typical diameters, whichemgnath the analytical solutions.
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Figure 3.14 Curves of measured movementvelocities of ¢systdated versus their
typical diameters under positive and negative tranevaagnetic fields and fixed
positive thermal gradient of 3000K/m.

Based on the introductions of TEM effect in chaptang@ the analytical calculations in
this chapter, it can been known that the main direaifohEM forces driving movements of
sphere particles does not only depend on the directionpaised magnetic fields but also the
direction of applied thermal gradienl-10wt%Cu alloys were directionally solidified with
thermal gradients applied in different directions in ortdeexamine the dependence of main
directions of the movements of crystals on the dwmactof applied thermal gradients
Projecting 35 successive images captured during experiment undepative thermal

gradient into a figure, the main direction of movemeaftthe crystal is unfolded. As shown
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in figure 3.15 (a) path of each crystal is pointed out by the red arrowd, taeir main
direction is marked by the yellow one. Kept the otherdgéamns fixed, similar experiment
was conducted without any thermal gradients (figure 3.15 ({b)an find that crystals
vertically sink down because they are heavier than thewuswtiog melt. Moreover, it can be
revealed from figure 3.15 (c) that positive thermal gratimakes crystals moving from the
right of the sample to the left. According to these olatgoas, it should be clear that once the
direction of applied thermal gradient is reversed riegn direction of the movements of
crystals turns to the opposite as well, and more, thedmal movements ofrgstals must be
casued by the applied thermal gradient and the imposed ntafelet together. In fact, the
only result of the interaction between thermal gradam magnetic field is TEME in the
context of the present experiments. Additionally, infte=n of the magnitude of thermal
gradients were also investigated. Figure 3.16 (a) to (pgo#isely gives the projected figures
showing the movement paths of crystals under a -0.08%veese magnetic field and thermal
gradients with different magnitudes. In these casemdasated by red arrows in each figure
the main directions of the movement of crystalstheesame that from the right of sample to
the left. Further, the angle between the main diractiod they-axis can be obtained as
indicated by the yellow arrows crossing over the greenimfigure 3.16. Indeed, based on
the balance of forces acting on a crystal as illusdratdigure 3.12 (b), such angle is capable
to represent the magnitudes of TEM forces acting on dsylségaus this angle is the tangent
function of the gravity of a crystal and the TEM fas@ting on it. Therefore, it can find that
TEM forces acting on the crystals increase whenntagnitude of thethermal gradient is
elevated as well.

Upon the velocity measurement of the movements of dyystdidification of Al-
10wt%Cu provides more data to make the comparison with thiytiaah calculations.
Velocity measurements were made only on the crystalssmall changef their size during
the whole solidification process in order to enhancedatmuracy. Similar to figure 3.13
figure 3.17 gives four examples of velocity measureméntfour different experiments.
Applied different thermal gradients these experiements wenducted under fixed transverse
magnetic field of -0.08T and with the same cooling rate&K/min. For each case, three
different positions of a crystal captured during thesitu observation experiments are
respectively showin three successive figures. Figure 3.18 shows curves of tasunieg
velocities of the movements of crystals plotted vetbes typical diameters. It suggests that
the velocities of crystals increase with the incirea®f the magnitudes of thermal gradients.

Moreover it can be found that the velocities of crystals seppr@imately proportional to
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the square of their typical diameters, which agrees thghconclusion revealed from figure
3.14 and the analytical calculations.

P, ] ®
different direction:
thermal gradients. (al5=-2000K/m; (b) G=0K/m; (c) G=2000K/m. B8=-0.08T,
Cooling rates are the same that 2K/min)

B®] ()

4

FigUre 3.16Projecting ﬁguresﬂbf crystals’ rﬁovements with different magnitude
thermal gradients. (a§5=500K/m; (b) G=1000K/m; (c) G=2000K/m. 8=-0.08T,;
Cooling rates are the same that 2K/min)

-
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Figure 3.17 Examples of measuring the exact velocitiesrydtals movements
during directionally solidifying Al-10wt%Cu alloys with diffeme thermal gradients
and the same transverse magnetic field of -0.08Tc) (&=-2000K/m; (d-f)
G=500K/m; (g-i) G=1000K/m; (j-I) G=2000K/m. (Cooling rates are the same tl

2K/min).
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Figure 3.18 Curves of measuring velocities of the movemehisystals plotted
versus their typical diameters under different apptieermal gradients and fixe
transverse magnetic field of -0.08T.

3.2.3 Comgprison of analyticalcalculations and in-situ measurement results

Because the analytical calculations of the movem&rdgphere particles are based on the
assumption that the driving forces are only the TEM foexsg on them the existence of
TEM forces in solid can be confirmed if the observed/emeements of crystals perfectly are
consistent with the analytical calculations. Furtles,can argue that TEM forces are in-situ
and real time observed as well. For these reasons, csopabetween the analytical
calculations andh-situ measurement results are made in two aspects. @me dependence
of main direction of the movements of crystals ba tjiven conditions, such as the direction
of imposed magnetic fields and applied thermal gradidrite other is examining whether or
not the movement velocities of crystals obtained bysueag can be comparable to the
calculaed velocities of TEM forces driving movements of spheretipes As shown in
figure 3.19, the former comparison can be made by a newdioate consisting of the
velocity acting ay axis and thermal gradient acting aaxis. Besidesit should be pointed
out that*U’ in figure 3.19 refers to velocity obtained by analyticatgktion andV,’ stands
for velocity achieved by in-situ measurements, and bdtthem are represented by the
velocity axis in the new coordinatBased on this ccordinate, comparison of the caledlat
and measuwd main direction of the movement of crystals is e@sgnake. For example, under
conditiors given in the first quadrant that the applying magnetic feld thermal gradient are
both positive, both of the calcudat and meas@d main directions of the movement of

crystals are the same and in positvaxis direction Similarly, look upon the cases belong to
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the second and the fourth quadrant of this coordinate, itleam the same conclusion that the
main directions of the movements of crystals achievedolly &nalytical calculation and in-
situ measurement are the same. In another aspect, keonpbetween the cases respectively
belongs to the first and the second quadrant shows thatrysgals turn their movement
directions when the magnetic field is reversed. Coraparibetween cases respectively
belongs to the second and the forth quadrant of this cwtedindicates that the crystals also
reverse their movement directions when the thermaligmads applied in the opposite
direction. Therefore, it can say that the maindions of the movements of crystals and their
dependences on the given conditions are consistenatierrthey are achieved by analytical
calculations or in-situ measurements. This ensures usrtolucle that the movements of
crystals during directional solidification of Al-Cu allyunder an external transverse
magnetic field must be driven by the TEM forces actingheem.

Q) Negative magnetic fielc Positive magnetic field (@)

G

Analytical calculations —— _ «—— _ Analytical calculations

In-situ measurement
G=3000K/m; B=0.08T

In-situ measurement
G=3000K/m; B=-0.08T

. U
Negative

y
@ Positive magnetic field Negative magnetic fielc®

In-situ measurement
G=-2000K/m; B=-0.08T

Lacking the in-situ
experiments

Negative

Analytical calculations——— Analytical calculations

Figure 3.19 Comparisons of dependence of the ngaiections of crystals’
movements on the direction of applied thermal gradiemtd magnetic fields
obtained by analytical calculations and in-situ measunéme
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Figure 3.20 Comparisons of velocities obtained by analytialculations and in-sitt
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On the other aspect, comparisons of velocities otalganovements were madeigure
3.20 shows curves of both analytigatalculatng and in-situ measuring velocities plotted
respectively versus the diameter of sphere particlestha typical diameters of crystals.
Figure 3.20 (a) gives the velocities obtained under trassvaagnetic fields in the opposite
directions and with the fixed 3000K/m thermal gradient. F8g83.20 (b) and (c) reveal
velocities achieved under fixed transverse magnetic Béld0.08T and different thermal
gradients of 500K/m and 2000K/m respectively. In figure 3.20p@gitive velocities mean
the sphere particles or crystals move toward to the pogiaves direction, and negtive ones
stand for they move to the opposite directions. Theeefigure 3.20 (a) can manifest the
dependence of main directions of the movements etals/on the given conditions as well
The same conclusion as the one obtained from figure catt®e drawn agaiwWhen look
upon the velocity magnitudes of movementsviations between analytical calculations and
in-situ measurements must come to your eyes. More prectbelyyelocities of crystals
measured through the in-situ observation are slower thaktities of TEM forces driving
movements of sphere particles obtained by analyticatledions. In fact, those deviations
are reasonable because the very thin crucible (abouin0€hould more or less block the
movements of crystals with the typical diameterabdut 5@m to150um but the analytical
calculations did not take this into account. In anothgpect, those deviations becoming
bigger when the typical diameter is close to crucdtleickness as indicated in figure 3.20 (b)
and (c) can also prove this wall blocking effect. For tb&son, it can say that the movements
of crystals observed during in-situ experiments have coabpg velocities with the
analytically calculated TEM forces driving movements plfiese particles. The conclusion
that TEM forces in solid exist and drive the crystalsnimve during directionally solidifying
the Al-Cu alloys under a static transverse magnaetid thus is confirmed further.

Up to now, based on the analytical calculations of TEKds driving movementsf
sphere patrticles, the in-situ measurement of the mowsnaércrystals during directiorsl
solidifying the Al-Cu alloys under a static transverse magnetic field Aedcomparisons
between them, it can be confident to conclude that TE®RERIN solid do exist and respond
to the movements of crystalf. can also say that TEM forces are in-situ and real-time

observed.

3.3 In-situ observation of thermoelectric magneticTEM ) flows

After directly seeing the effect of TEM forces in solit,should step to the second
phenomenon of TEME that TEM flows. Indeed, confirmatdmEM flows can be regarded

as another evidence for the existence of TEM forceaus= TEM flows are produced by the
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TEM forces in liquid. Similar to the forces, directly segeithe flows in melt by synchrotron
X-ray imaging method is difficult as well. This is becatle contrast used by X-ray
radiography mainly comes from the different absorptiotitesi of the different compositions
and densities of subjects. Although flows influence the meamssfer and then cause
composition difference, such differences are not gafficto achieve the clear contrast
Considering the solid and liquid phases can be distinguisteadlycloy synchrotron X-ray
imaging, itis easier to detect if the liquid-solid interface arengsal. Therfore, if some
modifications of liquid-solid interface caused diredly the TEM flows during directional
solidification can be seen, we caonsider TEM flows to ben-situ observed as well
According to the widely accepted fact that the shape ofdigqalid interface during
directional solidification is determined by the localute distribution and temperature field
[272-274] it can know that interface shape should be changed ifdhgosition of nearby
melt and temperature field is changed. Therefore, provided TlBWs appear near the
interface the original composition and temperatured fial front of the interface must be
changed, and as well as the initial liquid-solid interfalsape. Particularly, the shape change
of interface can be apparently observed when it isgplaFor these reasons, the directional
solidification of Al-4wt%Cu with fixed thermal gradient in the presence and a&bseha
transverse magnetic field were taken and in-situ obseredever, whether TEM flows can

appear or not under the available experimental conditionscshewdnalyzed in advance.

3.3.1 Simulations of TEM flowsin in-situ experiments

On account of discussions in chapter 2, TEC definitely texiiring directional
solidification of metallic alloys because most of thuid and solid have different ATP
When these currents meet an external magnetic fiell] fbEcescanbe produced and exist
in both solid and liquid. However, based on the hydrodynarhiesry, the flows can be
driven only if the forces in fluid are not curl-freEherefore, TEM flows cannot be driven at
all if TEM forces in liquid are curl-freeConsider so, it is necessary to calculate the curl of
TEM forces in liquid under the conditions thatsitu experiment can praleé Based on the
introductions of experimental device in chapter, 8. tan know that the imposed transverse
magnetic field is parallel t&-axis and perpendicular to tlyez plane as shown in figure 3.6

Under this arrangement, the curl of TEM forces in liquid lba calculated:
VxF =Vx[j xBi]=Bi x(Vx]) (3.27)
Since we have:

j=—oV -6 S G (3.28)
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here,V, is electrical potential in liquid, and the coﬂjT is zero, accordingly:
VxF =0 (3.29)
Meanwhile, note that the TEM forces in liquid are dyesice free as well:
VeF =Ve[] xBi]=Bi, ¢(Vxj) =0 (3.30)
It can be concluded from above analysis that the cufEM forces wouldnot be curl-
free only if § is not constant. Althougly varies with melt composition, it is almost

neglectable within one melt. This seems to break our fweistirectly observing TEM flows.
However before entirely deny this proposal, it would be bettenumerically simulate the
TEM flows fields and then to confirm the validaty oétbonclusion that TEM forces in liquid

under conditionn-situ experiments can providesaunable to produce TEM flows.

Figure 3.21 (a) Liquid-solid interface shape obtained duringjtinobservation of
directionaly solidifying Al-4wt%Cu alloys without magnetic field; (b)e@metries
of sideling, convex and concave interface and the diimess

Based on the shape of liquid-solid interface shown indi@u21 (a) that obtained by our
collaborators during their no field experiments, thriierdnt interface shapes were chosen to
cover as many kinds of shapes as possible. As shown in figite(b), they are sideling,
convex and concave interfaces, and tmeedsions of the whole simulating domain are given
in this figure as well. Mesh method used for these thiféereint interface shapes is the same,
so only the meshes for the sideling interface case aem giv figure 3.22 as an example
These finer targular meshes were created via selecting the fluid flowngmenon as the
controlling condition in COMSOL, and the region near kygolid interface was refined as

shown in figure 3.22. More clearly, figure3.22 (b) gives thegnified view of the region
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indicated by the green box in figure 3.22 (a), in which, tafse emphasizes the sideling
liquid-solid interface. With the same parameters listethble 2.2, the COMSOL prededid
electric current, thermal transfer and fluid flow modidee selected and coupled to simulate
the TEM flows field produced by the conditions that in-skperiments can provide
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Figure 3.22 Example of mestiused in simulations of TEM flows field unde
conditions that in-situ experiments can provide.

The computed results obtained with three different interhapes are shown in figure
3.23. In figure 3.23 (a), (c) and (e), colored slices dgimnethemoelectric potential generated
by a thermal gradients of 3000K/mgray streamlines reveal the corresponding TEC and red
arrows denote the TEM forces produced by a transverse 0.0§Teti@field interacting with
the TEC. The arbitrary distribution of red arrows suggebat TEM forces are curl-free.
Colored slices shown in figure 3.23 (b), (d) and (f) give magnitude of the velocities of
TEM flows. Dark blue color in the solid domains meansflows there, which verifies the
validity of the simulation method used again. Accordinght® d¢olor legends, it can find that
even the highest velocity is negligible because lgss than 1 um/s. This indicates that TEM
forces in liquid cannot drive any TEM flows under conditidinat in-situ experiments can
provide. In addition, the computed TEM flows fields représarby the random distributing
red arrows in figure 3.23 (b), (d) and (f) also suggest thafl Tiews do not appear under

these conditions.
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Figure 3.23 Computed thermoelectric potential denoted by ablglee, TEC
represented by streamlines and TEM forces referred by rewsr(a) Sideling
interface case; (b) Convex interface case; (e) Gencaterface caseand their
corresponding TEM flows fields indicated by the colorédes and red arrows ar
respectively shown in (b), (d) and (f). Units for legemugai), (c) and (e) are V, an
those for legends in (b), (d) and (f) are mB={.08T,G=3000K/m)

Until now, it seems that wish for in-situ observing TERMS should béroken down
because both the calculation of the curl of TEM ferae liquid and simulations of TEM
flows with the conditions that in-situ experimentsigarovide show no flows can appear.
Fortunately, the reality is always not so idealch as the liquid-solid interface cannot be
perfectly flat in thex-axis direction as indicated in figure 3.28deed, the calculation of the
curl of TEM forces in liquid and the simulations of TEMW fields are pure 2D problems if
interfae is perfectly flat ix-axis direction as in figure 3.24 (a). Therefore, the undiggiid-
solid interface inx-axis as described in figure 3.24 (b) to (d) may provide ushanot
possibility to have TEM flows under the present experimergadlitions. In order to examine
this idea, simulations using those more realistic iaterfshapes were taken. The interface
shape irnx-z plane cannot be known during in-situ experiment becawsei¢kv field is iny-z
plane. Moreover, because the experimental apparatustcasatiae the quenching process,

interface shape ix-z plane cannot be revealed byspmortem method as welFor these
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reasons, three different interface shapes-aplane as shown in figure 3.24 (b) to (d) were

used in order to cover all the possibilities.
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Figure 3.24 (a) Interface is flat kaxis direction; (b) Interfac& convex inx-axis
direction and its dimensions; (c) Interfaie concave inx-axis direction and its
dimensions; (d) Interface sidelingxraxis direction and its dimensions.

Geometries with three different interface shapes aplane were meshed with the same

2
=
=
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method. Therefore, only an example of them is givefigure 3.25. Fine triangular meshes
were created under the control of fluid flow phenomenod, rmaashes near the interface are
refined as shown in figure 3.25 (b). Moreover, tam3hickness boundary layers were added
to the liquid-solid interface as revealed in figure 3.25 fcrase the complex flow fields
appear at the vicinity of the interface. Concerning tbeses indicated from figure 3.23,
simulations of TEC were performed with both normal andeexelyfine meshes. Computed
results show no apparent diffecen Therefore, it is reasonable to neglect the systeises.
Useing the same parameters listed in table 2.2 and combinn@®MSOL predefied
electric current, heat transfer and fluid flow modulESC, TEM forces and TEM flows were
simulated with a thermal gradient of 3000K/m and a 0.08Tsterse magnetic fieldrigure
3.26 shows-component oTEC in (a), y-component of TEM forcem (b) and the magnitude
of the velocities of TEM flowsin (c). It can find that TEME in these cases mainly

concentratesn the region near liquid-solid interfac&herefore, in the following gts the
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details of computed results are given in this region oRigure 3.26 (d) shosvhow TEC
distributesaround the liquid-solid interface with convex shape-#plane, and (e) is the view
seen fromx-z plane. This figure shows that TEC circuit isxfz plane at the vicinity of
interface. TEM forces in solid and liquid are displayespeetively in figure 3.26 (f) and (g),
which reveal that TEM forces in solid all point to negatwaxis direction and they are
toward to the opposite direction in liquid. In additiomgufie 3.27 shows the results that TEC
and TEM forces simulated with liquid-solid interfacengeconcave and sideling iz plane
respectively. Together the results shown in figure 3.26ait conclude that the shape of
liquid-solid interface inx-z plane has no influence on the districbution of TE@ #me
direction of TEM forces, but uneven interfacexiz plane is indispensable for the occurence

of TEME under the present experimental conditions.

(a)

(b)

Ve L'X

Figure 3.25 Example of mestiused in simulation of TEM flows with differer
interface shapes ir-z plane. (a) Fine triangular meshused in all domains; (b
Meslesnear interfacera refined; (c¢) Ten Sum thickness boundary layers are add
to the liquid-solid interface. 133
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Further, how the TEM flows act is simulated for thrededént interfaces shapes xrz
plane. Figure 3.28 shows the case that interfae is canvex plane, figure 3.29 gives the
case that interfaces is concavexia plane and figure 3.30 displays the case that interface is
sidelingin x-z plane. In these three figures, figure (a) show the &W\af computed TEM
flows in liquid, in which the colored slices stand for thagnitudes of the velocities of TEM
flows and arrows near interface revealitifl®owing direction. Figure (b) are thezplanes cut
at the positiony=1.5mm, in which the colored surfaces represent the noatpsitof the
velocities of TEM flows as well. Moreover, in order tot gae exact magnitudes of the
velocities theiry component velocities of TEM flows are profied alongtieat lines locating
at three different positions as indicated by the whitesliin figure(b), and the corresponding
curves are shown in figure (c). According to these simduatit can conclude that TEM
flows do appear at the vicinity of liquid-solid interfaceder the present experimental
conditions when the interface is not perfectly ffathex-z plane (Indeed, the interface being
uneven inx-z plane is the common case). Moreover, the directidrcomputed TEM flows
are always flowing toward the positiyeaxis direction whatever the shapes of interface m
plane are.

Concering the shape of the initial liquid-solid interfat®uld be changed if the one-way
flowing TEM flows are capable to transport and then rebdigte the rejected solutes, the
simulations of TEM flows with more realistic interfasbapes relight our wish fan-situ
observing TEM flows because the shape change of lspiid- interface can be distinctly
detected. However, not all the flows in melt can fpansthe solutes but only the ones are
sufficiently intense. Whether the flows are suffitlgnntense or not can be judged by a mass

transfer characterizing dimensionless numikgr, which is named Peclect numer and

expressed as:

p _ UL (3.31)

where,U is velocity of flows with the unit of m/d. is the characteristic length with the unit
of m (herethe thickness of sample 20 is used), an® is diffusion coefficient of solute in
melts that 4x18m?/s [275]. Take theminimum velocities obtained in the three simulations as
given in figure 3.28 (c), 3.29 (c) and 3.30 (c), p®ks the Peclet number is 2.92Because
Peclect numer is bigger than unit even employing the mimirelocities of computed TEM
flows, it can be concluded that TEM flows under the pressperimental conditions are

sufficiently intense to transport the rejected solutes.
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3.3.2 In-situ observation of shape change of liquid-solid interface

Encouraged by the above simutass, the directional solidifications @fl-4wt%Cu alloy
without and with external magnetic field were performed emsitu observedThe no field
experimenthad been accomplished by our collaborators from Marseilleéssity (IM2NP)
Figure 3.31 shows 6 successive images captured during directicaditiyfying the Al-
4wt%Cu alloy with a thermal gradient of 3000K/m and in theemce of magnetic field. The
cooling rate used in the no field experiment is 0.1 K/mi @orresponds to the growth
velocity of about 0.5om/s. The view field is iry-z plane as indicated by the 2D coordinates
in figure 3.31 (a). Because figure 3.31 (a) was captured at alh@beginning of cooling, it
can be seen that the initial liquid-solid interfacepgh& sidelingn y-z plane Let us define
the angle between interface ap@xis as the measure of the sideling degree of interface
can find that the sideling angle incresiagth time as indicated by figures 3.31 (b), (d) and (f)
This is attributed to the appearance of one-way flowing sodataections flowing with the
patternas marked by the yellow loop in figure 3.31 (e). Moreover, theearance of solutal
convections in this experiment is easy to understand bedhesrejected heavier copper
solutes must sink down to the any low-lying region of thelahisideling interface. As
solidification proceeds, more and more copper solutes gaither at the hollow part of
interface, which suppresses the growth of the correspoméegign of interface. However, at
the same time, melt concentration ahead the heaveopadrtterface diminishes, which
enhances the local growth velocity. Consequently, tihwsecounteractive effects together
make the initial interface become more sideling.

Figure 3.32 shows 6 successive images captured during directisokdlifying the Al-
4wt%Cu alloy with a thermal gradient of 3000K/m aa@.08T transverse magnetic field.
Figure 3.32 (a) is the moment that the solidification pegan and gives the coordinate of the
view field. It can see that the initial liquid-solid inflice is sideling as well, and the right part
of the interface is hollow. According to simutats of TEM flows above, yellow loop in
figure 3.32 (b) simply indicates the pattern of TEM flowslemthe conditions used in this
experiment. If these flows are sufficigntintense the rejected copper solutes can be
transported from the front of the hollow part of ifidee to its heave part, and then the
enriched solutes slow down the local growth velocity.thg same time, low concentration
melt in front of the hollow part of interface increagbe growth velocity. Consequently, the
sideling degree of the initial interface should decreasd, finally, the liquid-solid interface
became nearly flat. Moreover, one thing should be asipld that there exists an @gwith
less dark color as marked by the purple dotted lines in fig8&(d) to (f). Based on imaging

principle used by the synchrotron X-ray imaging, the lesk dalor means that this area is
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thinner compared to the other regions. The abruptly nargpthickness can block or saying
greaty reduces the permeability of TEM flows and as well asstiletes. So that, when the
liquid-solid interface enters in this region, for exdenat about 136.8mins as shown in figure
3.32 (d), solutes cannot be transported to the region witldée&scolor. Consequently, melt
in the front of the middle of interface is greatly ehgd by the solutes, and melt ahead the
right side of interface become dilute at the same tifwe. this reason, the growth of the
middle part of interfacés depressed, and reversely, growth of the right side effade is
speead up. Finally, the interface should slightly be concavéha middle and heavat the
right side, which is just the case shown in figure 3.32u(d)(f).

With purposeto confirming the discussions abgveow growth velocities of different
parts of liquid-solid interface vary with time were reeged along three vertical lines locating
at different positions as indicated in figure 3.32(c). Csirsleown in figure 3.33 suggest that
both the right and the middle parts of interface groagtelr than the left part at the early stage
of solidification thatwas about the first 120mins. As the time going, the growtlvaig) of
the left part of interfacean ahead. And finally, the growth of the initial hollow pait o
interface became the fastest one aboutriBites after the solidification began. This makes
the initial sideling interface becoming into nearly flabviever, such flat interface may not
be maintained because the growth of the left andigfm parts ofinterface’ will speed up
whilist the middle part will slow down predicted by the trendlofeeach curve shown in
figure 3.33. This is reasonable because the abruptly narrdineigness in front of the right
side of interface will prevent the nearby melt fromnigefurther enriched, meanwhjléhe
rejected solutes will be continuously transported fromleftepart of interface to the middle
by the leftto-right flowing TEM flows.

Although the possibility of the occurence of TEM flows Hagken predicted by the
simulation with the interface uneven xaz plane, it is still necessary to check whether the
left-to-right flowing TEM flows can or cannot appear with the exfisd initial sideling
interface. To do so, used the same simotatiethod as stated in section 3.2.1 and parameters
list in table 2.2, 3D simulations of TEM flows with thbserved initial sideling interface were
performed. Similarly, three different shapes of intexfacx-z plane were all usedResults are
shown in figure 3.34, in which, velocity magnitudes are mgreed by colored slice and
velocity field are represented by red arrows. Besidesjrtass transfer characterizing Peclet
numbers were calculated for each case by using the maxivalmeity given by the
corresponding color legend@hese simulations show that lediright flowing TEM flows do
exist, and the corresponding Peclet number sugguests tlsat TiteM flows are intense
enough to transport the rejected solutes. Therefore, #pe sthange of liquid-solid interface
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in directional solidification ofAl-4wt%Cu alloy under a 0.08T transverse magnetic field is

reasonably attribute to TEM flows. In another aspect, avesay that TEM flows are in-situ

observed.

=

Sideling angle

Solutal
Convections

Figure 3.31 Six successive images captured during diredtiosalidifying Al-
4wt%Cu alloy without magnetic field3=3000K/m; Cooling rate is 0.1K/min). (e
The moment that solidification just began and the coatdif the view field; (b)
The moment at;tmins after beginning and the illustration of sideling anglgThe
moment at 4 mins after beginning; (d) The moment atins after beginning; (e
The moment atstmins after beginning and the illustration of the pattersaddital
convections; () The moment atrhins after beginning.
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Sideling angle

1§ bf 136.8 mins

Figure 3.32 Six successive images captured during diredtiosalidifying Al-
4wt%Cu alloy under a 0.08T transverse magnetic field (G=3000€6uling rate is
0.1K/min). (a) Thet=19.5mins moment thatalmost the beginning of solidificatio
and the coordinate of the view field; (b) The moment=&8.6minsand the simply
drawing of the pattern of TEM flows in accordance witmdations with similar
experimental conditions; (c) The momentt=@7.5minsand the indication of path
for measuring growth velocities; (d) The moment=d86.8minsand the mark of the
thinner crucible region; (e) The moment @&l 75.9mins (f) The t=~289.9mins
moment thathe solidification almost finish
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3.4 Summary

For the purpose of directly observing TEME during directionsdliydifying the metallic
alloys, the live observation of phenomena TEM foraed TEM flows were introduced in
chapter 3.2 and 3.3 respectively. Experimental apparatus used-$au observing the
directional solidification process was introduced in céa@tl. Because both of TEM forces
and TEM flows are difficult to directly detect by the syrathon X-ray imagingwe regard
TEM forces and TEM flows are visualized if their directhsulting phenomena are seen.
Upon the TEM forces, the movements of crystals durirglioation were measured and
compared to analytical calcudst TEM forces driving movements of sphere particles. It found
that the observed movements of crystals were the aathe calculatd ones. This suggest
that the movements of crystals were directly casuedl'Biy! forces in solid when the
directional solidification was conducted under a 0.08T trens®/magnetic field. And then, it
can be stated that TEM forces in solid weraitu oberaved. About the TEM flows, whether
they can appear or not under the conditions used by ireggariments was analyzed by
simulations in advance. Fortunately, the answer wasiyms&imulations shoed that leftto-
right flowing TEM flows near liquid-solid interface cdre produced and sufficidptintense
to transport the rejected solutes. It hasrbeell known that lhe one-way flowing flows in
melt an concentrate the solutes to one side of the samplethandhe enriched melt ahead
the interface are able to change the liquid-sloid intershape. Therefore, the shape change
of interface observed during directionally solidifying tAe4wt%Cu alloy under a 0.08T
transverse magnetic field should be reasonable atdbtd the lefto-right flowing TEM
flows. And then, it can say that TEM flows wenesitu observed. At last, the 3D simulations
with the same interface shape observed inrtkstu observation experiment were perfexdn

to further confirm the occurence and the direction of THaWs.

146



Chapter 4: Influence of thermoelectric magnetic effect (TEME) on
liquid-solid interface shapein directional solidification
process

Considering the formulations of TEC and TEME have lggeen, TEM forces and TEM
flows have been unfolded by 2D axisymmetric simulations and ttheect resulting
phenomena have been in-situ observed by synchrotr@y Xmaaging, ve can confidently say
that the existence of TEME in directional solidificatiprocess has been proved. Therefore,
for the next step, whether TEHMcan or not influence the formation of structure during
directional solidification should be examined. Although th-situ experiments in chapter 3
can indicate the possibility of TElMon modifying the solidified structurés a certain extent
200um thickness metal ingots are rigresed in practice. So that, directional solidificatiohs o
Al-Cu alloys with bigger samples that millimeter size in @efisions are conducted without
and with different magnetic fieldS his chapter experimentally examines the influence of
TEM flows on the shape of liquid-solid interface beeawghich strongly influences the
generation and propagation of defej@%6], the radial compositional uniformif277], grain
sizeand orientation of phas¢278], and the flows play a crucial role in modifying the shape
of interface[279]. Moreover, 3D simulations of TEM flows are performed tmfem the
experimental results and display TEM forces in thesesaBefore step into the experiments

and the simulations, quantitative evaluation of TEM flasveiade.

4.1 Evaluation of thermoelectric magnetic TEM ) flows
Although the formulas of TEC and TEM flows have beeregiin chapter 2 they are
recalled here to make the evaluation of TEM flows cafterBecause the total electric

currents considered here contain the currents causeediyiefieldoE  currents generated

via liquid moving across the magnetic fiettlix B and the TEGSVT, the Ohms law
should be expressed as:

j=c(E+uxB-SVT) (4.1)
with

—

Vej=0 (4.2)

where o, S U and B respectively denotes electrical conductiviy P, velocity of flows in
melt and the imposed magnetic field, and the units okthasameters can be found in table
4.1. With the assumption that ATP within a single madiis constant and the liquid is

incompressibleNavier-Stokes equations governing TEM flogabe written a:
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X, p(Ge W)=V pt p g+ v U i B (4.3)

with the continuity equation:
Veu=0 (4.4)
where p, u andp is respectively the density, the dynamic viscosity and thespre. The units

of these parameters can be found in table 4.1 as well.

Table 4.1 Physical properties used in evaluations and siondaif TEM flows

Symbol  Unit Solid Liquid
S VIK  -1.5x10° -2.25x10°
o Q@myt  1.3x1d 4.0x10
u Pas  2.0x10 2.9x10°
p Kg/m®>  2.7x10 2.4x10

It must have been noticed that intereaction betweenrielectrrentsj and the magnetic
field B produces two types of Lorentz forces even when no eltetectric field is applied.
One is TEM forces, and the other is generated by theactten between the inducing
currents and the magnetic field expressed by the ¢étm B)x B. The former in liquid
drives TEM flows and are proportional to the first ardéB and the latter ones act as the
braker and are proportional to the squarB.afonsequently, competition between the driving
and the damping forces occurs, and it can know that the dim&hg forces dominate at the
beginning and then the damping forces prevaB asnstantly increases. Correspondingly, the
resulting TEM flows in melt should firstly speed up to theximum speed and then decrease
with constantly increasing magnetic fieltherefore, let us evaluate TEM flows’ increasing
stage in advanced

According to the theory of hydrodynamics, if there arederm liquid the velocity of
their driving flows can be estimated via balancing theimgiforcesto inertia or viscous

forces So that, it has:

2

p%~GSGB with S= S— € (4.5)
and
ﬂ%zasee with S= S-S (4.6)

where,G, § andS; respectively denotes the applied thermal gradient, the &Tiguid and
solid, u; is the evaluated velocity via balance between TEMe®and inertiay, is obtained

by equaling TEM forces to viscous forces. Furtiiegets:
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cSG1i B

u ~ 4.7
h - (4.7)
SG1’B
u, ~ 222 = (4.8)
U

However, we need to judge which velocity we should take. Thisbeajudged by a

dimensionless number named Reynolds nunier,
Re= @ (4.9)
U
where,u and/ represents the velocity of flows in melt and typiesigth scale respectively
The criterion used by the Reynolds number can varies fréo 4 for the different concerning
conditions. For the present cases, it defines thainbal between TEM forces and inertia is
used wherRe> 1, and balance between TEM forces and viscous fosoedid wherRe< 1.

Replaceu in equation 4.9 by equations 4.7438, it has:

R JpoSGA® B

y7]
and
3
Re = _pasczaa B (4.11)
u

here,Rg andRe is respectively the Reynolds numberwfandu,. Considering the criterion
defined for the present cases is whetRebigger or smaller than 1 the magnetic field range
for equations 4.8 being valid can be obtained via s&®|gl, and that for equation 4.9 can
be obtained by setinge, < 1. In fact, the threshold value of magnetic field forfteig using
equiation 4.8 to using equation 4.9 to esitame the TEM flowsearalculated by equalling

the equation 4.10 to 4.11. Correspondingly, it has:

2
y7]
By =——— 4.12
® poSGL (412)
where, Bg, is the threshold magntic field over which the balabheawveen TEM forces and

inertia should be used to estimate the velocities d# Tfews, and below which balance
between TEM forces and viscous forces should be used. becéound from equations 4.12
that this threshold magnetic field depends on the typécajth A, only when the system has
been decided.TherefqgrBow select the suitable typical length should makerciBased on

the typical interface morphologies obtairiedlirectional solidification as shown in figure 2.3
(a) to (c) 1mm is regarded as typical length of the planar interfaecause this kind of

interface has the same scale with the diameter nfjusucible which is usually about several

149



millimeters; for the cellular or dendritic interface thiege of their primary arms are regarded
as their typical lengths that respectively 0.1mm and 0.01mm.

Use the physical parameters in table 4.1 and the thermalkgtad 6000K/m that the
same one used in the following experiments, the magheldcranges that respectively used
to evaluae u; andu, were calculated for all the typical lengthes. Theailtssare listed in table
4.2. It can find that only the magnetic field weaker thamuati.95x10T should be used to
evaluate TEM flows via balance between TEM forces andusdorces when the typical
length is 1 mm. Because 1.95%M0nearly equals to the terrestrial magnetic field thaiuab
10* to 10°T, the evaluation of TEM flows always use the balance/éen TEM forces and
inertia for the 1mm typical length scale. Upon the dhse typical length is 0.1mm, TEM
flows should be evaluated hy when the magnetic field is lower than 0.195T orupyat
higher magnetic fields. About TEM flows with the smallgatical length that 0.01mm, only
the balance between TEM forces and viscous forces needaréobecause the balance
between TEM forces and inertia works when the magnetid #ehigher than 194.6T that
exceeds the highest static magnetic fields we canachie the eartf280].

Table 4.2 Evaluation mechanisms and their correspondingetiadield ranges for different
typical length scales (Primary step of the evaluatibhEM flows)

Typical length scales Force balance Re B (T)
o1 TEM forces= viscous forcesy, <1 0~1.95x10
= 1mm
TEM forces~ inertia, u, >1  >1.95x10"
TEM forces~ viscous forcesy, <1 0~0.195
A=0.1mm . ,
TEM forces~ inertia,u; >1 >0.195
TEM forces~ viscous forcesy, <1 0~194.6
A =0.01lmm . ,
TEM forces~ inertia,u; >1 >194.6

It must be emphasized that these evaluations arepvehyninary because they did not
take the damping forces into account. Therefore, let usider influenc of the damping
forces in the following evaluations. On the basis of Miti2ory that has been simply
introduced in chapter 1, the inducing electric currents goddmgdhe second item at the right
side of equations 4.1 should appear once the melt movesuanbdecmagnetic field lines.
Interaction of such inducting currents and the magneticsfiproduces a kind of Lorentz
forces to damp the melt movemenks the present cases, because TEM flows cannot be
parallel to the imposed magnetic fields all the timeitkieicing electric currents as well as the
damping forces emerge once the TEM flows appear in. fRelt this reason, TEM flows
should speed up with a decreasing acceleration and then dyasloal down as soon as the

damping forces are comparable to the TEM forces as:
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0cSGB~o y B (4.13)
where u; is the evaluated velocity of TEM flows when the damgorges prevailingFurther,
it has:
B

Actually, equation 4.14 can be obtained from the MHD principle as Was because

(4.14)

when the magnetic fields are sufficient high the visdoieion should be restricted withia
layer named Hartmann layer that locate along the bowsdpdarpendicular to the magnetic
fields. The thickness, of Hartmann layer can be estimated:
s=1 |4 (4.15)
B\o

And then, balancef TEM forces and viscous forces is modified as:
,u% ~oSGB (4.16)

It can be seen that achieved from 4.16 has the same fasequation 4.14, which means
the evaluation ofi; is also valid from the view of MHD theory.

Schematically illustrate the evolution of these evaluatddcities thatu,, u, andu; with
respect to magnetic fields in figure 4.1, it can find that maximum velocity of TEM flows
can be approximately estimated via dtog u, or u, to us. Either the former or the latter
equivalence should be used depends on the typical lengéh Sterefore, it is necessary to

have the expression of the critical magnetic fiBjdx obtained byu;=u; andBmax achieved

by u,=us:
ocSGLB, SG 417
P B ax (4.17)
and
oSG1? Bw  SG
P B (4.18)
thus, it has
B - (239w (4.19)
Ao
and
1 Ju
L e 4.20
o = 74 (4.20)
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Figure 4.1 lllustration of the evolution af, u, and u; with respect to imposes

magnetic fields.

Based on table 4.2; can know that evaluation of TEM flows for the typicahdith of

1mm should uses; until the imposed magnetic fields reaBhay after that,u; should be

employed. Upon the typical length of 0.1mm, b&h.x and Bmax should be calculated to

judge the critical magnetic field over whidieM flows begin to slow down. Indeed, Bfyax

is higher than 0.195T that the upper limit of magnetic fraladge valid foru,, the maximum

TEM flows will appear undeBmax About the 0.01mm typical length scale, althoughis

valid in an unrealizable magnetic fields range W&tk andBmnax need be calculated as well

because TEM flows will slow down when the imposed magnetid f6 overBnax if Bmax IS

lower than 194.6T. Table 4.3 lists the results of calculatio accordance to the discussions

above. According to table 4.3, how TEM flows vary witke timposed magnetic fields is

evaluated for the three typical lengths respectivelythadhe results are shown in figure 4.2.

Table 4.3 Critical magnetic fields corresponding to th&imam TEM flows and the

regulations usetb evaluae TEM flows

Typical length scale:

Bmax(T) Bmax (T)  Regulations for evaluating TEM flow:

u, is valid from OT to 0.139T

A =1mm 0.139 -
U is valid from 0.139T to infinite
0.269 U, is valid from OT to 0.195T
A =0.1mm 0.300 (>0.195T) is valid from 0.195T to 0.300T
Us is valid from 0.300T to infinite
" = 0.01 0.646 » 692 U, is valid from OT to 2.692T
= 0.01lmm :
(<194.67T) Us is valid from 2.692T to infinite
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Figure 4.2 Curves of evaluating TEM flows varying with imposahnetic fields
for different typical scales: (dF1mm; (b)A=0.1mm (c)A=0.01mm.

Figure 4.2 shows that no matter how long the typical lersgifEiM flows always speed
up to the maximum and then slow down with the constantlyeasing magnetic fields.
Further looking at the speeding up period of TEM flows fathepical length, it can be
found that the corresponding magnetic field range ofsffeeding up period is different for
different typical length, moreover, the relationshigivireen the velocities of TEM flows in the

speeding up period and the magnitudes of imposed magnetic ieltiferent when the
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typical length is changedin the case of 1mm typical lengtine velocities of TEM flows are
proportional to the square root of the imposed magnetid fistil it is about 0.14T as
revealed by figure 4.2 (a). When consider cellular interfa@se that 0.01mm is the typical
length TEM flows linearly speed up with the imposed magnetidfightil it is about 0.195T
and then their velocities are proportional to a squaseaf the magnetic field until it is about
0.3T as shown in figure 4.2 (b). If the typical lengtl.81mm, TEM flows speed up linearly
with the imposed magnetic field until they reach theximam velocity under about 2.69T
magnetic field (figure 4.3 (c)). At last, one more thefgpuld be stressed for these evaluations
that the realistic curve of how TEM flows vary witketincreasing magnetic fields should be
the one indicated by the yellow dotted line in figure 4.3(tlis is because that the present
evaluations are based on the force balance with only anefp@active forces, such as the
balance between TEM forces and viscous forces. Indeedndgnetic field damping forces
must be added to the balance between TEM forces and inestiacous forces even when
they do not dominate because they can change the atioeleraf TEM flows anyway. For
this reason, the acceleration of TEM flows at tlspeeding up period should not be constant
but gradually decrease to zero until TEM flows reach the maxinaelocities. With such
kinds of acceleration, curve of speeding up of TEM flowsusd act like the yellow dotted
line in figure 4.3(c) Fortunately, these simplifications are acceptable bedaesevaluations
above can still provide the correct evolution tendencyTBM flows with the imposed
magnetic fields increasing and approximate critical magn@id corresponding to the

maximum velocity of TEM flows.

4.2 Experimental investigation of influence of thermoelectric maggtic
(TEM) flows on liquid-solid interface shape
After TEM flows have been evaluated for different typilaigth scales, whether TEM
flows behave in the same manner as predicted by theatimads or not is experimentally
examined in this section. In another aspewse experiments can test and verify the ability of

TEM flows to modify the structure during directional solidificatias well.

4.2.1 Experimental apparatus

Al-0.85wt%Cu and Al-2.5wt%Cu used in the present study were both pilepéie
high-purity Al (99.99%) and Cu (99.99%0)he master alloys were melted in a cold crucible
electromagnetic induction furnace as shown in figure(d)3and melted for several times to
achieve perfect uniformity. As shown in figure 4.3 (c), phefabricated specimens with 3mm

in diameter and about 150mm in length were prepared by the vasuetion casting system
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shown in figure 4.3 (b). The vacuum of suction castingesysvere pumped together with the
induction furnace to about $(Pa, and the fill the the induction furnace only with argas

to about 10 Pa which provides about a ¥0Papressure difference. This is sufficient high to
hold an Al-Cu alloy melts column with about 150mm lengthe prefabricated specimens
were enveloped in a high-purity alumina tube with 3mm inner etiarmand 200mm length for

experiment.
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Figure 4.3 (a) Cold crucible electromagnetic induction fuenased to melt maste
alloys; (b) Vacuum suction casting system used to prgpafabricated specimen:
(c) The prefabricated specimens and their dimensions.

The entire experimental apparatus consists of two mais pdrich are external magnet
and the Bridgman type directional solidification furnacehe external magnet is an
electromagnet whose two copper coils are water coatedrder to increase and concentrate
the magnetic fields, iron yokes are used as showrgurdi4.4 (a). This electromagnet can
provide static or alternating transverse magnetic fielgenids on the type of input electric
currents. According to the coordinate and (0, 0, 0) pointndéfiin figure 4.4 (a), the
distributionof static transverse magnetic field (TMF)xty plane atz=5cm and irx-z plane at
y=6.5cm were measured and respectively shown in figure 4.4 dbjcant can find that the
nearly homogeneous magnetic field area in the middle pathiecair gap is about 6x6ém
which is sufficient big to ensure the concerning part otispens being under a uniform

magnetic fields. The air gap of this electromagné&Oism in width.
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Figure 4.4 (a) Photo of electromagnet and the static rtiagredds distributing inx-
y plane (b) az=5cm andx-z plane (c) ay=6.5cm.

Figure 4.5 shows the general assembly drawing of experimapparatus. Bridgman
type furnacemade bynonmagnetic materials with negligible effect onfibtl uniformity can
reach 1200K with the precision of +1K. A water-coolath containing Gdn-Sn liquid metal
is used to cool down the samplet called liquid metal cooling (LMC).he thermal gradient
in the specimen can be adjusted via controlling the temperafthe hot zone in furnace that
is insulated from the LMC cylinder by a refractory disceTHigh-purity alumina tube with
prefabricated specimen inside is sealed to a stainless@tieelnd this rod is controlled by a
high-accuracy servo motor. This realizes the vertical mave of the tube and the specimen
with constant velocity while the furnace being fixed at the same time. Thaulling-down
speed ranges from 0.5um/s to 5000um/s with the precision of 0.Qdm/s. In order to obtain the
shape of liquid-solid interface, quenching experiments wereiedarout via quickly
withdrawing the specimen into the LME€an to cool the specimendown to the room
temperaturammediately Processing conditions were adjusted to form a planar,laelnd
dendritic interface. Longitudinal and transverse microstres of samples were examined in
the etched conditiawith anoptical microscope, and the solute distributions were aedlyz
by electron probe mass analyPMA).
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Figure 4.5 General assembly drawing of experimental apparatasunder externe
static traverse magnetic fields.

4.2.2 Results and discussions

As shown in figure 4.6 (a), typical planar liquid-solitterface has been achieved via
pulling down the specimens of Al-0.85wt%Cu alloys at constantigg)d?, of 0.6um/s and
applying a constant thermal gradie@®, of 6000K/m. Kept all these conditions unchanged
directional solidifications were performed under differelMF flux intensities. The
longitudinal structures of specimens obtained from theseriexpats are shown in figure 4.6
(b) to (d). It can find that the planar interface is @inflat when TMF is zerdmposed a
0.05T TMF, planar interface can be achieved as well bghape is not even anymore. The
right part of the planar interface that adjoins to the whlrucible became degenerated as

shown in figure 4.6 (b). Increased the flux intensitieBrposed TEM, figure 4.6 (c) and (d)
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respectively shows the structure of liquid-solid interfab&ined under 0.1T and 0.3T TMF
It suggests that the degeneration at the right part oflémapinterface gradually disappears

and becomes an entire flat interface when the TM¥ifitensity is 0.3T.

1Imm  solid

Figure 4.6Longitudinal (parallel to the growth direction and perpeuldr to the
magnetic field) structure of planar interface of Al-0.8&&u alloy solidified under
different TMF R=0.6um/s; G=60K/cm): (a) OT; (b) 0.05T; (c) 0.1T; (d) 0.3T.

It has been well known that liquid-solid interface shape redudtsn the joint effects of
local solute concentration, temperature field and theomaductivities of the solid and the
crucible[281]. For the present cases, it is reasonable to attrihatelégenerations to solute
enrichment in the melin front the right partof the interface because both alloys and
processing conditions remained unchanged. In fact, the appeavépits in solid following
the degenerated interface as shown in figure 4.6 (b) amariaemonstrate the enrichment of
Cu solutes in tls region because the instability occurs at the interfaitle mgher solute
concentration melt ahead when the other conditioeste same. Even though, distributions
of Cu element along the horizontal line as indicatethbyyellow arrows in figure 4.6 (a), (b)
and (c) were analyzed by EMPA in order to prove the saat&chment. The results are
displayed in figure 4.7. These curves clearly show tipmagent Cu element segregation
forms at the right side of the sample solidified ura@&.05T TMF, whilst, distribution of Cu
elementis almost uniform when the planar interface is flat whettet is solidified without or

wiht a 0.03T TMF. This confirms that the melt in frontdefgenerated interface are enriched
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because the solid with higbu composition must be solidified from the melt contaghmore
Cu solutesNext, mechanism leads to this solute enrichment should be ofeale

2.00 1\

1.50 A

B=0.05T [
B=0.00T [

Content of Cu (wt.%)
o
[

Distance in x-axis direction (mm)

Figure 4.7 EPMA analysis of thdistributon of Cu element along the horizont
lines at 1mm below the planar interface of directionatidifying Al-0.85wt%Cu
specimens(R=0.6um/s G=6000K/m)

According to the wide accepted fact that sufficient intefnsesf in melt close tothe
interface are capable to transport the rejected solR88 and discussions in chapter 3.3, it
can argue that, the sole possibility to tramsphe rejected Cu solutes is TEM flows for the
present case. Although TE€amot appear if the planar interface is horizontal aedgatly
flat with a vertical thermal gradierfho temperature difference existing along the intenface
TEC can occur in the present cases because the planar ieréae not perfectly flat as
shown in figure 4.8This figure is the magnified views of regions that outlined by the
rectangle in figure 4.6 (a). Based the classical interface stability thed83-285] planar
interface growth means that the perturbations of interfagll not develop during
solidification proceeding. So that perturbations orrsgayvaves do exist at the interface. For
this reason, the planar interface cannot be pdyfdlett such as the waves at liquid-solid
interface shown in figure 4.8 (a). Moreover, affect by thierent surface tensions and
wetting properties between the crucible and liquid or solelr tontacting angles cannot be
90 degrees. Consequently, slight curved interface must baetbtat the periphery as shown
in figure 4.8 (b). Just these small waves and slight curvedfdaote at the periphery of
samples permit the appearance of TEC in the presers, case¢ how these currenast is

respectively illustrated in figure 4.9 (a) and (b) with respethe waves and curved interface.
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Figure 4.8 (a) View magnified from the region outlined by the nextangle at the
left side of figure 4.6 (a); (b) View magnified from the icggoutlined by the blue
rectangle at the right side of figure 4.6 (a)

Thermoelectri{c currentEC

Figure 4.9 Schematic illustration of how TEC are causeddstugbations (a) anc
slightly curved (b) planar interface at the periphery of sasmpled the one-wa
flowing TEM flows produced by these TEC interacting with TiéF.

Based on equations 4.1 and material parameters in tabl€ECLin these experiments

should act in the manner as indicated by the black doitelds with arrows in figure 4.9
TEM forces are produced by interaction between these areiGhe imposed TMF and point
to the same direction as marked by the blue arrows. ConsgqueEM flows in melt are
driven and flow from the left to the right. Brought by sueft-to-right flowing TEM flows
the rejected Cu solutes must concentrate to the right fideamples, and the solutes
enrichment can slow down the local growth velocity of ifterface and then lead to the
degenerationin another aspect, the recovery of the degenerated fgaerar interface under

higher magnetic field can be explained by the dampingtaffamagnetic field as evaluated in
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section 4.1. It seems the maximum velocities of TEM flawghese experiments appear
under a 0.05T TEM that is slightly different from the leatedBn.x with typical length scale
of 3mm that is 0.097TThis difference caibe partly from the inaccuracy of parameters used
in evaluations, such as the real thermal gradient Ioolilquid and solid cannot be a constant
value of 6000K/m during the whole solidification processanother aspect, 0.05T TMF may
not be the reaBmax for the planar interface growth because there aredirectional
solidification being conducted under TMF between 0.05T and 0.1T.

Investigations of the ability of TEM flows to modify theterface shape were taken on
the cellular interface growth as well. Increased thdiqgidown speed to |Bn/s, kept the
same thermal gradient that is 6000K/m and used the sametlaioigAl-0.85wt%Cu, typical
cellular interfaces were achieved in the absence efmait magnetic field as shown in figure
4.10 (a). Additionally, longitudinal structure of ligusolid interface of samples directionally
solidified under 0.1T, 0.3T and 0.5T TMF are respectivelylaygal in figure 4.10 (b) to (d).

It can be observed thatcept the slightly curved at the periphery of the sartimecellular
interface shape is nearly flat in the case of no ntagrield. Similar to the phenomena
observed in the planar interface growdipplying a relative weak TMF makes the interface
become sideling to the right side, and the degree of the @plgactesthe maximum when
TMF is 0.1T. TMF higher than 0.1T make the cellular ifstees tend to gradually back to flat.
Moreover, the corresponding transverse structureBeaposition that 1Q0m below liquid-
solid interface are examined and shown in figure 4.10 (&) teeépectively. It can be noticed
that macrosegregation occurs atwirespondgo the concave part of the cellular interface
indicated in the longitudinal structure. This suggests thatolutes must be transported to
these regions during solidification proceeding. Considetfie area of macrosegregation can
reasonably represent the magnitudes of segregationis can also find that the

macrosegregation reaches the maximum under 0.1T a&3fircled by the yellow dotted lines.
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Figure4.10 Longitudinal (a-d; parallel to the growth direction and perpardr to
the magnetic field) structure of cellular interfaceAtf0.85wt%Cu alloy solidified
under various TMF intensities and their correspondingstrarse (e-h; perpendiculz
to the growth direction and parallel to the magnetic fiskilcture at the positiot
that 100um below the liquid-solid interfaceRESpum/s; G=600K/m): (a) & (e) OT;
(b) & (f) 0.1T; (c) & (g) 0.3T; (d) & (h) 0.5T.
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Furthermore, because it has been well know that flowsmreations (natural or forced)
within the mushy zone can decrease the sizes of[@8l55288] The conclusion that left-
right flowing TEM flows exist in the cellular interfagrowth and are capable to transport the
rejected Cu solutes from the left to the right can b#icoed via comparing the size of cells
Therefore, the sizes of cells solidified under défarTMF intensities were measured. Figure
4.11 shows the curve of the average sizes of those pletled versus the corresponding
magnetic field flux intensities, which suggests that thessof cells decrease to the minimum
when the imposed TMF is 0.1T and increase when TMF furtber This demonstrates that
there must be flows in the mushy zone once the TMifasnt, and these flows should have
the same flowing direction that from the left sidetlod sample to the right, moreover, such
flows shoule speed up until TMF is 0.1T and slow down under high#. Compare to the
character of TEM flows predicted in accordance to thiellae interface growth conditons, it
can conclude that the variation the sizes of celtlmishbe attributed to the occrance of TEM

flows in the cellular interface growth under TMF.
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Figure 4.11 The average sizes of cells solidified under différ®F intensities.

How TEM flows appear and behave in the cellular interfggrowth process are
illustrated by figure 4.12, which is similar to the schematamashin figure 2.4 (c) and (d) in
chapter 2.1.3Use equation 4.1 and material parameters in table 4.1, dmeati®EC along
the cell can be determined and indicated by the lighe-bbtted circles with arrows in figure

4.12. Intereactiong of these TEC and the imposed TMBywes TEM forces both in liquid
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and solid, as marked by the green arrows in figure, 4@ these TEM forceal point to the
right that positivex-axis direction. TEM forces in liquid are able to driveM Bows within
the intercellular spaces as revealed by the red armovigure 4.12. Such TEM flows may
cause the global one-way flowing motions of melt ckosthe front of the mushy zone, which
are simply represented by the pink lines with arrowsgaré 4.12. With those left-right
flowing TEM flows, rejected Cu solutes should be tranggbftom the left side of specimens
to the right. This results in the appearance of nsmgregation and the degeneration of
interface at these places as reflected by figure 4.10edwer, it should be noticed that the
maximum velocities of TEM flows were achieved under a OLMIF in this cellular growth
case, which is higher than 0.05T the one obtaineplanar interface growth case. This is
because the typical lengtl cellular interface is smaller than th&tplanar interface. Indeed,
0.1mm is usually chosen as the typical length of celinkzrface in the evaluations of TEM
flows, whilst, 1mm is used for planar interface case. The ewnludi velocitiesof flows in
melt with increasing TMF indicated by these cellulaeifdce growths perfectly agrees with
that obtained from evaluations of TEM flows in seatédhl, which can confirm that the flows

in these experiments are TEM flows from another aspect
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Figure 4.12 Schematic illustration of how TEC appeaellular interface growth.
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Figure 4.13Longitudinal (parallel to the growth direction and perpendictdathe
magnetic field) structure of dendritic interface of Al-2.%@u alloy solidified under
various TMF flux intensities and theicorresponding interface shape profi

(R=50um/s; G=6000K/m): (a) OT; (b) 0.05T; (c) 0.3T; (d) 0.5T.
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Using the higher compositional alloys of Al-2.5wt%QCuacreasing the pulling-down
speed to 50m/s and applying the thermal gradient of 6000K/m, typical dendnterface
were achieve@sshown in figure 4.13 (a). The investigations of influent@®M flows on
dendritic interface growth were taken via imposing differdiunt intensities of TMF with
other process conditions unchanged. The interface moxgphalad the corresponding profile
of their shape obtained under 0.05T, 0.3T and 0.5T are shovigure 4.13 (b) to (d)
respectively Similar to what obtained during cellular interface growtltan observe that the
shape of dendritic interface is nearly flat when TMRBbsent. Presence oMF leads to the
degeneration at the right part of dendritic interface. Hawedghislike the planar and cellular
interface cases, the degree of the obliquity of dendnitezface constnatnly increased till the
TMF is 0.5T that the maximum magnetic field our electromagran provide. This is
understandable because higher magnetic field is need&Efd flows reach the maximum
velocities when the typical length is smaller. Basedhenevaluated of TEM flows with the
typical length of 0.01mm that similar to the width of nakendritic space, TEM flows should
reach the maximum velocities under about 3T TMF in déodnterface growth. Therefore,
decrese of the degrees of dendritic interfacebliquity cannot be observed in these

experiments

TEM forces=——>

,,,,,,,,,,,, T

Figure 4.14 Schematic illustration of how TEC appeatendritic interface growth.

Similar to the schematic illustration in figure 4.12, té#-to-right flowing TEM flows
can be produced by TEC interacting with TMF as simply atsd in figure 4.14. With such

TEM flows, the rejected Cu solutes come from the lefe ©f specimens to the right and

concentrate there. Consequenttile solutes enrichment causes the degeneration of the
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corresponding parts of dendritic interfaces. Although tledettric potential exist along the
secondary arms as well it resulting TEC should be gdnealdng the primary arms of
dendrites. This is because that the electric currents alfl@y through the smallest electrical
resistivity path, and the resistivity is proportional tee treciprocal of the dimensions of
subject. Moreover, considering the typical lengths of ghenary and secondary arms of
dendrites are respectively about 10 and 1 micrométervelocities of TEM flows between
secondary arms should be 10 times slower than those loepriegary arms. This permits us
to concern TEM flows produced by the TEC along the primamsaof dendrites and TMF
only. However, it is also needed to emphasize that exjpd@nand discussion above are valid
only if the TMF flux intensityis lower than the one corresponding to the maximum velscitie
of TEM flows when the typical lengtis 0.01mm.

Experiments above have proved the existeand the ability of TEM flows to affect the
liquid-solid interface shape during directiolyasolidifying the alloys under TMF. Moreover,
the evolution of the velocities of TEM flows withelhmposed magnetic fields indicated from
these experiments perfectly agrees with that obtaineevaipations. The deviatiorsd the
critical magnetic fields corresponding to the maximunoekies of TEM flows between
experiments and evaluations should be attributed to thecursxy parameters used in
evaluations, such as the typical length scales usedlidoarp cellular or dendritic interface
may be not precise. Although the experimental resulie haen qualitatively explained by
schematic illustrations 3D simulations with the same tmmd used in above experiments
are performed to get quantitive information about TEM flamvslirectional solidification of

alloys in the following section.

4.3 Numerical simulation of thermoelectric magnetic TEM) flows in

directional solidification of Al-Cu alloys under static magnetic field

Before consider the more general case, 3D simulatidn$EM flows are firstly
performed with the configuration that the planar interface is slightlyved at the periphery of
the sample to further confirm and investigate how TEMd@ppear and behave in the planar
interface growth case. After that, a convex liquidesatiterface as the one employed to
illustrate TEME in figure 2.3 (d) is selected to perform 3Besimulations of TEM flows for
the general cases. This is because that except the jpéedace the convex liquid-solid
interface can be regarde as one cell or the tip oflendrite when it has the same dimensions
with the cells or dendrites. Moreover, how the velesitof TEM flows vary with the
increasing magnetic fields is examined as well. In ordextend the knowledg®n how
TEM flows behave under different magnetic fields, 3D satiohs of TEM flows for the
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general cases are performed with both TMF and axial niagiredd (AMF). Thanks to the
simulation method that introduced and verified in chapt8r ZEM forces in solid can be
achieved from the computed results of TEM flows as Wélerefore, TEM forces in solid are

aslo discussed in this section.

4.3.1 Simulation of TEM flows in directional solidification under a transverse static
magnetic field
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Figure 4.15 (a) Megs and dimensions of the computed domain; (b) lllustratibr
the similarity between structure obtained in planar fater growth and the geometi

used in 3D simulations of TEM flows; (c) Boundary layeimefent.

In order to confirm the possibility of the occurrenceT®&C and TEME in the planar
interface growth cases, the similar geometry was bsiitrewn in figure 4.15 (b). Although
two types of structures as shown in figure 4.8 may lead 6 @Bd then TEME only the
small curved shape at the periphery of interfaa®ncerned herdt is because that the waved
interface can be approximately represented by the cohgaikl-solid interface as well.
Considering the simulation method has been introducedrenified in chapter 2.3, only the
mestesand geometry used in the 3D simulations of TEM flows espectively illustrated in
figure 4.15 (a) and (c). Triangular meshes were createalith under the physical phenomena

control and in liquid under the fluid flow contrdBesides, the liquidedid interface was
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refined by adding 10 boundary layers witlndin thickness to both solid and liquid sides as
shown in figure 4.15 (c).
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Figure 4.16 (a) 3D vieW of cbmputed thermoelectric potentialofed slice) and
TEC (red arrows)and the unit of legend is V; (b) & (c) Magnified view of TE
distributionin the regions marked by the circles in figure (&=6000K/m)
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Used the parameters list in table 4.1 and comald the COMSOL predefining electric
current and heat transfer modules, how TEC behave watasathuFigure 4.16 shows the 3D
view of the computed thermoelectric prtential and theespondinglEC. It can observe that
thermoelectric potential gradually increases from the bottonthe top with the applied
thermal gradient, and TEC mostly concentrate at thénityicof liquid-solid interface,
particularly, at the peripheral curved places. The maghifiew of regions marked by the
circles in figure 4.16 (a) show that TEC close themsedh@sg the curved interface. Further,
imposing a 0.01T TMF and adding the fluid flow module, the T#ktes and flows are
simulated and shown in figure 4.17 and 4.18 respectively. Becthe N-S equation was
solved in both liquid and solid TEM forces in liquid andid@an be achieved together and
respectively shown in figure 4.17 (a) and (b). In liquid, TEvtés in the region very close to
the crucible wall point to negativeaxis direction, and reversely, in the inner region they
point to positivex-axis direction. In solid, TEM forces point to positix@xis direction at the
top part of interface and to the opposite direction athibttom part of interface. TEM flows
driven by such TEM forces in liquid are shown in figure 4.38ich suggests that tine

maximum velocities appear at the curved interface redoreover, it can be found that
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TEM flows having maximum velocities mostly flow to negatixexis directionat both
positive and negativg-axis sides of the interface when we observe the flogdd from the
top of the crucible as shown in figure 4.18 (b) . The baald returnin the region higher in
bulk liquid as indicated by figure 4.18 (c). Given the Al-0.85wt%llays are directionally
solidified with such TEM flows in melt, it can imageathCu solutes rejected from the flat
interface should be brought by the backflows to the pesitaxis side and sink down to the
concave interface region because they are heavierthiasurrounding melt. After that, these
solutes together with the Cu solutes rejected from tineed interface are all transported to
the negativex-axis side by the most intense TEM flows at the vicimifycurved interface.
Consequently, melt at the region marked by the yellowlecirc figure 4.18 (b) and (ds
greatly enriched by Cu solutes. In fact, if seextmplane from positivg-axis it can have the
same view as shown in figure 44hd it can know that the sideling interface obtained when
the directional solidification of Al-0.85wt%Cu alloys werenducted under weak TMF
should be attributed to the TEM flows shown in figure 4.TiBis further demonstrates the
explanation that the small curved liquid-solid interfatehe periphery can be the reason for
the appearance of TEM and thUEM flows in the nearly flat planar interface growth
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Figure 4.17 3D views of computed TEM forces in liquid (a) andigb), in which
the colored slices denote the magnitudes ofktbemponent of TEM forces and re
arrows present the norm TEM forces, and the unit of kgerN/n?t. (B=0.01T,
G=6000K/m)

170



(@)

A 4213x10™
x107°

40

35

30

25 2 ‘I{j’t‘ y
% 2N
:‘":f\,\ % h A
20 L"\‘\ i /"ﬁ (C
R \ / /T/ ) e S N B @
s | | a ;-
| | Liquid™ \ !
10 ‘ “I T T L~
A G <«— 25um/s / J’G
- ] —
5 ‘ | Interface ol /
& g ~—— 40um/s e 2 -
vo DS e x Solid
_

/

e
4\

;i
|
|

N
’

”

QGRS

O AR
e

/[/,,.\\._

Figure 4.18 (a) General view of computed TEM flows (red arrpresente flow
field, the colored slice is the magnitude of thecomponent velocities of TEMN
flows), and the unit of legend is m/s; (b) TEM flows néae interface seen fror
positive z-axis; (c) TEM flows in bulk liquid seen from positiveaxis. 8=0.01T,
G=6000K/m)

Because the configuration with convex liquid-solid inteefas shown in figure 4.19 can
reasonable stand for cellular or dendritic morphologidgerwit has the comaprable
dimensions. The examination of how the velocities oMTHows vary with constantly
increasing magnetic field can be made by 3D simulationsTlBM flows with such
configureationIn another aspectiependence of the critical magnetic field responding to the
maximum velocities of TEM flows on the typical lengttale can also be investigated when
set the diameter of such geometry as 1mm, 0.1mm or 0.0Besides, as indicated in figure
4.20,H/D is remained constant in order to make sure the shapesfaiceé to be the same
when change its diameter. Triangular meshes were draatker fluid flow conditiorcontrol
in liquid and physical phenomena control in solid. Megtesr the interface was refined by
adding 10 boundary layers to both liquid and solid sides asrsio figure 4.19 (d) The
thicknesse of these boundary learyers is respectivelgn 6r 1mm diameter geometryyh
for 0.12mm and 0.m for 0.01mm.
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in 3D simulations of TEM flows and the boundary layer refieat (d)
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Figure 4.20 lllustration of dimensions of the convex liquatiesinterface shape tha
should be kept unchanged via setting H/D as a constant.
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slices) and TEC (red arrows), and the unit of the legend; i(b) TEC seen fron
positivey-axis; (c) TEC seen from positiveaxis. (G=6000K/m)

Combined the COMSOL predefining electric current and heasfearmodules and
employed the relevant parameters list in table 4.1, §EQerated by applying a constant
thermal gradient of 6000K/m was simulated with the geon&town in figure 4.19 (a) that
1mm in diameter. Figure 4.21 shows the computed thermdeleabtential and the
corresponding TEC. It can see from the general 3D viewwshn figure 4.21 (a) that the
thermolelectric potential is coincident with the applyingerthal gradient and the
corresponding TEC mostly concentrate near the ligoidt interface. Magnified the region
near interfacgfigure 4.21 (b) and (c) shows the view of TEC seen frontigesi andx- axis
respectively. These two figures suggest that TEC form thelitsralong the liquid-solid
interface and have the most intense densities in thernregar interface. Further, it can find
that TEC around the entire convex intace flow in the same direction as indicated by the
white circles with arrows.tiImust be noticed that TE& the middle part of solid are parallel
to each other, which should be attribute to the assumptarAfFP of solid is constant. This
agrees with the predictions made by analytical calalati chapter 2.3.2.

Imposed a 0.1T TMF in positivgaxis direction, both TEM forces and TEM flows can

be simulated by adding the fluid flow module to the previoustrgdecurrent and heat transfer
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modules. Figure 4.22 shows the computed TEM forces indligad in solid respectively.
Similar to the results shown in figure 4.17 (b), TEM fer¢tmve two opposite directions in
solid. At the top and in the middle part of the solid sidlenterface TEM forces point to
positive x-axis, and inversely, at the low and peripheral part offexterTEM forces in solid
point to negativec-axis as marked by the magnified picture inserted in figure AR2TEM
forces in liquid have two reversed directions as well. ®hes in the concave region of
interface orientate to negatixeaxis, and the others in front of the convex regiomterface
are in positivex-axis direction The behavior of TEM flows driven by such TEM forces in
liquid is shown in figure 4.23. Because TEC are very cloghediquid-solid interface TEM
flows also gather in the interface nearby region asvehn figure 4.23 (a)Moreover it can
find that the most intense TEM flows appear surroundctmex interface and locate at its
concave region and these TEM flows unidirectionallgwflfrom positive x-axis to the
negative as revealed by by red arrows in figure 4.23 (b) @nd lfe backflows flow through
the region in melt ahead of the top of interface. €driby such kind of TEM flows, the
rejected solutes must be gathered at the places as pouttég the yellow circles in figure
4.23 (b) and (c) and make this parts of interface degenerate
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Figure 4.22 Computed TEM forces (colored slice is the nagmi of the x
component of TEM forces and red arrows denote the norsh fbEces), and the unif
of legend is N/m (a) TEM forces in liquid; (b) TEM forces in soligB=0.1T,
G=6000K/m)
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Figure 4.25 Evolution of the velocities of computed TEBWE with increasing
TMF intensities for different typical length scales) BEM flows simulated with
1mm diameter geometry; X EM flows simulated with 0.1mm diameter geomet
(c) TEM flows simulated with 0.01mm diameter geometry.



TEC, TEM forces and TEM flows were simulated with the gdoe® have smaller
diameters (typical length®f 0.1mm and 0.01lmm as well. Figure 4.24 shows the computed
results. It can see that the patterns of all TEC, TEMées and TEM flows are the same as
those obtained in simulation with geometry has 1mm dian{ggpical length). However, the
absolute values of computed TEC, TEM forces and flows iflexaht when the diameters of
geometries are different. TEM flows were simulated unemmous imposed TMF flux
intensities and with the same thermal gradient of 6000ffngeometries with three different
diameters as shown in figure 4.19 (a) to (c). Plotted the noamirrelocity of computed TEM
flows versus the TMF flux intensities, how the velestof TEM flows vary with constantly
increasing TMF can be seen from the curves shown in f@§@% It shows that whatever the
typical length scale is the change tendency of theciteds of TEM flows with magnetic
fields is the same that TEM flowBrstly speed up and reach the maximum velocities under
the correspondingly critical TMF and then slow down wtilenTMF further rige. This agrees
with the conclusion made by the evaluations of TEM flawssection 4.1. In fact, this
consistent can be validated by the similarity betweemesushown in figure 4.25 and the
yellow line shown in figure 4.2 (c) as wdih another aspecit can find that the critical TMF
intensity responding to the maximum velcoties of TEMvBas about 0.5T for Imm diameter
geometry, 5T for 0.1mm and 50T for 0.01mm. It should be empliasied the accurate
critical TMF intensity for each typical length scalan be any value within the range as
marked by the yellow rectangular boxed in figure 4.25 becdnesenagnetic field difference
between two simulating steps may not be sufficient stoaiive the accurate one. Further, it
is also needed to point out that the deviations betweecritial TMF intensity achieved by
these simulations, experiments in chapter 4.2 and ancwhlkiations in chapter 4.1 are
reasonable because the evaluations takes some sim@ifiésthe parameters in real

experiments mudie difference from the ones used in evaluations and simooat

4.3.2 Simulation of TEM flows in directional solidification under an axial static
magnetic field

With the purposdo extend the knowledgen how TEM flows behave under an axial
static magnetic field the corresponding 3D simulations werformed. Except refining the
meshes at the top wall of the liquid domain by adding bounidaygis as shown in figure
4.26, the same simulation method, geometries, dimensioesies and parameters used in
chapter 4.2.2 are all employed in the following sirtiatess as well. Similarly, coupled
COMSOL predefining electric current and heat transfer modWlEE were simulated with a

constant thermal gradient of 6000K/m for three diffetgpical length scales. The computed
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results are shown in figure 4.2t can be observed that the patterns of thermoelectric
potentials obtained from the three cases are the saoapt their absolute values, and so do
the flowing pattes of the corresponding TEC. These TEC mostly distelméar the interface
and form the cirruits via flowing downward in solid and upwardiguid. Actually, the
general pattern of TEC is determinated once the simglaystem and the applied thermal
gradient are decided. However, the densities of TEC depenldeogeometery and its size
such as the shape of liquid-solid interface. For thesemte cases, differences of the
magnitudes of the simulated thermoelectric potential &6@ Between three different typical
lenghes should be mostly attributed to the differermghte of the shape unchanged liquid-
olid interface shape. This is because both of therrotvelgotential and TEC are the function
of temperature differentce that is linearly proportionalthe height of interface once the
applied thermal gradient is desided.

rkr P I < <\“Jz | - I
Figure 4.26 Boundary layer refinements of meshes at thefttiquid domain used
in 3D simulations of TEM flows under an axial magneticdfiel

TEM forces produced by interaction between the imposed AntFthe TEC shown in
figure 4.27 were simulated, so do their resulting TEM flomvéiquid. Figure 4.28 (a) to (c)
gives the computed TEM forces both in liquid and solid toree different diameter
geometries respectively. It shows that the patterns of Td&bés in these three cases are the
same that ertically surround thez-axis and distribute near the interface. This mustdss e
understood because the direction of TEC and imposed upwatdtatia magnetic field are
remained unchanged for these three cases. Furtherraoe@ylly examine th& component of

TEM forces indicated by the colored slices, it can fihndt TEM forces in liquid are all
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clockwise and in solid lead to a pair of opposite directarques as uncovered by the inserted
picture in figure 4.28&), (b;) and (g). This makes interface at the solid side tend to revolv
anti-clockwise at the top and clockwise at the bottom, vimay give rise to midifying the
solidified structure during the solidification process. bule some indications of the
possibility of TEM forces in solid to affect the stru&upbrmation have been uncovered by
some pioneer experimental attemf#46-248] but such topic would not be further discussed

here because it has exceedd the concering range diehis.
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Figure 4.27 Computed TEC generated abthermal gradient of 6000K/n13, for
different diameter geometries (colored slices arentbelectric potential and re
arrows are TEC): (a) TEC in 1mm diameter geometry; T in 0.1mm diamete
geometry; (c) TEC in 0.01lmm diameter geometry. The drégend is V.

Figure 4.29 displays TEM flows driven by the TEM force$ignid shown in figure 4.28
(a), (b) and (c) respectively. Under the axisymmetricallyical distribution TEM forces, the
rotational TEM flows formed as shown figure 429 (a), (b)) and (g). Although the
isotropous flows in melts during solidification may naiuse any redistributuion of solutes,
the rotational TEM flows a&n result in vertical secondary convections like thelation
described by Geoffrey Ingram Taylf##89], which is able to affect the solutes distribution in
melt. In another aspecthe centrifugal pulling effect of rotational flows carfeat the
transportation of solutes due to the density differentedsn the solutes enriched melt and

the original onesTherefore, the rotational flows concentrate the selaitethe periphery of
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the sample in accordance to the centrifugal pulling effettiei rejected solutes are heavier
than the original metl. And then, the solutes enrichneant affect the formation of structure
during solidification process.
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Figure 4.30 Evolution of the velocities of computed TERWS with increasing
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By simulating TEM flows under various AMF flux intensgjehow the velocities of
TEM flows vary with the AMF were investigated for diffetetypical lengths as well. Figure
4.30 displays the curves of the velocities of computeM TlBws plotted with AMF. It can
find that the same change tendency of the velocitieSEN flows with the constantly
increasing AMF is achieved from all the three differigpical lengths. The only difference is
that the critical AMF flux intensities responding to thexmaum o TEM flows is about 0.6T
for the typical length of 1mm, 6T for 0.1mm and 60T fd1®nm. It must have been noticed
that the critical AMF flux intensities are differembi the TMF ones. This deviation should
be attributed to inaccuracy selection of typical lengtlescbecause the areas perpendicular
to the magnetic field lines are different when the magnild is imposed axially and
transversely for the size fixed sampla fact, how accurately select the typical length to
perform the MHD related calculations is an important andlear topic[290], so that the
present thesis will not and cannot make any further dismssibout that. Nevertheless, how
the velocities of TEM flows vary with AMMRas been found and shows reasonable agreement
with the evaluations of TEM flows in chapter 4.1. Cdesing TEM flows obtained under the
TMF, it can conclude that whatever the direction of ithposed magnetic fields are TEM
flows in melt during directional solidification processvays speed up firstly and reach their
maximum velocites under a critical magnetic field anchthlew down with the magnetic
field further increasing. Finallyit can know that the geometry, dimensions, typical length
thermal gradient in both solid and liquid, direction led imposed magnetic field and the real
growth velocity of liquid-solid interface must be consetkoverall if we expect to precisely

estimate the velocities of TEM flows for a given alloy

4.4 Summary

Considering the size of the sampe (particularly thei20thinckness) used by the in-situ
observation experiments in chapter 3 is not commoimanptatical production, this chapter
confirmed and investigated TEM and its influences in the directional solidificationthwi
relative bigger samples those are millimeter scalekreetdimensioes Before experiments
the evaluations of the velocities of TEM flows and hirey vary with the imposed magnetic
fields were taken. Because TEM forces are linearly ptap@i to the magnetic field flux
intensity TEM flows always speed up firstly. The magnegenping effect will occur once
the melt begin to flow, and the corresponding damping $oirerease with the increase of the
velocities of TEM flows in melt. Finally, the damping des should dominate under a
sufficient high magnetic field because it is proportlaioathe square of magnetic field. So

that, there is critical magnetic field reswdd from the competition between TEM forces and
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damping forces. Under this critical magnetic field, TEMAS reach the maximum velcoties
and then slow down when the imposed magnetic field overctitieal value. Moreover
according to the evaluation in chapter 4.1 it can knowttiacritical magnetic field is closely
related to the typical length sacle that varies wittiedgnt morphologies in directional
solidification. For instance, the typical length gblanar interface can be roughly reged@s
1mm, and that of the cellular interface should be 0.1imerefore, the critical magnetic field
should be different for differg solidified structures. Indeed, the smaller the typieagth is
the higher the critical magnetic field is. After thesakiations, some corresponding
experiments were performed. In order to investigate howelecities of TEM flows vary
with imposed magnetic field for different typical lehgt three typical morphologies that
planar, cellular and dendritic interface growth weralized and solidified under different
TMF flux intensities. Experimental results stexdveasonable consistent with the evaluations,
particularly, the change tendency of the velocitie§BM flows with constantly increasing
TMF obtained from experiments perfectly agreed with tchteved from evaluation8ased
on the results achieved in experiments, how TEME appearewgiained by schematic
illustrations firstly and then confirmed by the 3D simwat. Further, the 3D simulations of
TEME were performed witl general geometry for three different typical lengtbemputed
results showd that either the imposed magnetic field is transvenmsexial the change
tendency of the velocities of TEM flows with constgrihcreasing magnetic fields kept fixed
and was consistent with the results obtained in evaolsitend experiments. Additionally
these simulations uncovered another important phenomeyanTEM forces in solid are
anisotropic.Actualy, TEM forces in solid under TMF point to positixeaxis at the top and
middle of the solid side of interface at@lnegativex-axis at the very periphery. TEM forces
in solid under AMF form a torque that makes the top ofsihied side of interface tend to
revolve anti-clockwise and the bottom part rotate closkwat the same tim®islike TEM
forces in liquid, TEM forces in solid constantly increagith the imposed magnetic fields
increasing. Therefore, TEM forces in solid can be cigffit strong when the imposed
magnetic field is high, and the strong TEM forces indsmhust play a crucial role on
microstructure modification. This may be another pramgidirection for the research of
TEME.
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Chapter 5: Influence of magnetic field on formationof structure
during directional ly solidifying near-eutectic alloys

The ability of TEME to modify the structure of single phadleys during direction&y
solidification has been examined in chapter 4. Excepsitigde phase alloys, eutectic alloys
are another kind of widely used metallic materials bezdhe eutectic structure or saying
coupled growth structurs the excellent candidate for in-situ composite matefid1]. So
that how the external magnetic field, particularly tHeME, influences the formation of
structure during directionigl solidifying the near-eutectic alloys examined in this chapter.
Results show that distances between the tip of prinoa®} dendrites and the eutectic
structure front thaso-called mushy zone length changes when the hypoeutectic Ab&Buit
alloys are directionally solidified under different magic fields. More important, a ndgar
entire coupled growth structurgachieved under a 4T AMF. TEM flows and the change of
nucleation temperature of the primary and the eutectisgghcaused by the magnetic field are
employed to explain these results. Indeed, a specialiffiential thermal analysis (DTA)
apparatus that can be used in high magnetic field is inteoldaicd applied to verify the effect
of magnetic field on changing the nucleation temperatéirthe primary and the eutectic
phases. In another aspect, hypereutetidOwt%Cu alloys are directionally solidified under
various magnetic fields as well. The experimental teglow that other than the alteration of
the mushy zone length the growth of the intermetallmmound A}Cu phase is enhanced by
the magnetic field. Transmission electron microscopalyais suggests that the growth
enhancement of the facet@&thCu phase should be attributed to the defects multiplication
this phaseTEM forces acting on solid during directional solidifioa can lead to the defects

multiplication.

5.1 Alloys and experimental apparatus

Al-Cu alloys were chosen as the research object in thigerhas well because At,Cu
is a typical eutectic alloy that widely used in electraamcl engineering industries. Besides,
thermophysical parameters of Al-Cu system are relativelynplete. Hypoeutectic Al-
26wWt%Cu and hypereutectic Al-40wt%Cu alloys were chosen bechegenave almost the
same melting temperature and compositional differenceveleet the eutectic reaction
composition thatAl-33.2wt%Cu, and more, they precipitate different primary ehand
reject different types of solutes during solidificationgeeding. Upoi\l-26wt%Cu alloysp-

Al phase is the primary phase and heaver Cu solutesemeted, whereas, Al-40wt%Cu

187



alloys primarily precipitate the ACu phase and reject lighter Al solutes. Figure 5.1 gives a
partial phase diagram of Al-Cu system containing the two wsiogs.
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Figure 5.1 Partial phase diagram of Al-Cu system that slgpthi@ composition of
hypo- and hyper- eutectic alloys used in this chapter.

Al-26wt%Cu and Al-40wt%Cu alloys used in the present studies wehepoepared
with high-purity Al (99.99%) and Cu (99.99%) by the vacuum suct@asting method as
introduced in chapter 4.2.1. Therefore, dimensions ofptiedabricated specimens are the
same as indicated in figure 4.3 (c). Directional solidiftoes were performed with the same
Bridgman type furnace detailedly described in chapter 4.2.1thbuthagnet is different. In
this chapter, a superconducting magnet as shown in figure 5tBafbyan provide the axial
upward magnetic field up to 14T was used. This superconducting magsetnade by
Oxford Instrument Company with a columnar working place 98mndiameter and 1174mm
in height. The magnetic field flux intensities alotig axially central line of working column
were measured when it was st 10T, and the profile is shown in figure 5.2 .(3he
correspondind,-(dB/dz) was calculated and shown in figure 5.2 (a) as well.

A specializeddifferential thermal analysis (DTA) apparatus that can bel usehigh
magnetic field has been design and built by Changjumnd Zhongming Ren et al. in
Shanghai University292]. Here, we employed this apparatus to verify the influendagbf
magnetic field on the nucleation temperature of thengmy a-Al, Al,Cu and the eutectic
phases. Figure 5.3 (a) shows the general drawing of the DT Aadippaised in high magnetic

field, and photo of real matter is given in figure 5.3 (b).
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Figure 5.2 (a) Profile of magnetic field measured at 18hgathe axial direction ant
the corresponding vertical distribution 0B, (dB/dz) (b) Photo of the
superconducting magnet.

DTA is a thermo-analytic technique, during such process thgistudample and the
inert reference together undergo an identical thermalesy@nd meanwhile, record any
temperature difference between the sample and refef@ecause the inert reference will not
have any temperature fluctuation during the thermal cydleat absorption or release for
instance, any temperature fluctuation of the studying sarmpipared to the reference can be
detected293]. And then, the differential temperature is plotted rgfaiemperature to obtain
the DTA curve. Because the physical and chemical reactid materials during heating or
cooling are mostly accompanied thermal effect, paditulthe metallic alloys, DTA curve
can indicate the events that have haggeduring the thermal cycleR94], such as the
beginning of nuclearation or saying solidification andgghtansformation during cooling the
metallic melts. Figure 5.4 (a) simply illustrates the bamsiaciple of DTA, figure 5.4 (b)
shows the example of data obtained during the experimamtistwo typical DTA curves
achieved during heating and cooling the metallic sampleiaea in figure 5.4 (c) and figure

5.4 (d) respectively.
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Figure 5.3 (a) General drawing of differential thermallgsis apparatus used in hic
magnetic field; (b) Photo of real DTA apparatus.

Several parameters manifegiithe events happening during melting or cooling can be
achieved from the DTA curvg295-297]are explained with the help of examples shown in
figure 5.4 (c) and (d).

(1) T, appears both in heating and cooling process that is thgetatare at which the
maximum temperature difference occurs. This parametersvaiitd the applied heating or
cooling rate during the thermal cycles when the other dondiremain unchanged.

(2) Tm appears in the DTA curve obtained during the heating pracegsas illustrated
in figure 5.4 (c), which resposdo the intersection point between the extended basi@afide
the tangent line of the maximum slope of the low tempegatide of endothermic peak. This
temperature is generally regarded as the melting tempeddtilre studying sample.

(3) T, appears in the DTA curve obtained during the cooling pramelys as illustrated
in figure 5.4 (d), which responds to the intersection poéttveen the extended basic line and
the tangent line of the maximum slope of the high temperatide of exothermic peak. This
temperature stands for the beginning of nucleation temperaf the studying sample.

(4) The slop of the high temperature side of exothermag gana, as indicated in figure

5.4 (d), can be regarded as the nucleation rate in cages.
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(5) Half-width of the exothermic peakiw, reveas the scatter of obtained grain sizes.
The smaller thetw is the lower scatter of the grain sizes is.

Except these parameters, for cooling a metallic samplee nidormation can be
obtained through calculating the parameters directly aetlidrom the DTA curve. For
example, T,-Tp, can uncover the rate of nuclearation or saying salatibn. High value of
(Tw-Tp) presents lower solidification rate, which means thestafs will grow slowly after

their nuclearation.

......................................................................................................................

Sample Reference

e

Temperature®C)

.....................................................................................................................

Figure 5.4 (a) Schematic illustration of DTA; (b) Exampie DTA curve; (c)
Example of DTA curve obtained during heating a metallic @aniendothermic
peak); (d) Example of DTA curve obtained during cooling atallic sample
(exothermic peak).

5.2 Influence of axial magnetic field during directionaly solidifying
hypoeutecticAl-26wt%Cu alloy

As a typical hypoeutectic alloy, Al-26wt%Cu alloys are dimwlly solidified with an

unchanged pulling-down velocity ofuBh/s and under various AMF flux intensities. Results
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show that under low AMF the distance between the tipgriofiary a-Al dendrites and the
eutectic front that the mushy zone length clesnghen AMF varies and a ndwarentire

coupled growth structure formed under a 4T AMF.

5.2.1 Influence of low magnetic field on the mushy zone length during dir¢ionally
solidifying Al-26wt%Cu alloy

Generally, directional solidification of hypoeutecticogit provides a dendrite-plus-
eutectic solid structure, in which-Al dendrites lead ahead the eutectic phase and act as the
primary phase. Figure 5.5 (a) shows the longitudinal stredhat achieved by directional
solidifying the Al-26wt%Cu alloy with a constant pulling-down spee@afi/s. This is the
typical solid structure of hypoeutect&sl-Cu alloys obtained by directional solidification
With the aids of Al-Cu alloy phase diagram as showngaré& 5.5 (b), the distance between
the tips of leadingi-Al dendrites and the eutectic front tlsmkcalled mushy zone length can
be estimated approximately. Supposed the temperature dipthef primary dendrites is
regarded as the liquidus temperature of Al-26@t?alloy as marked by the red dot in figure
5.5 (b) that about 577°C, and the temperature of eutectic front during growthdsdht to
be the eutectic temperature that is 54&2the mushy zone length can be roughly calculated
when the applied thermal gradient is decided. Becauseitigetature difference between the
the tips of dendrites and eutectic front is 29.5K in accurel@o the phase diagram, the length
of mushy zone can be obtained by dividing 29.5K by the appghermal gradient of
6200K/m, which is about 4.76mm. The mushy zone length obtaioeddkperiment is about
4.38mm as indicated in fiure 5.5 (a), which is shorter tttan estimating one. It is
understandable because Cu solutes will be rejected from the primary a-Al phase during the
directional solidification and then enrich the nattead of the primary dendrites. This makes
the primary dendrites surrounded by higher composition, mett which make the growth
temperature of the dendritic interfaces lower than idi@dus temperature of Al-26wt@a
alloy. For this reason, the real temperature diffezebetween the tips of the primary
dendrites and eutectic front should be smaller, and asasdle mushy zone length if the
thermal gradient is unchanged. Indeid growth temperature of both the tips of the primary
dendriesand the eutectic front are affected by the pulling-downdspgeeas well. However,
such influence is negligible bes®R is the high order term in the equation for calculating
the real growth interface temperature of dendr#23] and R was small hereln another
aspect using eutectic temperature presenting the eutectic growghfane temperature is
reasonable because this is widely accepted simplificg2®@®]. Therefore, it can be thought

that the length of mushy zone during directional solidiiica is determined by the
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composition of melt ahead of the tips of the primaryddiss if the pulling-down speed and
the thermal gradient are fixed. With this in mind, influe¢ the magnetic field on the mushy
zone length is discussed following. Figure 5.6 is thgitadinal solid structure containing
both dendritic and eutectic interfaces of hypoeutegiie26wt%Cu alloys directionally
solidified under different AMF flux intensitie8, with constant thermal gradient of 6200K/m,
G, and pulling-down speed ofiys, R.
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Figure 5.5 (a)Longitudinal (parallel to the growth direction) structure of dgtic
and eutectic interfaces achieved by directionally solidgyihe Al-26wt%Cu alloy
with a pulling-down speedR of 2um/s in the absence of magnetic field; (
illustration of method to simply estimate the mushy zength (G=6200K/m)
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Evaluating maximum velocity of TEM flows

(ww) auoz Aysnwi Jo Yyibua
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Figure 5.6 Longitudinal (parallel to both growth and magnégld direction) structure containing both dendritic andeetic interfaces
achieved by directionally solidifying Al-26wt%Cu alloys under @iféint AMF flux intensities that 0T, 0.005T, 0.05T, 0.0 &.5T. Red line
marks the eutectic front, green dots indicate tips ofidén interfaces and blue line approximately illustegtew the evaluating velocities ¢
TEM flows vary with AMF flux intensities, and the meastirmushy zone lengths are given at the top of each figer@un/s, G=6200K/m)
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It can be observed from figure 5.6 that the typical dendtitse-@utectic structuresi
remained under the AMF lower than 0.5T. However, the mushg zength changes when
the imposed AMF is different. Further, it can find thaishy zone elongates its length from
about 4.38mm when the magnetic field is absent to about 5.72 wki€éni#\ 0.05T, and
further increasing AMF makes the mushy zone become shérally, it is about 3.56mm
when AMF is 0.5T. Based on the factars determining the length of mushy zone as
discussed above, it can attribute the elongating of mushg to the dilution of melt in front
of thea-Al dendrites. In another word, reducing of the solute enretirof melt ahead the
Al dendrites elongates the mushy zone length. Consideisoyssions about TEME in the
previous chapters, TEM flows around the primaspl dendrites are capable to change the
composition of melt surrounding and ahead. Therefors,tihaught that TEM flows should

response to the change of mushy zone length under diffék&ff flux intensities.

Table 5.1 Physical parametersoeAl, Al,Cu phase and the liquid used in simulation

Names symbols and units of the parameters Magnitude
Electrical conductivity of AICu phasegs,, Q™ mi* 6.20x106 [275]
Electrical conductivity ofi-Al phase gs;, Q- mi* 7.90x16 [275]
Electrical conductivity of liquida;, Q- mi* 3.05x18 [275]
Absolute thermoelectric power of &Zu phaseSs,, V-K* -0.60x10P [238]
Absolute thermoelectric power afAl phase,Sg;, V- K™ -1.50x106 [238]
Absolute thermoelectric power of liquig, V- K™ -2.25x18[238]

However, whether TEMEanoccur or not in the typical dendrite-plus-eutectic stmect
needs to be verified. For this reason, used the simulat&hod has been validated in chapter
2.3.2 and taken the geometry shown in figure 5.7 TR in a simplified case that
considering only one primaryg-Al dendrite followed by eutectic phase were simulated via
combining the COMSOL predefining electric current and heatsfer modules. In addition
meshes used in this simulation and dimensions of thegteoy are also indicated in figure
5.7 (a). The meshes are extremely fine and triangular hwhéce created under the criterion
of physical phenomena control. The physical paramefeusfd, Al,Cu phase and the liquid
used in tis 2D simulation of TEC are list in table 5.1. Figure 5.7 fbdws the computed

thermoelectric potential and the corresponding TEC iddlaunder a constant thermal
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gradient of 6200K/m that the same one used in the expesma&lthough there are some
small TEC circuits along or between the secondary arfrtbe dendrites as shown by the
inserted picture in figure 5.7 (b), it can see that thenraad the more intense TEC form the
global circuit along the first arsrof the dendrites as indicated by the white lines witbvasr

in figure 5.7 (b). Moreover, this agrees with the discussiabout the flowing path of TEC

around the dendrites in chapter 4.2.2.
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Figure 5.7 (a) Geometry, dimensions and meshes asd simulation of TEC in
the dendrite-plus-eutectic structure; (b) Computed theleotye potential (colored
slice) and the corresponding TEC (red arrows) produced d\cahstant therma
gradient of 6200K/m. The unit of legend is V, and the reomagrare normalized.

Further, imposing AMF and considering the main circuitsSTBC as indicated by the
white lines with arrows in figure 5.7 (b), how TEME happen aglsblbe in the dendrite-plus-
eutectic structure is schematically illustrated in fighu@ It must have been known that TEM
forces should be produced once the magnetic field septef TEC exist. As indicated by the
light-blue marks, TEM forces in liquid are perpendicularnd go out of the paper at the left
side of the tip ofu-Al dendrite, conversely, the ones at the right side tpirthe opposite
direction. Driven by suciEM forces, swirl TEM flows should appear around the dergjrite
particularly near their tips. The swirl TEM flows may respond to the reducing of the Cu

solute enrichment of melt. It can image that if thare not any other disturbing factors the
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rejected Cu solutes manifested by the yellow solid linels antows should sink down due to
the gravity. However, TEM flows near to the dendrite shoulgérge and affect the sinking
down of rejected Cu solutes once AMF is preséitthough the isotropous swirl flows are
commonly regarded as having no influence on the distributiosodits in melt their
conetrigual effect can facilitate the radially transpdrthe rejected Cu solutes as shown he
dotted yellow lines with arrows in figure 5.8 due to the derditierence between solute
enriched and not enriched me€onsequently, melt ahead the primary dendrites become
dilute compared to those in the case no magnetic iBgfdlesent. The dilute melt enable the
dendrites to grownto higher temperature region and thus the mushy zone lengihatés
This can explain the above experimental resultsrtheghy zone increases its length as AMF
incrases from OT to 0.05T. Next, why the mushy zone beconwteshunder AMF higher

than 0.05T should be answered as well.

Figure 5.8 Schematic illustration of the occurrence oMEEIn the dendrite-plus-
eutectic structure based on the TEC simulated withithidas structure.

Actually, shortening of mushy zone length as shown in figuBec&n be understood
easily as long as the TEM flows is accepted to be alddfeot the transportation of rejected
Cu solutes. Based on the previous evaluations of TEM flowkapter 4.1, there should e

critical magnetic field flux intensity under which TEN®Ws reach their maximum velocities
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More intuitively, how the velocities of TEM flows vawith increasing magnetic field can be
approximately revealed by the light-blue dot-dash line drawrgurdi 5.6. It can know that
TEM flows in the directional solidification of hypoeutectiAl-26wt%Cu reach their
maximum velocities under 0.05T AMENd thus the longest mushy zone should be achieved
under the same AMF flux intensity. When AMF is higheartl®.05T it is natural to obtain
shorter mushy zone because TEM flows slow down under suthANf. Furthermore
another phenomenon is worthy to emphasize that the nagsteyobtained under 0.5T AMF
is shorter than the one achieved without magnetic.fi€lds should be attributed to the
damping effect of the static magnetic field on the oflesvs in melt[300]. It has been well
known that sinking of the rejected heaver Cu solatedead to verticdy solutal convectios
during directional solidification of hypoeutectic Al-Cu a#oin the absent of magnetic field
[301]. Therefore, if the solutal convections are damped by uFeient high magnetic field
as well it should be certain to get farther shorter mushy zongthecompaed to the one

obtained without magnetic field.

5.2.2 Formation of coupled growth structue in hypoeutectic Al-26wt%Cu alloy
solidified under high magnetic field

Remaining the directional solidification conditionsnchanged and continuously
increasing the flux intensities of imposed AMF, evolutiohthe solidified structure of
hypoeutectic Al-26wt%Cu alloy was investigated under higher megretld. The
longitudinal solid structure containing both dendritic andeetit interfaces and the
corresponding transverse solid structure are shown irefig@. It can be seen that the mushy
zone achieved under 1T AMF is shorter than the onangatainder 0.5T AMF, and the 2T
AMF does not make any obvious change of the mushy zone ldagther increasing AMF
to 4T, a dramatic structure changing appeared that nearlg eotipled growth structure is
achieved as shown in figure 5.9 (c) and (f). The farther shimg of mushy zone length
under 1T should be attributed to the stronger damping of Ti&Ms and solutal convections
by the higher magnetic field. Almost the same mushy zomgtHeobtained under 2T AMF
suggests that flows in melt cannot be sdowlown farther even under much higher magnetic

field, 2T for instance. In another word, flows in melttwihe present conditions may have
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been almost suppressed under a 1T AMF. Considering the raosigy length should not
become much shorter under 4T AMF, the the appearanceanlyrentire coupled growth
structure under such AMF suggesuts another mechanism.iHeréhought to be attributed to
the thermodynamic effect of magnetic field that higlgnsiic field can change the nucleation
temperature of non-ferromagnetic alloy during solidificn [302]. Before confirm this
thermodynamic effect of the magnetic field, it is @exary to brief introduce the concept of

coupled growth structure.

500 500 5001

Figure 5.9 Longitudinal (parallel to both the growth andrtiagnetic field direction)
structure containing both dendritic and eutectic interfame&\l-26wt%Cu alloy
solidified under various AMF flux intensities and the correspogdiransverse
(perpendicular to both the growth and the magnetic figlelction) structure: (a) &
(d) 1T; (b) & (e) 2T; (c) & (f) 4T. R=2um/s G=6200Kim)

Coupled growth structure refers a phenomenon that a sinutacte structure forms
over a range of compositions but not only from the ewtgxint. This concept is originated
from an experimental finding achieved by Sauveur and Boymtal®03 that the pearlite
could form over a range of compositiof@3]. This discovery was confirmed by Tammann
and Botschwar in the 1920ghey obtained a similar eutectic structure when satiditihe
transparent organics with compositions different frouh ear to the eutectic poifiB04].

After this, a series of the coupled growth structure gfics were reported by a German
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pharmacologist, Kofler. In another aspect, the coupledwir structure obtained by
solidification of the metallic materials was firstlyuied in 1954[305]. At that time, it was
thought that such kind of structure can be achieved onlyduffiient high solidifying rate.
This limitation was extended by Jackson and Hunt in 1966, theyepoaut that directional
solidification can providéhe coupled growth structure for the alloys with compositiear to
the eutectic point (near eutectic alloys) at not onlystii&cient high but also the low growth
rate [306]. At almost the same time, Mollard and Flemings achieved ettitire coupled
growth structure of near eutect®nPb alloy by directional solidification and found thhe
composition range that permits the formation of coupledvtr structure is proportional to
the ratio of temperature gradient in front of liquawlid interface and growth raf807]. Since
then a novel method to obtain coupled growth structure frorelative wide composition
range had been establishéd order to precisely predict whether the proceeding conditions
can provide coupled growth structure or not for a given al@yem, numerous investigations
had been madg08-310] Consequently, a general accepted principle is foundedthbat
coupled growth structure can prevail if the growth temperaturtheofprimary dendrite is
lower than that of the eutectic fio[311]. Together with the relationship between the growth
temperatures of the primary and the eutectic phases rendjiven conditiond312] the
boundary between dendrite-plus-eutectic and coupled growtttistes can be approximately
calculatedas[313]:

vo_—°b
m,(G - Q)

where,V is the critical velocity responding the transitior/s), G, D, andm, denotes thermal

(5.1)

gradient (K/m) diffusion coefficient(m?/s) and the liquidus slope afAl phase respectively,
Ce and Cp responds to the compositiaf the eutectic point and the studying hypoeutectic
alloys. The coupled growth structure can be achieved oniy wWigegrowth velocity is slower
than the one calculated by equation 5.1. Use the paranggters in table 5.2, the curves
responding to the transition between dendrite-plus-eutectit coupled growth structures
without and with magnetic fielconsidering the damping effect of magnetic field only) are
shown in figure 5.10. It can find that, for hypoeutectic Al-26@1%alloy, the coupled growth

structure should be achieved when the growth velocigb@ut 0.48m/s with the thermal
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gradient of 6200K/m if magnetic field is absent. Althoughhspredictions are approximate,
it can reasonable enhance us to conclude that the coupled gtovaturecannot form under
the present experimental conditions that thermal gnadié 6200K/m and pulling-down
speeds of 2Zm/s Besides, one thing should be stated that though the matlgrelocity is
different from the pulling-down speed they can be regardeth@ same uring the stable
periodif the pulling-down speed is sm@l14]. Therefore, the appearance of nearly entire
coupled growth structure as shown in figure 5.9 (c) and (ff beisttributed to the presence

of AMF, particularly, the higher one.

Table 5.2 Physical parameters of hypoeutectic Al-26wt%Cu alloy

Names, symbols and units of parameters Magnitude

Diffusion coefficient,D,, m’/s

Pure diffusion cases 2.4x10° [313]
Case considering solutal convections 3.2x10° [313]
Liquidus slope ofi-Al phasem,, K- (wt pct.)* 5.7 [313]
Thermal gradient@, K-m™ 6.2x10
Eutectic composition of Al-Cu alloy€ie, wt pct. 33.2 [275]
0.9
O e Di=3.2x10®mn/s (without AMF)
—— D=2.4x10°mn/s (with AMF higher than 1T)
0.7 A
%0.6 .
505 1 ~0.48Um/s <- - - --- oo o - ,
=} i
204 -
%0.3 1
@)
0.2 A
0.1 A
00 T T T T T T

20 21 22 23 24 25 26 27 28 29 30
Composition (wt%Cu)
Figure 5.10 Calculated critical growth velocities corresfiogn to the ransition
between thei-Al dendrites plus AlAl,Cu euectic structure and the coupled grow
structure without and with AMF higher than 1T (considerimg damping effect of
high magnetic field only)
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Figure 5.11 DTA curves obtained during solidifying hypoeutectic Al-1Qat%lloy
without and with a 6T AMF, and the cooling rate is kept cmisat 5K/min.

It had been discussed and proved that the mushy zone lergghsitive to the flows in
melt around and ahead of the dendrites. Therefore ralasonable to argue that TEM flows
and solutal convections were not sewhdown firther when AMF increased from 1T to 2T
This is reasonable because it has been proved thatifiawslt cannot be entirely stopped no
matter how high the magnetic field is impo$8#l5]. This can explain why nearly no apparent
changeof mushy zone length is found between the strucutre shoviguire 5.9 (a) and (b)
respectively In another aspect, this explanation also reminds us thednnot expect to
shorten the mushy zone length by further increasing ANEnsities So that, the appearance
of nealy entire coupled growth structure shown in figures&.ard (f) cannot be attricbuted
to the stronger damping effect of high magnetic fieldabt,feven though the pure diffusional
phenomenon is assumed to be achieved under AMF higherlihafor example 4T, the
dendrite-plus-eutectic structure should still prevail beeathe coupled growth structuranc
be achieved only when the growth velocity is lower thasuab.3um/s as revealed by figure
5.10. Therefore, there must be another mechanism letalifg appearance of nearly entire

coupled growth structure under 4T AMF. It is thought to be tfextedf high magnetic field
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on the modification of the nucleation temperature amavgr velocity of each phase during

solidifying the hypoeutectiél-Cu alloys.

Table 5.3 Parameters obtained from DTA curves showigumdi5.11

B (T) oT 6T Remarks

Tn (€) 601.58 (5%6055 Nucleation temperature ofAl decreases

Tp, (C) 592.81  586.36 —

To, () 553.14 (551179;; Nucleation temperature of eutectiecreases

Tp, (C) 538.13  537.25 —

T - Th, (K) 48.44 45.15  Nucleation temperature differenbetweena-

(-3.29) Al and eutecticlecreases

To —Tp (K) 877 10.16 Growth velocity ofu-Al decreases
(+1.39)

To,—Tp,(K) 1501  14.12 Growth velocity of eutectidcrease
(-0.89)

In order to prove this suppose, DTA tests were taken duringfgmigithe hypoeutectic
Al-10at%Cu alloy witha constant cooling rate of 5K/min in the absence and presHr&e
AMF. Al-10at%Cu (about Al-21wt%Cu) was selected to perform DTA test bedalsms
bigger temperature difference between its liquidus and euteetction temperatures and thus
the exothermic peaks separate to each other distingllyshé can be observed that the
exothermic peaks for botk-Al and eutectic phases switched to lower temperature region
under a 6T AMF. According to the illustration of DTA cusva figure 5.4, this suggests that
the imposed AMF retarded the nucleation of these two ph&sgther, examined the exact
values of parameters listed in table 5.3 that obtairmah the DTA curves, it can be found
that the retarding degrees$ the nucleation temperatures of two phases are eliffeindeed,
the nucleation temperature of primarAl phase is decreased by 5.06K, and that of eutectic
phase is retarded by 1.77K only. This shortens the nucletatioperature difference between
a-Al and eutectic phases from 48.44K to 45.15K, which enhances theositlp®f eutectic
phasein the growth competition with the primary phase.another aspect, based on the
interpretation of parameters obtained from DTA curvehateénd of chapter 5.1, the growth

velocities of phases can be revealed by the differebetween nucleation and peak
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temperatures],-T,. Therefore, it can find from table 5.3 that the growetowity of a-Al is
slightly superessed by the 6T AMF, conversehe growth velocity ofAl-Al,Cu eutectic
phase is increased by the 6T AMF. This can further enheceutectic phase to dominate in
the final solidified structure. These DTA results enaldeto conclude that the nearly entire
coupled growth structure in the hypoeutectic Al-26wt%Cu alloyctoraly solidified under
AT AMF must be attributed to the influence of high magneigdd fon the nucleation
temperature and the growth velocity of botAl and eutectic phaseln another aspecit
can find that, upon the hypoeutectic Al-Cu alloy, only theyallith composition higher than
31.45wt%Cu can form coupled growth structure under the prespatimental conditions
that G=6200K/m andR=2um/s if there no magnetic field is imposed. Thereforeait fy
that high static magnetic field extends the compasitange for the hypoeutectic Al-Cu

alloys forming coupled growth structure.

5.3 Influence of axial magnetic field during directionaly solidifying
hypereutectic Al-40wt%Cu alloy

Influence of imposing AMF during directioral solidifying the hypereutectil-
40wt%Cu alloys was investigated as well. Results show thgtHeof the mushy zone, which
referring to distance between the tips of primaryCAl dendrites and the following eutectic
front here, changes when the AMF varyaislike the situation achieved in directional
solidification of the hypoeutectic alloys, the lightersllutes are rejected during directionally
solidifying the hypereutectiél-Cu alloys. Therefore, TEM flows have the reversedafbn
the variation of mushy zone length. Indeed, the mushy lengh decreases firstly as the
AMF increase from OT to 0.5T and reaches the minimum ntagmiunder 0.5T AMF, and
then slightly increase with further increasing AMF. Furthlengitudinal and transverse
structures of solidified structures obtained under various AlMMEintensities are examined.
It finds that the growth of primary ACu phased enhanced by the magnetic field, and this
enhancement is dramatic when AMF is higher than 1T. Thig be because that the metl
within mushy zone become dilute when the flows are masippressed by sufficient high
magnetic field and the defect multiplication in facefddCu phase caused by TEM forces

acting on them.
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Evaluating maximum velocity of TEM flows

- S, Eutectic interface:
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oT O 1T 0.5T 1T 2T
Figure 5.12 Longitudinal (parallel to both growth and magnficl direction) solidified structure containing both detidrand eutectic
interfaces achieved via directionally solidifying the Al-40wt@o&@lloy under different AMF flux intensities that OT1T, 0.5T, 1T and 2T. Re(
line marks the eutectic front, green stars point thedfpdendritic interfaces, blue line approximately illustsdtew the velocities of TEM
flows vary with AMF flux intensities, and the mushy zdeegths are given at the top of each figuR=qum/s, G=6200K/m)
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5.3.1 Influence of low magnetic field on the mushy zone lengthudng directionally
solidifying Al-40wt%Cu alloy

Place the eutectic front at the same height levgyrdé 5.12 compares the length of
mushy zone obtained during directionally solidifying the hgpegctic Al-40wt%Cu alloys
under different AMF flux intensities. It is clear thatypical dendrite-plus-eutectic structure
is achieved when the magnetic field is absent and its moshg length is about 2.42mm.
This length is also shorter than the one estimate@mialoying the method shown in figure
5.5, because the rejected Al solutes make the compositimelbofahead the primary ATu
dendrite and in the mushy zone smaller than 40wt%Cu. Moreib\eam see that the mushy
zone becmes shorter and shorter when the AMF is increased fronto0U.5T. Further
increasing AMF flux intensities enlongates the mushyezanlittle bit such as the ones
obtained under 1T and 2T AMSimular to the mushy zone length variation observed in
directional solidification of Al-26wt%Cu alloys, it is dbght that the mushy zone length
variation obtained here should be casued by TEM flowsrarohe primary AlCu dendrites.
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Figure 5.13 (a) Computed thermoelectric potential (colorade)sland the
corresponding TEC (red arrows and white streamlines), andnihef legend is V
(b) Schematic illustration of TEME in casd Al,Cu dendrites being the primar
phase during directionally solidifying hypereutectic Al-Cu adloy

In order to confirm whether TEME can occur or not in tiacstre that primanAl,Cu
dendrite leading to the AM,Cu eutectic phase with a certain distance, TEC waslaied
with the similar sturcutre. Taken the relevant physjgalameters listed in table 5.1 and

applied the same conditions used in experimehes2D simulation of TEC were performed.
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Figure 5.13(a) shows the computed thermoelectric potemghtize TEC around the leading
Al,Cu dendrites. It can be seen that TEC do exist in thes @ag flow through both the solid
Al,Cu dendrite and the melt surrounding as shown by the whéeanslines. Provided that
such TEC are unchanged and impose an AMF, how TEME behacbeamatically illustrated
in figure 5.13(b). As it has been stated in the previous ehapEM forces should be
produced once the magnetic field is imposed because TEC araady. So that, in the
present case, TEM forces exist in both the facetg@WAphase and the surrounding melt as
indicated respectively by the white and black marks in figure E)l3Consequently, as
indicated by the white arrows in figure 5.13,(&yirl TEM flows around the primary ACu
dendrite are driven by such kind of TEM forces in liqu@bnsidering the rejecte Al solutes
are ligher than the original melts and based on the iplnthat lighter inclusions can be
gathered by rotating the mgR16], the swirl TEM flows can disturb the floating of tiAé
solute enriched melt and gather them near to the primawirties as revealed by the dotted
light-grey arrows surrounding the A&lu phase in figure 5.13 (b). This increases the
concentration of Al element of local melt and thus susgee the growth of primary Au
dendrite. Consequently, the mushy zone becomes shohiergathering effect of swirl TEM
flows in the present cases can be confirmed by thetiatigal structure obtained under 0.1T,
0.5T and 1T as well. As marked by the yellow dotted concaveesurv figure 5.12, the
degeneration of the middle region of mushy zone suggestshihakjected Al solutes are
gathered at these regiomeside one thing must be pointed out that the floating of Aliszd
should be taken into account when consider the gathefiagt ®f the swirl TEM flows
because the gathering effect can be apparent only ifaloeittes of TEM flows are higher
than those of the floating of Al solutes. For this oggst can be found that the shortening of
mushy zone length is tiny (about 0.38mm) when TEM flows degive weak under 0.1T
and apparent shortening (about 1.5mm) is found when TEM fteashed their maximum
velocities under 0.5T AMF. Increased AMF to higher tBaBT, as indicated by the light-blue
dot-dash line in figure 5.12, TEM flows were damp&drrespondinglythe length of mushy
zone increases slightly compdrto the one achieved under 0.5T. The consistence between
the change of mushy zone length and the variaifotine velocities of TEM flows with the
constantly increasing AMF flux intensities can prokattTEM flows do exist in directional
solidification of both hypo- and hyper- eutectic alloys angl able to modify the mushy zone
length.

Figure 5.14 shows the mushy zone structure of Al-40wt%Cu allokdifisal under
higher AMF flux intensities that are respectively 2T,a&d 6T. It shows that the mushy zone
elongates with AMF flux intensities rising, and it (about 2.39mm) becoméassame long as
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the one obtained without magnetic field (about 2.42mnger a 6T AMF. This is because the
floating of Al solutes does not affect a lot by the high Akl the swirl TEM flows are

almostly suprresed.
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Flgure 5.14 Longitudinal (parallel to both growth and magnﬁetd dlrectlon)
mushy zone structure @f-40wt%Cu allog directionally solidified under differen
AMF flux intensities that 2T, 4T and 6T. Red line marke #utectic front, the
mushy zone length are given at the top of each figR=2(m/s, G=6200K/m)

5.3.2 Enhancement of the growth of ACu phase in hypereutectic Al-40wt%Cu alloy
solidified under high magnetic field

In addition to observe the quenching interface, the salicttsire of samples solidified
under different AMF flux intensities were examined as weijure5.15 (a) shows a typical
directionally solidified structure of hypereutectic Al-40WE% alloy obtained without
magnetic field It can see that thAl,Cu phasds continuously growing along the heat flux
direction and surrounded by the eutectic phase. The defostnecture of AICu phase is
observed in the structure achieved under a 0.5T AMF, at the 8me freckles appear as
pointed out by the white arrows in figure 5.15 (b). Accordingthe mechanism of the
formation of freckles during solidificatio317-319] these freckles can manifest the
existence of new flows in melt around and ahead the pyidaCu phase. Therefore, this
another evidence for the occurrence of TEM flows wiibrectional solidification is
conduceted under magnetic field. Moreover, both the numbheérthe magnitude of freckles
decrease when TEM flows are suppressed under high made#ticsuch as 6T and 12T
AMF. In another aspect, it can find from the transvetsectures thathe area fraction of the
facetedAl,Cu phase increase when AMF rises from OT to 12T. Furtherea measurement
were madeon both longitudinal and transverse solid structures ofpsssnobtained under
different AMF flux intensities to get quantitative infornaen about the area fraction of the
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Al,Cu phaseThe results are displayed in figure 5.16, which shows tietatea of AlCu
phase extended with AMF increasing. Moreover, as ingicaly the red and blue dot-dash
lines in the inserted curvelie area extension is slight when the AMF is lower tharand
becomes apparent when AMF is higher than 1T. Becausefrat®n of the phase can
approximately represent its growth during solidificatif820, 321] it is reasonable to
conclude that the growth of facetat,Cu phase is enhanced by the AMF.

Considering TEM forces should appear and act on both aadidiquid if the directional
solidification is conducted under a magnetic field, the eodment of the growth of the
facetedAl,Cu phase is thought to be caused by the TEM forces in sofitikddihe velocities
of TEM flows in melt the magnituedes of TEM forcesswlid increase constantly with the
raising magnetic fields if the solid does not move. Gmoadingly, TEM forces in solid
Al,Cu phase will constantly increase with the imposed AMIhgisBecause it had been
widely accepted and proved that the defects can be productabses acting on the crystals
during their growh and the defects in crystals are benefit on the tivioevth[322-324] the
constantly increasing TEM forces in,8lu phase can cause the defect multiplication and thus
enchance the growth of primary 8iu phase. In fact, the defect multiplication caused by
imposing high magnetic field during solidification of Al-40wt%Qiow had been proved by
my colleague$325]. As shown in figure 5.17, it can find abundant dislocationisoitha-Al
and AbCu phases when th-40wt%Cu alloy was directionally solidified under 10T AMF
At last, one thing should be stated briefly that thegmtade of the growth enhancement
effect of TEM forces in solid slightly decreases whaWiF is higher than 6T as revealed by
the red and blue dotted lines in figure 5.16. This is becaussuffigient strong TEM forces
in solid will lead to the break of the brittle &Au phase but not always increase the defects in
them. The break of primary ATu dendrites can be also indicated by the solid strucases
shown in figure 5.15 (c) and (dyor this reasanthe magnitude of the growth enhancement
effect of TEM forces in solid must slightly decreaseewlthey are strong enough to break the
Al,Cu dendrites.
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Figure 5 15 Longltudlnal (parallel to both growth and magnieid direction) and
transverse (perpendicular to both growth and magnetic field directicolid
structures ofAl-40wt%Cu alloy solidified under different AMF flux intensities the
(a) 0T, (b) 0.5T, (c) 6T and (d) 12TRE2um/s, G=6200K/m)
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Figure 5.16 Curves of area fractions of primargQM phase in solid structure
plotted versus the imposed AMF flux intensities, andnilagnified view of curves ir
the region marked by the yellow box.

Figure 5.17 Bright field transmission electron microscapage of Al-40wt%Cu
alloys directionally solidified without (a) and with &0T magnetic field (b).
(G=37.8K/cm,R=1um/s)

5.4 Summary

With prospect to investigate the influence of magnetic figldfarmation of structure
during directionally solidifying the near eutectic alloys, well as examine whether the
TEME can affect or not, hypoeutectic Al-26wt%Cu and hypereutectic Al-40wtlliys

were directionally solidified under different AMF flux imtgities. Without magnetic field, a
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typical dendrite-plus-eutectic structures were achiewetboth hypo- and hyper- eutectic
alloys under the conditions that thermal gradieht6200K/m and pulling-down speeaf
2um/s. Imposed magnetic field lower than 1T, the mushy zengtth changed with imposed
AMF varying, and the length changes had the same tend@etbg change of the velocities
of TEM flows with the increasing magnetic fields. 2D glations of TEC with the
parameters used by the experiments and the configuratioarsimthe structure obtained in
experiments were performed. The computed results esthdlaat TEC can appear in the
dendrite-plus-eutectic structures and mostly flow aldwgfirst arms of the primary dendrites
This gives rise to the occurrence of TEM forces as a®ITEM flows when the magnetic
field is present. According to the illustration, the TEIMAS are swirl and around the primary
dendrites The swirl TEM flows may be capable to influence the position of melt ahead
and around the primary dendrites due to the density differeeiveeen the solute enriched
melt and the original ones. Therefore, the mushy Zength was changed. Continously
increase the flux intensities of AMF, a nearly entioeipled growth structuneas achievedn
Al-26wt%Cu alloy when the directional solidificatioves conducted under 4T AMF. DTA
tests showd that this dramatic structure modification should tetaited to the change of the
nucleation temperature of tleeAl and the eutectic phases and their growth vedscby the
high magnetic fieldThis result suggests that the high magnetic field isklapa extend the
composition range for the hypoeutectic Al-Cu alloys fargncoupled growth structure. In
another aspect, enhancement of the primary facetgduAphasewas found in the solid
structure of Al-40wt%Cu alloys solidified under AMF, and suchwghoenhancement became
dramatic when AMF is higher than 1T. Because it has leelh known that stresses in
crystals can cause the defect multiplication, and tiiectieare benefit on the growth of the
faceted phases, the enhancement of the growth of faéét€d phase was thought to be
attributed to the TEM forces acting on them. TEM foreceal,Cu phase are not all employed
to increase the amount of defects because they wiakhitee Al,Cu dendrites when they are
surfficient strong under a high magnetic field, highemtiéd for instance. Break of the
primary dendirtes can be proved by the increasing nuwibAi,Cu phases with decress
dimensions in the solid structure of Al-40wt%Cu solidifiedl@n12T AMF. For this reaspn
the magnitude of the growth enhancement effect of TEMe®rin solid should slightly
decrease when the imposed magnetic field is high. Dislikenypeeutectic systemhigh
magnetic cannot extend but reduce the composition ramgbedymreutectic Al-Cu allog

forming coupled growth structure.
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Chapter 6: Conclusions and prospects

Thermoelectric magnetic effect (TEME) is the respifitinteraction between internal
thermoelectric currents (TEC) and external magnetid,fwhich contains two aspects named
TEM forces and TEM flows. Before this thesis, marggfnented post-mortem experiments
had provided some indications of the existence of thesgph@nomena when they studied the
influence of imposing magnetic field on solidificatiodHowever, systematical investigation
has not been made. With the desire to uncover TEME inntagnetic field assisting
directional solidification of metallic alloys, this e firstly introdued the context of the
related theories and illustrated TEC and TEME schematieallynumerically, and secondly
proved the existence of TEME in solidification by diregbservation, and finally,
experimentally examined wheth€EME can or not affect in directional solidification e
single and the near eutecfi¢-Cu alloys with relative big samples.

* TEME in magnetic field assisting directional solidification is a newly and promising

branch in electromagnetic process of materials (EPM) field, particularly, in the research
topic of solidification under static magnetic field.

The first proposabn studying thermoelectric magnetohydrodynamics (TEMHD) flows
(the same ones we call TEM flows in this thesis) etatiurgy was put forward by Prof.
Shercliff. Theory of TEMHD flows was given in his paper puldghn 1979. However, the
unintentional indications of the existenceT&EM flows in solidification can be found when
Prof. Youdelis and Dorward studied the influence of magnetitd fien directional
solidification of Al-Cu alloys in 1965. This can be categed to the EPM field, particularly,
the research topic of solidification under static maigrfeid.

e TEC, TEM forces and TEM flows are formulated, schematically illustrated and
numerically simulated.

Aim at displaying the TEM forces and flows in solidifiten process, chapter 2
introduced the thermoelectric (TE) effect and its esponding phenomena in directional
solidification process. It was found that TE effect isvitable during direction& solidifying
the metallic alloys because liquid and solid have diffetkatmophysical properties such as
ATP. Accordingto the te approximate estimati@rthe influence of Peltier and Thomson
effects and the investigation from Dr. Makoto TandR&3], only Seebeck effect was
considered in this thesis. Numerical simulations showatl TEC does exist and close their
circuits along the liquid-solid interface. With sucheimal TEC, TEME appead once the

external magnetic fieldvas present. Correspondingly, TEM forces and TEM flows in
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magnetic field assisting directional solidification werllustrated schematically and
numericaly simulaed

* TEM forces and TEM flows are proved by direct observation of the magnetic field
assisting directional solidification process via synchrotron X-ray imaging method.

With the purposéeo directly observel EME during directionally solidifying the metallic
alloys, in-situ synchrotron X-ray imaging method was usedrecord the process of
directional solidification of Al-4wt%Cu and Al-10wt%Cu alloysnder a 0.08T static
transverse magnetic field. Because it is hard to tjreseasure stresses, we consider TEM
forces to bein-situ observed if their direct resulting phenomenon sns& herefore, the
consistency between the observed movements of crymtdlgshose predicted by analytical
calculations proved the existence of TEM forces inds@imilar, it is yet difficult to in-situ
watch flows in melt, so that, once the direct resultafEM flows is observed we think that
the in-situ observation of TEM flowss achieved. Considering the shape of liquid-solid
interface is sensitive to the solute concerntrattdnmelt ahead, and which should be
influenced by flows in melt, abnormal change of liquidiesanterface shape under the
external magnetic field was considered as the indicadfotine existence of TEM flows in
melt Moreover, 3D simulations of TEM flows showed that TEMwWSE in the in-situ
experiments had the same directasihat of the solute transportation which can cause the
observed abnormal shape change of the interface.

However, there are still some lacks in the presenthsghon X-rayin-situ observation
experiments, such as the direction and the magnitude of @dpmagnetic field cannot be
adjused within a single solidification procesSupposed that these can be optimized, it would
be possible to get more information about TEME in magnfid assisting directional
solidification. For example, whether or not the TEM &wdn solid are able to break dendrites
can be determined, and if yes, the exact critical nagfield flux intensities responding to
the fracture can be found. Moreover, the magnitudierags responding to the fragmentation
of dendrites can be known as well.

* Influence of TEME in big smaple is studied by directional solidification of single phase
Al-Cu alloys under various magnetic fields

Motivated by the wish to examine the influence of TEMHEmiare realistic situations,
directional solidification of Al-Cu alloys with big saoles were conducted under various
transverse magnetic field (TMF) flux intensities. @ef experiments, the velocities of TEM
flows were evaluated. It was found that TEM flows speed up firstil iwcreasing magnetic
fields and reach their maximum velocities underitical magnetic field, and then slow down

when the imposed magnetic field further increa§dth critical magnetic field flux intensity
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was estimatedt was found that the critical magnetic field was closelgtesl to a parameter
J that the so-called typical length scale, indeed, thaller thel is the higher the critical
magnetic field flux intensity is. Because the typicahdth scale varies with different
morphologies of interfaces in directional solidifioa, the critical magnetic field flux
intensity would be different for different solidified sttures as well. Experimental results
showed reasonable consistgrwith these evaluations, particularly, the change tecylef
the velocities of TEM flows with increasing TMF. Scheimallustrations and corresponding
3D simulations were made to explain how TEME appear in teggeriments. Rather than
this specialized case, 3D simulations were performed witferseral geometry for three
different typical lengths that 1mm, 0.1mm and 0.01lmm.s&hsimulations revealed that
either the imposed magnetic field is transverse aldike change tendency of the velocities
of TEM flows with increasing magnetic fields is the saand has a highly consistent with the
ones obtained from evaluations and experiments resplgctimeaddition, these simulations
uncovered another important phenomenon that TEM forceslid are anisotropic. When
impose TMF, TEM forces in solid point to positixeaxis at the top and the middle of the
solid side of interface and to negatix<axis at the periphery. In the case of imposing AMF,
TEM forces in solid form a torque that makes the top tdriace tend to revolve anti-
clockwise and the bottom part rae@iockwise.

Dissimilar to TEM forces in liquid, TEM forces in solidlivconstantly increase with the
increasing magnetic fields. This worth to be paid mare attentions in the future works
because once the sufficient high magnetic field is irm@dke strong TEM forces must exist
in the solid. For example, about®18/m® force in solid an be achieved if directionally
solidifying theAl-Cu alloy under a 10T magnetic field. Such strong foncesmlid must play
a crucial role on microstructure modification. Besjda®cisely determining the appropriate
typical length scalef different morphologies should be also taken serioususeca is an
important parameter in the calculations and simulationBEME problems in solidification.
Further, whether or not the same typical length can be wben the direction of imposed
magnetic field changds another problem needs to be solved.

* Influence of magnetic field as well as TEME on directional solidification of near-eutectic
Al-Cu alloys is investigated respectively.

With purposes to investigate the influence of magnetidd fiduring directionally
solidifying the near-eutectic alloys, as well as to examingheinehe TEME can affect or not,
hypoeutectic Al-26wt%Cu and hypereutectic Al-40wt%Cu alloys weeztdmally solidified
under various AMF flux intensities. It was found that aidsp dendrite-plus-eutectic

structures were achieved both hypo- and hyper- eutectic alloys solidified witleanstant
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thermal gradient of 6200K/m and pulling-down speed wh/2 in the absence of magnetic
field. However, the mushy zone length that referringatist between the tips of primary
dendites and the eutectic front changed when the imposed AMEdvaithin 1T. It was
thought that swirl TEM flows around the primary dendrites aeclrand influenced the
transportation of rejected solutes and thus modified tiighgnzone length. Coupled growth
structure was founth Al-26wt%Cu alloys solidified under a 4T AMF. DTA tests showed
that the nucleation temperature and growth velocityofottfd and eutectic phasewere
changed by the high magnetic field, and which was benefithenprevailing of coupled
growth structureThis result suggests that the high magnetic field is capgabéxtend the
composition range for hypoeutecfit-Cu alloys forming coupled growth structure. Enhanced
growth of the primary faceted Au phase was found in the Al-40wt%Cu solidified under
AMF, and which became dramatic when AMF is higher than 1TcaBse the stresses in
crystals can cause defect multiplication, and defecéslid are able to facilitate the growth of
faceted crystals, it can reasonable attribute the grewlancement of ACu phase to TEM
forces acting ofit. However, the magnitude of the growth enhancement effedEM forces
in solid slightly decreased when TEM forces were stromepuhigher magnetic field because
part of them would be employed to break theCAl phase dendrites. Dislike the hypoeutectic
alloys, high magnetic reduces but not exteneds the conauosange for hypereutectisl-Cu
alloys forming coupled growth structure.

Because the above investigationes are preliminary and otlsed studies are rare,
more works are necessary to extend and deep our knowleddpe anflience of magnetic
field as wellasTEME on the formation of structure during directionaldfidifying the near

eutectic alloys.
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3.84), 2012\0l.101, p.251904

2. Jiang Wang, Zhongming Rep Yves Fautrelle Xi Li, Henri Nguyen-Thi Nathalie
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Vol.48 (1), p.213-219
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solidification, The ¥ international EPM conference, Beijing, China.
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static magnetic field on dynamics of solidifying hyper-montitezZn-Bi alloy, The 4
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