122i i?2 ' KQUH2+i'B[m2 / Mb H2b KGOi mt HB]
+?2 KT K ;MQOiB[m2X
AK Mib E H/ 2

hQ +Bi2 i?Bb p2 " bBQM,

AK Mib E H/"2X 122i i?2 " KQUH2+i'B[m2 / Mb H2b Kdi mt HB[mB/2b bQ
IMBp2 bBit /2 :"2MQ#H2- KyRjX 6° MI BbX LLh, kyRj:_1LAyky X i2H@

> G A/, i ZH@yyNeRdyk
21iTb,ffi2HX "+?Bp2b@Qmp2 i2bX7 fi2ZH@yyNe
am#KBii2/ QM ky J " kyR9

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X



THESE
Pour obtenir le grade de
'2&7(85 '( /181,9(56,7e '( *5(12%/

Spécialité : INGENIERIE-MATERIAUX MECANIQUE ENERGETIQUE
ENVIRONNEMENT PROCEDES PRODUCTION

Arrété ministériel ;: 7 aolt 2006
Et de
DOCTEUR '"( /981,9(56, DE LETTONIE

Spécialité : MECANIQUE DES FLUIDES
Présentée par

« Imants / KALDRE »

Thése dirigée par « Yves / FAUTRELLE » et
codirigée par « Leonids / BULIGINS »
préparée au sein du Laboratoire SIMAP- EPM

dans I'Ecole Doctorale IMEP2 MECANIQUE DES FLUIDES,
PROCEDES, ENERGETIQUE

et de

INSTITUTE DE PHYSIQUE UNIVERSITE DE LETTONIE

Effet thermoeélectrique dans les
metaux liquides sous champ
magnetique

Thése soutenue publiquement le « 12.07.2013 », devant le jury
composé de :

M. Hamda BEN HADID

Professeur UCB Lyon 1 (President)

M. Yves FAUTRELLE

Professeur INPG (Membre)

M. Leonids BULIGINS

Associé Professeur, University of Latvia (Membre)
M. Maris KNITE

Professeur, Riga Technical University (Rapporteur)
M. Bernard BILLIA

Investigateur Principal IM2NP (Rapporteur)

(



Acknowledgements

| would like to express my gratitude to my supervisors Prof. Yvegdteufrom Grenoble
Institute of Technology EPM-SIMAP laboratory and Assoc. Prof. LeonidgiBs from University
of Latvia. | also wish to thank to my consultants Dr. Jacqueline tEtay Grenoble Institute of
Technology EPM-SIMAP laboratory and Andris Bojarevics from Ingitft Physics University of
Latvia who took active part during the work of my thesis and helped witrseshand fruitful
discussions. | would like to thank to my colleagues in Institute g§iP University of Latvia and
EPM-SIMAP laboratory in Grenoble for their support and exchange od,idea help in realization
of experimental work and numerical simulations during my PhD studies.

This work was financially supported by ministry of education of Fraarueé European
Social Fund project "Support for doctoral studies in University of Latvia".

This dissertation is prepared in EPM-SMAP laboratory in Grenoble and
Magnetohydrodynamics technology laboratory in Institute of Physics Uitivefd. atvia.
This work has been supported by the European Social Fund within the p®jgagort for

Doctoral Studies at University of Latvia » and by French ministry schoparshi

Imants Kaldre
Grenoble 24.04.2013



Thermoelectric current and magnetic field interaction influenceon the structure
of binary metallic alloys

Abstract

If magnetic field is applied during directional solidification, liquid phesevection can be
induced by means of thermoelectromagnetic effect. Temperature gradibet solidification front
can cause thermoelectric current circulation, which then intenattisfield and creates convection
(Thermoelectromagnetic convection-TEMC). Solute and energy transporticogdire affected by
this convection, thus it influences dendrite spacing and macrosegregation of the alloys.

In this work magnetic field influence on the directional solidificationmetallic alloys is
studied. Experimental work of directional solidification of Sn-Pb andiSalloys is done. Alloys
are directionally solidified in Bridgman setup without or with applieaynetic field. Influence on
the structure by magnetic field and applied electric current (ACDEDis studied in this work.
Analytical and experimental results are compared and interpreted.

Bridgman solidification under rotating transverse magnetic fieldudied as well, field
rotation value is chosen to be slow enough that electromagnetiagstitoies not fully suppress
effects of TEMC. At low pulling velocity and low field rotation velgcgpiral shaped component

macrosegregation can be achieved.

Keywords:
x Thermoelectromagnetic convection
x Directional solidification
X SnPb alloys
x Slowly rotating magnetic field

X Absolute thermoelectric power measurements



Résumeé

/R UV T sHa@magnétique est appliqué au cours de la solidification direetie, une
convection dans la phase liquideH XW rWUH LQGXLWH SD.WEnCeffdt ld prdeeK H L
GITXQ JUDGLHQW GH W HrBr pdJ) séphdikcdtidn Peadt @dvdguer GaXcirculation du
courant thermoélectrique, qui interagit avec le champ magnétique appliqueréeunn écoulement
(convection thermo électromagnétique-TEMC). Les conditions de transport de efotlg I'énergie
sont affectées par cette convection, donc il y a influence surd&rspat des dendrites et la macro-
ségrégationdesF RPSRVDa@alAgE. GH O

Dans ce travail, l'influence du champ magnétique sur la solidificatirectionnelle
d'alliages métalliques est étudiée. Des travaux expérimentawux stidification directionnelle de
SnPb et Sn-Bi alliages sont réalisés. La solidification directibamians la configuration Bridgman
est effectuée avec ousQV FKDPS PDJQpW Influemte DsBrIa0sblidXigationy du champ
magnétiqueH W  @olidé électriqgue (AC et DC) appliqués est étudiée. Les mouvemendslidie li
provoquent de fortes macrd-pJUpIJDWLRQV DLQVL TXIXQ PRGLIL!
interdendritiques. Les résultats expérimentaux sont interprétésiumiare GIXQH PRGpOL
heuristique.

/IH FDV GT1XQ FKDPS PDJQpWLTXH WRXUQBRW @MHpWp DK
champ est choisie pour ralentir assez brassage électromagnétiqymusamsitant supprimer les
effets de TEMC. A faible vitesse de tirage et faible vitedseaotation faible champ une macro-

ségrégation en forme de spirale a pu étre oletenu

Mots clés:
x Convection thermoélectromagnétique
x Solidification directionnelle
X SnPb alliage
x Champ magnétique tournant

x Puissance thermoélectrique absolu
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List of symbols and abbreviations

Symbols
Greek
Symbol Name Unit
M Dynamic viscosity 3DAV
Thomson coefficient V/IK
Relative magnetic permeability H/m
Thermal diffusivity m°/s
Thermal expansion 1/K
c Volumetric expansion 1/%wt
+ Gibbs-Thomson coefficient m-K
Surface tension N/m
/ Boundary layer thickness m
Skin depth m
Temperature gradient K/m
C Wetting angle
Mean curvature 1/m
Thermal conductivity PA.
Kinematic viscosity m°/s
Peltier coefficient \%
! Density kg/m®
1 Electric conductivity s/m
Interface energy Jinf
2 Contact resistance P
3 Electric potential \
Concentration Yowt
& Oscillation frequency Hz
Angular velocity rad/s
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Latin

Symbol Name Unit
B Magnetic field intensity T
Co Nominal concentration Wt.%
C Liquid phase concentration Wt.%
Co Heat capacity JIK-kg
Cs Solid phase concentration Wt.%
D Mass diffusivity me/s
Characteristic size m
E Electric field intensity Vim
Fermi energy J, eV
f Frequency Hz
fi Form factor
I Nucleation rate
k Partition coefficient
m Liquidus slope %/K
n Nuclei density m>
P Differential thermopower V/IK
Q Peltier heat density wW/m?
q Joule heat density w/m®
Charge density cim®
R Resistance
S Absolute thermoelectric power V/IK
T Temperature K
u Flow velocity m/s
\% Voltage \%
% Growth velocity m/s
w Effective convection velocity m/s
Z1e Thermoelectric figure of merit AW
0G Activation energy Jint
g Differential Gibbs energy J/nt
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Constants

Symbol Name Value
g Fee fall acceleration 9.8 m/$
Kg Boltzmann constant 1.38:10% J/K
e Electron charge 1.6-10°C
Ho Magnetic permeability 4@O0" H/im
Acronyms
Acronym Name
2D Two Dimensional
3D Three Dimensional
AC Alternating Current
ATP Absolute Thermoelectric power
CET Columnar to Equiaxed Transition
DC Direct Current
ESRF European Synchrotron Radiation Facility
SEM Scanning Electron Microscope
TE Thermoelectric
TEMC Thermoelectromagnetic Convection
TMF Transverse Magnetic field
MHD Magnetohydrodynamics
Dimensionless numbers
Symbol Name Expression
Bu Buoyant number Bu Cu‘gg
1
C Current loop shape coefficient 1 ld,
VA,
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3
Gr Grasshof number Gr ET?__S &
v
Ha Hartmann number Ha Bd\/:p
2
N Interaction parameter N C‘id
T du@
Pe Peclet number (thermal) Pe —tond P
TConv O
e du
Pe Peclet number (diffusion) Pe. o
Pr Prandtl number Pr —g
3
Ra Rayleigh number Ra g £ud
PD
ud
Re Reynolds number Re 5
Rm Magnetic Reynolds number Rm Pud
Sc Schmidt number Sc BQ
A
Sh Strouhal number Sh m
VEB’R* L
Ta Taylor number Ta 5
1 2
Te TE force/viscous force Te P’ TBd
uQ
2
Z Figure of merit Z V'S
o
L . V'S
Zte Thermoelectric figure of merit [A/W] Z¢ 0
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Effet thermoélectrigue dans les métaux liquides sous ch _amp
magnétique

1. Introduction

1.1. Structure de la these

Au cours de ce travail l'influence du champ magnétique appliqué smudtuse d'alliages
PpPWDOOLTXHV HVW pWXGLpH H[SpULPHDRWIR@GH BY Q Q/F HSAD O\H:
focalisée sur I'étude de la convection thermo-électromagnétique (TEMTS)la phase liquide lors
de la solidification. La convection phase liquide a une influence sulléadas grains ainsi que les
macroségrégation et microségrégation. Ce phénomene est étudié exjadeimamt et
théoriquement au cours de nos travaux. Les résultats numériquesrejuibe sont utilisés pour
interpréter les résultats expérimentaux. Pour une meilleure compi@heales processus physiques
lors de la solidification, des simulations numériques du courant therrraplecet de la TEMC sont
développées (logiciels FLUENT et COMSOL). La these est divisée en chapitvants:

1. Introduction. La nouveauté scientifique du travail et la contribution d'auteur sont
expliqués. Les hypothéses principales et les résultats sont brievement résumés

2. Principes physiques.La discipline physique jouant un role lors de la solidification
est introduite. Les processus microscopique et macroscopique lors dédiicatbn d'alliages
métalliques sont expliqués.

3. Mesures des propriétés thermoélectriques La disponibilité de propriétés
thermoélectriques fiables et détaillées demeure fragmenta&mes De chapitre un dispositif
expérimental est congcu pour mesurer le pouvoir absolu thermoélectrifig@ ¢as alliages a I'état
solide et liquide. Les propriétés d'ATP sont mesurées en fonctiom demlpérature et de la
composition de Sn-Pb. Ces données sont nécessaires pour l'analyS&BKlat son influence sur
la structure dans les chapitres qui suivent.

4.  Analyse théorique et simulations numériquesUne revue de la littérature sur les
problémes thermoélectriques et des travaux théoriques est donnéeedahapitre. L'analyse
théorique de la convection thermnrmO HFWURPDJQpWLTXH HVW SUpVHQWpFt
de limportance de TEMC dans divers cas est effectuée, earan¢tres optimaux pour 'atteindre
I'efficacité maximale de la TEMC est estimée. Les ramilies simulations numériques de courant

thermoélectrique et TEMC créés par différents types de champs magnétiqueesemts.
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5. Solidification sous champ magnétique statigueUne revue de la littérature sur les
travaux expérimentaux précédents dans le domaine de la solidificatisnchkamp magnétique
statique est donnée dans ce chapitre. Dans ce domaine un importanet@ranental a été réalisé
avec de nombreux alliages et différentes intensités de champétigagn Les résultats de
solidification directionnelle de Sn-Pb et Sn-Bi alliages réalidans le cadre de cette these, sont
donnés dans ce chapitre. Les alliages sont solidifiés directionnellsmenthamp magnétique axial
ou transversal (jusqu'a 0.5 T). Les vitesses de solidification utils#gsde 0.5 & 20 mm/s. Les
résultats obtenus lors de l'observation directe de la solidificatiorctidimeelle sous champ
magnétique statique effectué dans Installation Européenne de Raymriwo®on (ESRF) sont
présentés et expliqués dans ce chapitre.

6. Combinaison de TEMC et courant électrique Dans ce chapitre, on analyse les
effets créés par un champ magnétique appliqué et combiné avectioterglectromagnétique
provoqué par un courant électrique appliqué travers l'interface lors dedificstion. Deux effets
GLIlpUHQWY SHXW rWUH FRPSDUpV SRXU WURXYHUHOHW \§ DS
d'interaction électromagnétique provoque, a été explorée analytiquetrexmérimentalement. Des
courants électriques AC et DC électriques a été utilisées.

7.  Solidification sous champ magnétique tournant lentementJn champ magnétique
transversale tournant autour du creuset lors de la solidification directmm@nétlé appliqué. Nous
avons étudié la dépendance entre la vitesse de rotation du champ magetétayetructure de
OfDOOLDJH REWHQXH 6L OD URWDWLRQ WVH GHKDPE &H VX
macroségrégation hélicoidale dans lingot peut étre obtenue. Si larralatchamp magnétique est
SOXV UDSLGH DXFXQH PDFURVpJUpJD\EHRTY 0T B VW FWHD@W WVC
I'échelle de la dendrite. Différents cas ont été analysésdhément et vérifiés expérimentalement
dans ce chapitre. La comparaison entre l'estimation théorique e¢deltats expérimentaux est
donnée.

8. Conclusions et travaux futurs Dans ce chapitre, les conclusions générales sont
données. Les principales préoccupations et les points critiques constatés toagalex sont décrits.

Les perspectives de recherche future et les expériences nécessairesisesit dec

1.2. Hypotheses principales et objectifs des travaux
L'objectif principal de cette thése est danalyser et deieeiiinfluence du champ

magneétique statique sur la solidification des alliages métadligueires. Les hypothéses suivantes

sont évaluées et vérifiées expérimentalement et théoriquement au coursitle trava
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tf OH FKDPS PDJQpWLTXH nOdrectionrelld pélr CchuGerl Ide Dav L
macroségrégation et les changements de I'espacement des dendrites.

t O FKDPS PDJQpWLTXH WUDQVYHUVH VVRDWLLAXRIU SWDF
est plus grandes aux faibles vitesses de solidification.

¥ XQ prRddX @ phase liquide similaire a la TEMC pres de l'intedacsolidification
peut étre induit par interaction du champ magnétique et du courant électrique.

 OYDSSOLFDWLRQ GTXQ FKDPS PDJQPWLTXH WRXRI@BIC
ordre de grandeur que celui de la TEMC) provoque une TEMC variant danspke tn tant que
résultat, la qualité de la structure peut étre améliorée ou unmeségrégation hélicoidale peut étre

réalisée

1.3. Contribution de l'auteur et la nouveauté scientifi que

8Q V\VWgPH H[SpULPHQWDO HVW GpYHDRIBYN 8RXUGHD
Les mesures du pouvoir thermoélectrique absolu d'alliage Pb-Sn en fatelmmempérature et de

la composition ont été réalisées.

Le systeme expérimental utilisé dans les expériences sdttbficdécrites dans cette thése
a été concu et construit spécialement dans le cadre de cépeavauteur de la these. Un systeme
d'aimant permanent est utilisé pour atteindre un champ magnétique jogq@raLa direction du
champ magnétique peut étre modifiée selon la direction transversakéatay et il peut également
étre mis en rotation par un moteur programmable autour du creuset. sGettien simplifie

I'expérience et permet la réalisation des expériences sur une période plus longue.

Dans le cadre de cette these, un travail expérimental esérpalr étudier l'influence sur
la structure des alliages du champ magnétique appligué ayant desmbrazit des amplitudes
différentes. Les alliages a basse température (Sn-Pb @& Sn-VRQW XWLOLVpV SRXU ¢
du champ magnétique sur la structure des alliages binaires. l@gssabnt été largement utilisés
pour des expériences de solidification directionnelle sous des conditioniddeation différentes.

Les expériences sont réalisées avec un champ magnétique statique transveisia¢bioasnant.

La solidification directionnelle sous champ magnétique statique ekigbhnsversal a été
réalisée. Les résultats montrent que le champ magnétique transversalgrande influence sur la
macroségrégation. La distribution du soluté le long de la section érsagy de I'échantillon est
mesurée par microscopie électronique. Cette méthode est plus pgemsdanalyse des

micrographies. Il est démontré que l'application d'un champ magnétiqsversal (0.3-0.5 T)
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provogue une macroségrégation significative si la vitesse de solidificest lente (dessous 10
—P V. J/TpYROXWLRQ GH O feniaaisrie i QtassSde CrozsarSdt du/ehaivip
magnétique appliqué a été mesurée et comparée a d'autressésyd@imentaux et des modeles

théoriques.

La solidification directionnelle sous champ magnétique tournant lentesse effectuée.
La rotation du champ magnétique a été choisie pour étre suffisaem@npour que la convection
électromagnétique induite par rotation du champ soit comparable a la twomvérermo-
électromagnétique. Dans ce cas, la direction de la convection tiéégntmmagnétique est variable
dans le temps et donc la structure de l'alliage est affectéaniérm différente par rapport au cas
avec champ statique. Si la vitesse de rotation du champ magn&igi®isie correctement, il est
possible de combiner l'effet de la convection thermo-électromagnétigqaduede I'agitation de la
phase liquide par champ magnétique tournant. Des résultats expéuxneimtatrent que, avec cette
méthode, il est possible d'atteindre une structure plus homogeéne dtdmerévenir la ségrégation
du soluté. Si la vitesse de fluide créée par la rotation du champ mjagnést plus lente que la
TEMC, une macroségrégation tridimensionnelle et hélicoidale peutoétemue, ce qui est un
résultat nouveau et intéressant. La vitesse TEMC peut étre elé@dudes résultats en trouvant la
vitesse de rotation de champ lorsque l'effet de TEMC est dépasséungaragitation

électromagnétique.

L'action combinée de la convection thermo-électromagnétique, deakitivem du champ
magnétigue af OLTXp HW GX FRXUDQW pOHFWULTXH WWXBYLIBHYV /L
heuristique sur les similitudes entre la TEMC et convection électrodtigue a été analysée et

validée expérimentalement et numériquement.

Dans le cadre de ce travail, des expériences de solidificatidiagialsous champ
PDJQPWLTXH j O1(65) (XURSHDQ 6\QFKURW UR QWD G LIDHW VR
expériences de solidification de Sn-Pb, Al-Cu, Al-Si sous champ magaédhodéré de 0.08 T ont
été faites en filmant le processus in situ par rayons X a haetgi@nCes expériences donnent des
UpVXOWDWY XWLOHV TXDQW j OD QDW®&UH FIHVQ RIGF B X QG RIH.
fragmentation des dendrites causée par la force de Uorerf HVWLPDWLRQ H[SpUI
grandeur de la TEMC et son influence sur la direction de croissancewstes et la morphologie

a été mise en évidence dans ces expériences.
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2. Lathéorie

2.1. L'effet thermoélectrique

En général, tout gradient de quantité physique induit une densité de élugradient de
température crée le flux du chaleur et le gradient de tensiofilxxéli courant. Mais le gradient du
température peut aussi créer un flux du courant et le gradient du tensioordger un flux de
chaleur. Ces effets sont appelés effets thermoélectriques.

Le pouvoir thermoélectrique absolu (ATP) est la propriété intrinséque de cmagaleou
un alliage métallique. Il dépend de la température et des contraiteeses, et dans le cas d'un
alliage, deOD FRPSRVLWLRQ 3RXU OHV -BOpW/HB %{ 30 fi¥/K3Dand laL H
pratique, le pouvoir thermoélectrique différenfreest utilisé plus souvent, caractérise une paire de

matériaux.

P S S (2.1)

La tension thermoélectrique peut étre calculée en appliquant la séobddeirchhoff au

circuit constitué de deux conducteurs.

T,
Vo ZS5(T) SA(T)dT (22) ou
T, T
et T, sont les températures froides et chaudey, est la tension créée par le thermocouple. Si le
gradient de température est appliqué, un champ électrique est ganéféet thermoélectrique, qui
dans certains cas peut causer une circulation du courant thermqa&ectra relation décrivant le
IOX] GH FRXUDQW pOHFWULTXH GDQV OH PLOLHX F@WLQX

7 &g &
— E uuB S'T (2.3)
v
(Q DSSOLFDWLRQ GH OD ORL G 2KP OfYR SHhW DADHRMW AR
VWDWLRQQDLUH QRXV SRXYRQV YRLU TXTXQ FRXGDHQW pC
température n'est pas paralléle au gradiel® @= critere ne peut pas étre renconti@est fonction
de la température seulement. Le courant thermoélectrique peut émefg@stsfonction de la

composition aussi ou sur la frontiere entre deux substances différentes, soit :
curl(j7 V¥ grad(S) ugrad(T) (2.4)
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/IfpFKDXIITHPHQW RX OH UHIURLGLVVHPHQW SURGRYX
milieu ou a travers l'interface sont appelés effets Peltiehem$on. Ces effets sont expliqués par
les énergies différentes des électrons dans les différents milieux.

2.2. Thermoélectrigue magnétohydrodynamique

Le terme thermoélectrique magnétohydrodynamique a été introduid.pahercliff (J.
Shercliff 1979). Il a développé lidée que courant thermoélectriqgug@résence d'un champ
magnétique peut provoquer un pompage de fluides conducteurs. Il a égalérmentépfestimation
d'ordre de grandeur de la vitesse TEMC, montrant que la vitesse quirpattdnte dans le lithium
liquide sous gradients de température élevés, ce qui peut étre atteirieslaéacteurs de fusion
(grad (T) 8 : PB=1T,S; = 25 pVI/K), peut atteindre jusqu'a 25 cm/s. La TEMC est créée
par la force de Lorentz causée par linteraction entre la couramhadlectrique et le champ

magnétique.

£ e @5)

Le courant thermoélectrique dans les milieux liquides peut étrémex@r partir de la loi

d'Ohm (2.3). Le mouvement du liquide est décrit par I'équation de Navier-Stokes:

' : & & & 2.6
A u&’u&i P K'Zu& Vu&uB uB S'T uB 26)

Deux nouveaux termes dans les équations de Navier-Stokes sont introdigscipamp
C
magnétique appliqué. Le term&&’ T UB est le terme thermoélectrique qui crée la TEMC. Le terme

lkaLuBmuBC est la force de freinage magnétohydrodynamique qui est créé paulement d'un
fluide conducteur dans le champ magnétique. Cette force agit toujours ogpostesse du fluide.
La force thermoélectrique est proportionnelle au champ magnétique aniaisd MHD de freinage
est proportionnelle aB®>. En moyen ou faible champ magnétique, la force thermoélectrique est
dominante, mais comm® augmente, la force de freinage croit plus vite et dépasse arffincke
thermoélectrique. Cet effet est utilisé pour limiter la convectioarelé indésirable (L. Davoust,
1997). Il existe une valeur du champ magnétique quand la TEMC est amapour chaque alliage

et parametres expérimentaux.
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2.3. La solidification d'alliages binaires

La solidification d'un alliage est un processus multiphysique treplesm ou nombreux
SKPpQRPgQHYV SK\WWLTXHV SHXYHQW DYRLU ODHERJMW X@&/W O RV
technologie aujourd’hui. Méme pour un alliage binaire de nombreux aspeéerddf peuvent
influencer la structure finale de I'alliage solidifié, comme lasgiéede refroidissement, la direction
G HIWUDFWLRQ GH FKDOHXU OH FKDPD3 $KDVHDYILTWL GINV jC

I'interface de solidification (Phillips, 2004). Un classique diagrammphdse d'alliage binaire est

donnée dans [a Figure 2.1.

Figure 2.1: Diagramme de phases d'alliage a deux composants.

La structure en colonne se forme si la chaleur est extraitidimeellement, les colonnes
VH IRUPHQW GDQV OH VHQV GH OfH[WUDHAWILRHBGWM BBWHJ
solidification du liquide solidifié sans direction privilégiée. Plussennéthodes ont été développées
pour contrler la transition colonnaire-equiaxe (CET). En plus de la diresttiun taux d'extraction
de la chaleur, qui sont difficiles & contréler dans le processus intlustti@nsition entre ces deux
structures est essentiellement déterminé par la convection destaljgjusde. Diverses méthodes ont
été mises au point a contréler ce flux et modifier la CET (KurzeBam and Gaumnn 2001), (Kurz
and Fisher 1984)

Pendant la solidification dendritique, un changement de composition lodade. a_a
GHQGULWH FURLVVDQW RX QROXX HE& VW W R F AN SAARLCEVOML & KIDW
est caractérisé par le coefficient de distributikoqui représente le rapport entre le concentration
solideCs et la phase liquid€, sur l'interface solidification.

K Cs 2.7)
CL

Ce rapport définit un gradient de concentration du soluté sur l'interface
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giC . \Y
i BC' @ k)

alx 1 (2.8)

ou D est le coefficient diffusiony est la vitesse de solidification
2.4. La solidification directionnelle

La solidification directionnelle est un type particulier de solidifaralorsque le front de
solidification se déplace dans une direction en restant paralléle-raéine. La solidification
directionnelle est largement utilisée pour I'étude expérimentakelda sciences de la solidification.
La solidification directionnelle se fait habituellement dans la cordigpn Bridgman qui est
également utilisée pour la croissance du silicone photovoltaique ebgigae (renewable-energy-
concepts, 2012). Cette méthode nous permet de connaitre les parameattedsedgesysteme a tout
moment, les relations entre taille du grains et parametres dfficalion peuvent étre validées

expérimentalement.

Les dendrites apparait parce que la température de solidificatitragunecpoint dépend de

divers facteurs et peut étre exprimée comme équation (2.9).

T T, ETO NmC C) — ?N (2.9)

Ou Tp et Cp sont la température de fusion et la concentration nomir@legst la
concentration locale. Le second terme représente la surfusion suppléeerée par la courbure
d'interface (-courbure moyenne,= la rigidité de surface). Le troisieme terme représente la
FRQWULEXWLRQ DX FKDQJHPHQW GH WHP S ptivl &t & \dihtriedeX V p
terme tient compte des effets cinétigues du mouvement du front de calidifi est
coefficient montrant la mobilité cinématique. La pointe de la dendwii¢ glus vite a I'endroit plat
au front de solidification en raison principalement de la contribution de terme de courbure.

Si les paramétres de solidification et les propriétés des alliages sont cbasugossible
de prévoir un espacement caractéristique principal des bras de dendrite lors dditasofidi
directionnelle (W. Kurz D. F., 1984). soit

43 'T,D* %% (2.10)

& ko.zs\/o.zs\/_r
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ou est le gradient de température est le coefficient de Gibbs-Thomsod,§ HVW OTLQWHUY
solidification.

2.5. ROle de la convection lors de la solidification

Si la convection de la phase liquide est présente, la structure ddicsdion et de

I'espacement peut étre radicalement différent de celui préditgpaati@n (2.17) qui a été développé

par l'analyse régime de solidification pleinement diffusif. En plusadeohvection forcée il y a la
convection naturelle (G. Muller, 1984) et la convection thermosolutaleS@Nert, 1998) causées
SDU O H[SDQVLRQ GH OLTXLGH /YfLPSRUWDRWpUGM p®IDSPRIQG
Grashor (2.19) qui montre le rapport entre la flottabilité et les forces visqueuses.

ETgl’ ¥ (2.11)
P

Gr

ouL HVW OD ORQJXHXUTE® |a DiFdepdd IdY WhhpEPatdre sur cette longueast
coefficient de dilatation thermique, hEst la diffusivité thermique3 U edt le nombre de
Prandtl. Convection thermosolutale peuvent étre analysés de fagon similaire.

Il existe plusieurs ouvrages sur la recherche de l'influence asne@ction sur la structure
de solidification (J. S. Wettlaufer, 1997), (J. Szekely, 1970). Ces travautatjuainent accord que
la présence de la convection lors de la solidification directionnéligtiéespacement des dendrites.
Pour éliminer la convection completement, les expériences sont faiticeagravité lors de vols
paraboliques (M.D. Dupouy, 1989).

A linterface de solidification la plupart des métaux et albagestalliques présentent un
saut de pouvoir thermoélectrique absolu. Le gradient de température est tptgsers au front de
solidification. Ces conditions peuvent entrainer une circulation du coudrannhdélectrique. En
appliquant un champ magnétique externe, la force de Lorentz apparaitvettion forcée de la
phase liquide prés du front de solidification peut étre introduite (TEMQjradient de température
au front de solidification peut étre trés elevé donc méme avela®p magnétigue modéré une
convection assez fort peut étre atteinte. La TEMC influence de lausewte l'alliage étudié est
généralement lors de la solidification directionnelle d'un allegeareil Bridgeman (P. Lehmann,
1998), (J.P. Garandet, 1999) ou similaire. Il est montré que la macrostructarmietostructure

peuvent étre affectées par ce mecanisme (X. Li Z. R., 2012).

L'idée d'influencer la convection interdendritique par le champ maggeétors de la
solidification est relativement nouvelle et a été introduite par Moredwetemann (P. Lehmann,

1998) dans l'années 90 du 20ieme siecle. Le transport d'énergie et delsdutétte convection
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peut alors affecter macroségrégation, structure cellulaire et morphaegdritique. Ce type de
convection et son influence sur la croissance, macroségrégation dendridepkblogie interface
sera analysé en plus détail dans les chapitres suivants de cette these.

3. Mesure des propriétés thermoélectriques

3.1. Introduction

(Q PDWpULDX PRQRFULVWD@®&WQa,AYeFy B AHR &8t |X ropidseQly H .
transport d'électrons comme les conductivités électrique et thermiqeelt I€tre trés dépendant des
impuretés, des contraintes internes, et de la température. Pour ces ilaysardes difficultés pour
mesurer avec précision cette propriété pour un alliage de composittam.cé est important de
connaitre ces propriétés comme fonction de la température et de la tmmpmuzns le solide et le
liquide pour une prédiction précise du phénomene thermoélectrique lorsatidifecation. Dans ce
chapitre les mesures d'ATP pour des alliages Sn-Pb é6&n-HVW GpFULWH HW Of$
HI[LVWH GHV WKpRULHYV (Saset) 2008), MBiOakcue Gelesh$t assez fiable.

Habituellement dans la littérature I'ATP est donnée pour lesrimatépolycristallins
tempéUpV /91$73 SRXU GLYHUV PpW D X(EheRlid, 1O M0)RUD Qgs\pIUS Drands K H
recueils des propriétés thermoélectriques des métaux différentsrteincealliages les plus
populaires peut étre trouvé dans le (Handbook of Physical quantities, 199173 SRXU OH S
I'étain a I'état solide et liquide a été mesurée par Cudabkamvaha (N. Cusack, 1958), (A.S.
Marwaha, 1965).

Dans notre cas, la quantité pour comparer |' alliage optimal pour deseexpéride

solidification sous champ magnétique modéré est le rattxgde@ppelé facteur thermoélectrique de

qualité) donne par équation (3.1Jre a une dimension de [A/W] et il montre la capacité de

matérielle pour générer du courant lorsque le flux de chaleur est appliquée.

V'S

ZTE 1)

(3.1)

/L HW . RQW SOXV KDXW IDFWHXU WKHUBRWOQHF®Q UL
O 1D O O-Bib dllithg® ra mesurée en fonction de la température et aenfgosition afin de
déduire la concentration optimale qui sera utilisée dans l'expértenselidification. Le facteur

thermoélectrique de qualité de Sn et Pb est environ 0.15 A/W qui est assez haut.
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3.2. Installation expérimental pour les mesures d'ATP et  procédure

Un systeme expérimental (Figure [3.1) a été concu pour permettresimente I'ATP en
FRQWLQX GDQV OHV pWDWYV VROLGHYV MXW DX ecaHiageS6nO D
préparés en utilisant du plomb et de I'étain de haute pureté (99,99%ubessen quartz d'un

diametre intérieur de 4 mm, épaisseur de paroi de 1 mm et une longueld then sont remplis de

ces alliages. Les tubes sont refroidis a la température arhkbiatKQH SDLUH GYpOHFWL
constantan de 0,2 mm diamétre est soudée de chaque coté du tube. Ud&lpairedes cuivre-
constantan est choisie pour former un thermocouple de type T, pour lesgusdtai®ns versa
ITS90 de température etceitension sont connues avec une grande précision (National Institute of
Standards, 2010).

Figure 3.1 ,QVWDOODWLRQ SR XisblantDhdPriqu Q-HubegdalBnine a deux
canaux avec des électrodes de cuivre et de constantan, 3 - radiateurs élé&aritheds4-
d'étanchéité céramique et de contacts d'électrode a I'extrémité du tube)

Le chauffage est effectué par deux appareils de chauffage électriquebak en
permettant le contrdle de la différence de température entre lesxdedmités de I'échantillon. Le
signal mesur& est une somme de signaux généres par I'échantillon deVpé&tasignal génére par
deux électrodes en cuivre. En appliquant la deuxiéme loi de Kirchhoff auit co@mmposé

d'électrodes en cuivre et d'échantillons de métal, on obtient:

T, T, T

\V/ Z:BCu(r)dT 1s(r)dT OSC%(T)dT (3.2)

To T T

ou Sy et Tp sont respectivement I'ATP du cuivre et la température de l'exérdnoide des
theUPRFRXSOHV 'DQV FH WUDYDLO O (Haddbo6kof PhysivaUddaritiesy S
1991), (E.A. Brandes, 1992)
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S., 1684 000507T (3.3)

3.3. Résultats expérimentaux

'DQV FH WUDYDLO O7$73 GH 6Q HW 3FE j[SKRFSRRQW LRI\
ont été mesuré®b-20wt.%Sn, Pb-40wt.%Sn, Pb-60wt.%Sn and Pb-80wt.%Sn.
/ID SUpFLVLRQ GHV PLFURYROWPgWUHSp XWVLOUMpMVE®D

I'exactitude des nanovoltmetres est de 100 nV. De |a, nous pouvons calculer I'erreuAfbRale d

ﬁ\/((\/ 5. 40T T, T, 'V° (3.4)

ar . HVW OD SUpFLVLRQ GH 4.V Wkt |&piedigibhRis melsbré/ X

de tension. Ce calcul nous donne l'erreur d'ATP de 0.1 pV/K selon équatign (3.4)

Figure 3.2: ATP de plomb et d'étain pur. Les résultats expérimentaux par rapport aux (N
Cusack, 1958).

La[Figure 3.4 montre que I'ATP d'étain pur a un saut positif lors @esilan, tandis que
pour le pomb XU LO HVW QpJDWLI 'DQV OHV GHX[SPDUWXUBRA3 BDAQ
absolue comme pour la plupart des métaux. La concentration pour lagumleipas de saut de
I'ATP lors de la solidification ou de fusion peut étre vu dang lar€ig.6, et il est a une
concentration de Pb- ZW 6Q /1D OPBbL bsl Hargg@ent utilisé pour le brasage de
I'électronique et dans de nombreux cas, il y a des signaux thertrigéles indésirables. Dans de

telles applications de soudure avec cette composition pourrait étre utilisé.
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Figure 3.3: ATP mesurée pour alliage Pb-Sn). Ligne noire au-dessus indique |ateremi
fusion en fonction de la fraction Sn. 9- (Pascore, 16)ATP a la température de fusion

Table 3.1: Relation linéaire entre I'ATP et la température pour différentes dbonzoBb-Sn.

Alliage (température de Solide Liquide
fusion) A (UV/K) | B-10° (uV/IK?) | A @V/IK) | B-10° (uV/K?)
Sn (232 °C) -1.25 -2.36 -0.18 -2.24
Pb-80wt.%Sn (210 °C) -1.42 -3.68 -0.52 -2.76
Pb-60wt.%Sn (185 °C) -1.44 -3.03 -0.95 -1.90
Pb-40wt.%Sn (241 °C) -1.26 -1.82 -1.32 -0.77
Pb-20wt.%Sn (270 °C) -1.06 -2.00 -0.93 -4.35
Pb (327 °C) -1.36 -1.95 -2.27 -4.05

Les résultats montrent que, a I'état liquide, le plomb pur est beauksuggnsible aux
LPSXUHWpPV TXH O pWDLQ SXU /1$73 PHVXUPH HQ HVQFMMVRI
semble étre presque linéaire pWDW VROLGH HW OLTXLGH GDQV ODWHU.
est effectuée séparément pour chaque alliage a I'état soliqaié¢, selon I'équatio@Z). Les
coefficients de la fonction linéaire sont donnés da@le 3.2.

SWIK @ BT ¢ (3.5)

3.4. Conclusions

Afin de choisir l'alliage et la concentration optimale pour les egpéeis de solidification
prévues, O $73 GH O fRb@ 6té& Mdddrée @n fonction de la température et de la composition
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Un nanovoltmetre de haute précision a été utilisé lors des mesueeprétision des résultats est +
0,10 uV/K en raison de difficultés de mesure.

Dans les mesures décrites, il a été trouvé que les concentdgicestains alliages Sn-Pb
DYDLW XQH GLIIpUHQFH VLIJQLILFDWLYROGTGH HVWHO@DLSRQ VI
température de fusion. C'est aspect important indique que l'effet suididééflet la structure de
solidification par le champ magnétique appliqué peut étre prévu.

/I TDOOLDJAWQAE D pWp FKRLVL SRXU rWUH OYDOQHRJFH'
GH VROLGLILFDWLRQ &HW DOOLDJH SO p\dficatiin-teXQV/IK Kt Q JH
a un point de fusion bas (23@). La structure de solidification directionnelle des alliages Sa-Pb
été étudiée par Cadirli (E. Cadirli, 2000). La structure de l'alliage agde concentration est

cellulaire, formée de grains d'étain avec une fraction riche en plomb endre elle

4. Analyse théorique et simulations numeériques

4.1. Introduction

Dans ce chapitre une solution simplifiée de I'équation de NaviersStedtefournie. La
caractéristique de la vitesse de TEMC est estimée poudl I pUHQWY FDV HQ XWLOL
de grandeur. Ces résultats ont été pris en compte lors du choixrde®as expérimentaux pour
des expériences de solidification directionnelle. Une analyse détaillée desitintde la TEMC et de
son impact sur le transport de soluté dans la zone pateuse est fagdrmpann (P. Lehmann R. M.,
1998) qui a analysé l'influence du champ magnétique appliqué sur le dassdédification
directionnelle horizontale. Dans ce travail le courant thermoélectetl@ densité de force sont
évalués analytiquement. La valeur obtenue pour la densité de courdatlesdre de grandeur de
10 AIm?.

La simulation numérique de la distribution du courant dans la phase ligmdeours de
solidification autour du noyau a été faite par Kao (A. Kao, 2012) , (A. R@b2). La simulation
numeérique du courant thermoélectrique est réalisée par Xi Li (X. LF.Y2009) montrant la

répartition qualitative de la densité courant a l'interface de forme arbititicpist

4.2. Estimation analytique

Les propriétés de l'alliage Sn-10%wt.Pb, données par la Table 4.1, seront ydis€les

estimations dans ce chapitre.
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Table 4.1: Propriétés physiques de Sn-10%wt.Pb

Nom Symbol | Value Unit
Densité (1) ! 6974 kg/m®
Conductivité électrique (S) 1 4.10° s/m
Conductivité électrique (l) 1 2:10° s/m
Viscosité dynamique (I) M 0.0021 3DAV
Conductivité thermique (s) s 55 : PA.

Conductivité thermique (1) 30 : PA.

Pouvoir thermoélectrique absolu’({ S -2-10° V/K
Pouvoir thermoélectrique absolu'(] S -1.10° V/K
Différentiel pouvoir P 1-10° V/IK
thermoélectrique

Gradient du température 8000 K/m
Coefficient de partage k 0.1

Liquidus slope m 1 %/K

s-solide, I-liquide
1- (I. Kaldre, 2010), 2- (E.A. Brandes, 1992), 3- (P. Lehmann, 1998)

Dans

I'étude expérimentale de la TEMC un champ magnétiquiustatst appliqué soit dans

la direction axiale ou transversale par rapport a la direction de crassanconvection de la phase

liquide est induite par la force de Lorentz qui est le produit vectduetourant TE et du champ

magnétique. La distribution quantitative du courant électrique et decka T&& sont présentés dans

la

Figure 4.1. Le champ magnétiqgue axial induit une rotation liquide ad®owhaque bras de

dendrite, tandis que tout champ transversal provogue un écoulement macroscopique,desm

contributions de tous les bras de dendrite.

Figure 4.1: TEMC a l'interface de solidification dendritique: a) sous champ titagnaxial, b)

sous champ magnétique transverse.
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6L DXFXQ FKDPS PDIJQpWLTXH QfHVW DSSOLTXpD FHW H

densité proche de l'interface de solidification peut étre estimée en ordradeugra

i cPi (4.1)

ou c est le coefficient qui caractérise la forme du circuit de cowrdinterface de solidification (|.

Kaldre, 2010)d, etds sont les épaisseurs de trajet du courant dans les domaines liquide et solide.

1

c (4.2)
v,

Si le champ magnétique est appliqué, la force de Lorentz apparatmetuvement de la
phase liquide est engendré. Dans ce cas, la situation devient plusge@mpparce que le
mouvement du fluide introduit des forces électromagnétique et visqueusamuvement en phase
liquide est régi par I'équation de Navier-Stokes:

. : & & & 4.3
% u&’u&i P qu& lg&EE j uB (43)

Pour estimer les ratios entre les forces, les nombres adimensionnels suivashd$irsisnt

Numéro Hartmann Lorentz force/ viscosité V
Ha BL |—
Numéro Reynolds Inertie/ viscosité Re wL
P
Parametre d'interaction | Lorentz force/ inertie N C B2L
u
Nombre de flottabilité Force d'Archimede/ Lorentz BU UdE
force c B
Nombre de Reynolds Advection magnétique/ Rm PuR
magnétique diffusion magnétique

Pour des dendrites primaires d'alliage Sn#R#:0.4, Ha’=1, N=3, Bu A 3, Ia flottabilité
SHXW rWUH GRQF QpJOLJpH 3RXU O HV\/ELEM@iéGcmmGUH

Suit:
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2
(% P% cV(uB> PB) 0

La solution de cette équation est

(4.4)

P
2 U (4.5)
JTHVSDFHPHQW SULPDLUH GX EUDV GH GHQGDLWLHW S\

maximum pour cette longueur est d'environ 1 mm/s pour un champ magnétique de 0.5 T.

8 2
J%VLBZ PosepBY %ws
© Lt ©
u

5

] 10 An
4 —— 100 An
\ — 1 mm
——1 cm
3
E2 N
1 \\\\
0 : . . —t ﬁ.m.
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 4.2: Ordre de grandeur de vitesse TEMC pour quatre différentes échidleguder (les
propriétés de Sn-wt.10%. Pb sont utilisés).

4.3. Description de la frontiére thermoélectrique

Pour le circuit ouvert composé de deux métaux différents la forcecgtetrice thermique
JpQpUpH GDQV OH FLUFXLW SHXW rWUH FDOlFFE@ﬂ).G'ﬂDSUqV (

H o ®MaT BT AT | ST (4.6)
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Figure 4.3: Schéma du circuit formé de deux conducteurs différents.

Si le circuit est fermé, il existe dans le circuit une circafatle courant TE. Dans ce cas, la situation
est différente parce que la densité de courant doit étre consemwdgmiats de contact. Dans des
milieux continus, le principe est similaire, et la solution pour une hiigion de potentiel et de
FRXUDQW j OfLQWHUIDFH HVW FRPS®RH[FR V B QS\RHW H@QRAULRH30O

doivent étre conserveés a l'interface.
U, U
& & & & 4.7)
(i1 Tff? o
4.4. Simulation numérique
Le courant électrique dans les deux domaines est calculé pamib@ en utilisant
O DSSUR[LPDWLRQ FRQVLVWDQW j QpJOLJBIW DAMMBPRHUD Q

magnétique. Comme on peut le voir, le courant électrique se compose deadigs; une due au
JUDGLHQW GH SRWHQWLHO pOHFWULTXH HW OYDXWUH GXH

i vu &T (4.8)
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Figure 4.4: Répartition du courant thermoélectrique sur le front de solidification dendtigque.
calcul est fait pour Sn-10%wt.Pb alliage={00 pum,h=200 pm).

Si le champ magnétique est appliqué perpendiculairement au plan agiripesantes de la force de

Lorentz peuvent étre calculée comme suit

T : 4.9
& & & bl O o g “9
F juB 0& 9& B&h 1,Bi],Bj

@ ] k:

Le flux TEMC est calculé numériquement dans la configuration redgyque comme

indiqué danp Figure 4.5. La température de I'eau en bas de |'aigudtéalt est égale 3350 ° C,

tandis que §=17 °C. Le courant thermoélectrique est crée par un gradient de tempéia
I'interface entre le cobalt et le GalnSn. Le cobalt a une valAliPdplus haute a la température

ambiante entre les métaux (-35 uV/K a la température ambiante).

Figure 4.5: Géométrie et dimensions de la simulation numérique de la TEMC.
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Figure 4.6: Composante de vitesse azimutale pour le champ magnétique axdakafipl- 0.2 T).

Figure 4.7: Vitesse TEMC provoquée par le champ magnétique transversal(B)

Figure 48 & RPSDUDLVRQ HQWUH O RUGUH GH JUDQ G HX[®RIIVV X F
et la solution numérique.

45. Conclusions

L'analyse des estimations d'ordre de grandeur menée dans mireckanne quelques
indications intéressantes concernant linfluence du champ magnétigtiquestasur les
caractéristiques du mouvement de fluide a proximité du front de soliificdans le cas de la
solidification dendritique. Il a été confirmé que l'intensité de la TEMigmentait avec le champ
MXVTXYj] XQH FHUWDLQH OLPLWH PDLV X@H PRJQpWWDWLR
la TEMC en raison de la force de freinage MHD qui devient dominanés aprseuil. L'analyse de
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ces phénomenes a difféerentes échelles de longueur a réveélgleefiat champ magnétique critique
pour lequel la TEMC était le plus éleve, était fortement dépendanéatelle caractéristique de

I'écoulement provoquant la structure.

Les simulations numériques fournies dans ce chapitre confirment tuafitant les
hypothéses précédentes sur les caractéristiques de I'‘écoutmsnthamps magnétiques axial et
WUDQVYHUVDO /D GpSHQGDQFH HQ WsiéHduodhargpWwhraghetigid pa G
également été vérifiee numeériguement, et un bon accord entre [testined la simulation,

concernant l'ordre de grandeur de vitesse, a été mis en évidence.

5. Solidification sous champ magnétique statique

5.1. Introduction

Dans ce KDSLWUH QRXV pWXGLRQV OfLQIOXHQFH GHWD
structures de solidification, la taille des grains et les ma@dUpJIJDWLRQV GT1XQ EDL
REWHQX SDU VROLGLILFDWLRQ G L-Blordip ($n-3 8 D @ ¥ L®OHBBMRHNKMNL (
(Sn-Bi). Le champ magnétique peut étre axial ou transverse. Les vitedgage peuvent varier.

Des travaux expérimentaux antérieurs (X. Li Y.F., 2007), (X. LI, 200qPgtehmann,
1998) ont montré que les effets thermoélectriques (TEMC) peuvent engeedrehahgements
LPSRUWDQWY GH VWUXFWXUHYV GH JUDLQV QGHLPRUITXKIR GRJ
1998).

Ces recherches intéressent aussi le domaine de la croissataténerides semi-conducteurs,
matéribX[ TXL GDQV OfpWDW OLTXLGH SUpVHQWHQWLTH{H .
(Yestilyurt, et al. 200)HW GDQV OHVTXHOV SDU FRQVPTXHQW IBHV
engendrés par effet TEMC.

5.2. Dispositif expérimental

/IHV pFKDQWLOORQV VRQW pODERUpV GDQV PHX WLURHXV
longueur . =110 Il , diameétre intérieur+& 6 11 et diametre extérieurl &= 101 |
/ITMLQVWDOODWLRQ GH VROLGLILFDWLRQ GABLWpPSRIIRX WG & HY
tirage controlées pouvant allerd& a1 a20 al. Le champ magnétique est créé par un assemblage
GYDLPDQWY SHUPDQHQWY HW HQJHQGW3IE XQ FKDPS PDJQpPW
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Figure 5.1: Configuration de solidification directionnelle: a) une section trankyels la
configuration; b) distribution de la température dans l'installation.

Figure 5.2: Systeme magnétique: a) isolignes du champ magnétique caleaEsram (Meeker
2011); b) distribution du champ magnétique le long de I'axes x et y.

5.3. Reésultats expérimentaux

Des expériences de solidification directionnelle sont effectuéeschaog magnétique axial
HW YHUWLFDO 8QH FDUWRJUDSKLH GXDRXDWP $H VW pP URCBUR DO

5.2.a tandis que les profils axial et transversal sont présentés sur la figure 5.2.b.

Les figures 5.3. représentent des macrographies des sections axiafansverse
GIpFKDQWLOORQV pODERUpPpV HQ SUpVHQHRVEWEQpoEKdes S |

vitesses de tirage dd), 2et0.5 & I/ Oll apparait que les échantillons élaborés

X avec les vitesses dé et2 al/ nhe présentent pas de différence de structures
VHORQ TXTLO \ DLW RX QRQ FKDPS PDJQpWLTXH
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X tandis que avec la vitesse de tirage la plus falke & I/ Q présentent des

structures tres différentes.

Cette différence est attribuable a la modification du champ dessei di au freinage MHD,

aux effets de convection thermique et solutale.

Figure 5.3: Sn-10%wt.Pb solidification directionnelle sous 0.4 T champ magnétiquéAaabkans
champ (B); a) 10 um/s, b) 2 um/s, ¢) 0.5 pm/s.

/IHV ILIJXUHV UHSUpVHQWHQW GHV PD¥DQRYVYUBDWKVYRXV
magnétigH WUDQVYHUVH GfLQOMB QYDWYp givD O B VW VWDpQUL® WIHIVX M/ K p
QXPpULTXHV QRXV VDYRQV TXH FH W\SH GHJER B PV8KHUPWR pR
DX QLYHDX GH FKDTXH GHQGULWH HW BXW.\ELO H> HG OHID WK
macroségrégationsGDQV XQH VHFWLRQ WUDQVYHUVH GH OfpFK
PDJQpWLTXH DSSOLTXp &HW PpFRXOHPHQW RIWAQ VHIQ JGHIQRG

thermoélectrique localisée dans une région voisine du front dendritique ou zone pateuse.

La variationGH OfHVSDFHPHQW LQWHUGHQGULWLTXH BUH RD
SRUWpH VXU OD ILIJXUH DYHF OD FRXUEH WKpRULTXH LV\
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Les profils de concentration correspondant aux échantillons des figuresnb.sesurés au

microscope électronique et sont représentés sur les figures 5.6.

Figure 5.4: Solidification directionnelen10%wt.Pb de sous 0.4 T champ magnétique transversal
(A) et sans champ (B); a) 10 um /s, b) 2 um /s, ¢) 0,5¢m /

Figure 5.5: Comparaison entre I'espacement des dendrites primaires expéietehtorique
(ed.(4.3) de l'alliage a solidification directionnelle Sn-10% wt.Pb sans champ magaéti sous le
champ magnétique de 014
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Figure 5.6: a) Pb concentration de la section transversale de I'échantillon a sseedéteroissance
0.5 um/s. Points expérimentaux, en moyenne de distribution et approximation exppbglgie
contenu en plomb d'alliage a solidification directionn8iel0%wt.Pb en fonction des coordonnées
a trois vitesses de solidification différentes.

5.4. Conclusions

Dans ce chapitre, RXV DYRQV SUpVHQWp GHV H[SpULHQFHV G}
métallique binaire (Sb- ZzZW 3E HQ DEVHQFH RX HQ SUpVHQFH GY{XC
WUDQVYHUVH G YL QWARBY NWp avems piesane dds \madrose&giegations, mesuré
OfHVSDFH LOQWHUGHQGULTXH SULPDLUH GWWW/LHY I&WVWILRKDJX

les profils de concentration en plomb.

/IRUVTXH OD YLWHVVH GH WLUDJH HVWDDQRE@HTHNW BIQ
structures de solidification sont trés différentes de celles qui sontvébsepour des vitesses de
WLUDJH SOXV pOHYpHV 1RXV DYRQV DWVEBWHLPDRpFRHQ FKBEW LR

par le freinage électromagnétique.

Lorsque le champ magnétique est appliqué dans la direction tranaJarsgesse de tirage,

la taille des macroségrégations croit quand la vitesse de tirage diminue.

6. — 17 fec—<'e tt ZiF"TF— —SErerxZ i R —FZH it
imposé

6.1. Introduction

Dans ce chapitre, nous présentons des expériences menees avexslafdigja décrit dans
OHTXHO XQH FRXUDQW FRQWLQXH RX DOYWHHKOQODRDWIL O RIY W Q

43



FRXUDQW pOHFWULTXH GH GLUHFWLRQ F[LDHOH KD WBUC
engendH GHV IRUFHV GH /RUHQW] GRQW OSYHIIHW VYJIDQR>
thermoélectrique.

/IHV FRQGXFWLYLWpV pOHFWULTXHV GHV S HKBWH\WD JHR C
GLIIpUHQWHY ,0 H[LVWH GRQF j OfLQW ldds | @& &htsvaRecioGed. O |
$LQVL XQH FRPSRVDQWH GX FRXUDQW SIDWSHR@GDE$0 D DU W
GIHQJHQGUHU XQ PRXYHPHQW VHPEODEOH j FWOXQ GHRNXC

simulation numérique qui illustre cet effet.

Figure 6.1a) La distribution de courant a l'interface entre deux milieux des conductivités
différentes, b) Lorsque le courant axial dans le volume est soustraite.

6.2. Simulation numérique

/ 1 p H&rment dans ma phase liquide engendré par les forces électromagngtioghaites
SDU OYLQWHUDFWLRQ GTXQ FKDPS PDJQpWLTXUHp B /L \GA M

géomeétrie présentée sur la figure 6.2.

Deux cas sont calculés : selon que le champ magnétiqgue eudant electrique soient

paralléles (figure 6.3) ou perpendiculaires (figure 6.4).
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Figure 6.2: Coupe transversale de la géométrie et les dimensions (en ns@g polir la

modélisation. Propretés de Pb-Sn alliage sont utili

sées (Tal

bl 41130 m, u=1-10° m.

Figure 6.3 distribution de vitesse liquide Calculé provoquée par le champ magnétique axial et |
courant électriqug € 3 T ° A/m?). Le vitesse & deux valeurs différentes du champ magnétique
sont calculéea) B=0.1 T, b)B=2T.

Figure 6.4 Vitesse causé par l'interaction de courant axiale et de champ magnéticprersale.
B,=0.1T,j = 0.3 A/mnf.

6.3. Reésultats expérimentaux

'HV H[SPpULHQFHYVY GH VROLGLILFDWL FRO®R YR GW DWDLEDLIHP

10%wt.Pb.
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Les figures 6.5 (vitesse de tirage e a I/ Qchamp magnétique axial, courant continu) et
6.6 (vitesse de tirage d® a1/ Oet2 al/ Gsans et avec champ magnétique axial, courant alternatif
50 *VVRQW GHV PDFURJUDSKLHV GYpFKDQWLOORQV SURGXL\

Figure 6.5 Structure d'alliag&n-10%wt.Pb solidification directionnelkev = 10 pun/s Horizontales
et verticales sections transversales sont représentées pour les gas siisence de champ (a,d),
avec 0.4 T champ axial (b,e), avec 0.4 T champ axlA/mnf courant axial (c,)f

Figure 6.6 Structure de l'alliag8&n-10%. wt.Pb solidification directionnelle avec appliquée courant
AC de 50Hz (1 A/mm?) et 0.4 T champ magnétique axiale: a, b) fidgle, f) 2 ym/s La structure
dans des conditions similaires sans chatge courant: c,d) 10my/s, g, h) 2 pm/s

6.4. Conclusions

/I NTDSSOLFDWLRQ GfXQH GLIIpPUHQFH GH SRRMHGIWLHBRXL
solidification permet de créer des forces électromagnétiques seesbkaldelles engendrées par
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OTHITHW WKHUPRpPpOHFWULTXH 7RXWHKHRFIRXSG®QXV OMHL \FD \G
OTLQWHQVLWp HW OD GLUHFWLRQ GH OTpFRXOHPHQW

Les résultats expérimentaux sur un alliage SnZAW 3E PRQWUHQW TXH OfI
FRXUDQW '& D[LD#IG¥jhiq Wur GherapVragnétique axial@é 6

X conduit a un raffinage des grains et a un raccourcissement de la zone colonnaire,
X QYHQJHQGUH SDV GH PDFURVpPpJUpJDWLRQ

Ces effets sont attribués a la modification des écoulements au voisinage desslendrit
Lorsque le courant appliqué est alternatif, les forces de Lorentz présentent idiesx pa

X XQH SDUWLH FRQWLQXH TXL DPRUWLW OfpFRXOHPHQW
X et une partie oscillante a la méme fréquence que le courant appispeptible de produire des

vibrations mécaniques.

7. Solidification sous champ magnétique tournant lentem ent

7.1. Introduction

Dans ce chapitre, un champ magnétique transverse tournant trés lergstmappliqué a
OfpFKDQWLOORQ HQ FRXUV GH VROLGLILFDWLR@ LGXHE DWW
GLUHFWLRQ SULQFLSDOH GH OYpFRXOHPHABERYQHAJIJBY GCRX $\D
engendrant des modifications visibles de macrostructures.

En fonction de la vitesse de rotation deux régimes principaux ont été obtenus :

X Une vitesse ddURWDWLRQ GX FKDPS HVW WUqV OHQ\
GpYHORSSHU GDQV WRXWH OD JRQH OLTXLGH GH OfpFK

X 7TDQGLV TXIXQH YLWHVVH SOXV UDSLGH HQJF
OfHVSDFH LOQWHUGHQGULWLTXH

Le champ des vitesses engendrées dans un cylindre par un chandgigquagtournant a été
OfREMHW GH SOXVLHXUV DUWLFOHY / 0 LWNR3BVNDYLGV
/IHV QRPEUHV VDQV GLPHQVLRQ DWWDFKpWQRPEUHW
Hartman * =, le parametreG L Q W HOeDIE WomRr® de Reynolds magnétigié bati sur la
vitesse de rotation du champ magnétique. En utilisant la présentgtgeo(4=3 11 ) et les
YDOHXUV GHV SURSULpWpPV SKAM®BLWVKAE\hoDswWMNMIBRSKpHY j OfDOC
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*==42; 0=2500;41=7 @0

&HWWH FRPELQDLVRQ GH SDUDPgWUHV URMWD WILRXQ LRO]

profil de vitesse azimutale telle que :

or (7.1)
1 4/Ha

U

Figure 7.1: Vue schématique de TEMC causé par la rotation du champ magnétique transversal

1RXV SRXYRQV HVWLPHU OH WHPSV QpHFHNVWDEX®GDWQR(

caractéristique la taille du creats 6= ;Lé@zél 188 O
1%

7DQGLY TXH OH WHPSV QpFHVVDLUH DX GYWYHO®RS HSHP B

O  H V S DéeHdritiqQuatd@est égal 4 6= 1Q°6®é %10

1%
,FL OTRUGUH QQ,,] 6DBGEREU GHpTXDWLRQ

Ces ordres de grandeur, le temps minimal de révolution du champ mmécessa obtenir

des macroségrégations de taille égale a celle du creusetl&& d@

7.2. Reésultats expérimentaux

La figure 7.2. représente des macrographies de sections longitudindl@ansterse
GIpFKDQWLOORQ pODERUHU VRXV FKDPS \PBGQW difféxerdtesV R X
vitesses de tirag&®(l ©. /HV WHPSV GH UpYROXWLRQ VRQW FKRLVLYV

48



G pYHORS S HdJdy cfedset- 8BUf [Bs sections longitudinales, nous observons des esdrdetur
solidification spiralées (figures 7.2.d., e, f).

Figure 7.2: Des sections horizontales et verticales de l'alliage Sn-10%wadhbification
directionnelle sous champ magnétique tournant. 1) um/s,B=0.4 T,T=150 s; b,ey=5 pm/s,
B=0.4 T,T=600 s; c,fiv=2 um/s,B=0.4 T,T=600 s.
/IHV PDFURVFRSLHV SRUWpHV VXU OHV ILADHRUpPpV DR
vitesse de rotation du champ magnétique plus rapide. Sur ces images mnammoségrégation
QIDSSDUDLW PDLV OfHVSDFHPHQW L@MMWMWHUEBXRGW LVEDTUX H
espacement passe 425 & | sans champ 83 & | avec un champ présentant un temps de révolution

égal 830 O

Figure 7.3 Alliage Sn-10%wt.Pb a solidification directionnelleva3 um/s. Avec un champ
magnétique transversal rotatf£0.4 T,T=30 s); a- une section transversale, c-section longitudinale;
Sans champ magnétique; d-section transversale , d-section longitudine@3 (um et , =125

pm).
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7.3. Conclusion

ID FRQILIXUDWLRQ GH FKDPS PDJQpWLTXH GWY®IONH
expérimentalement la vitesse TEMC. Pour cela, nous devons compaedfetesdu lent brassage
POHFWURPDJQpWLTXH HW OfHIITHW WK HUP RBRAWAMURAJ ¥H L W
FHY GHX[ HIITHWV V{pTXLOLEUHQW 'DHQ/\W QRWYRKX[egpaU IpdR O HV
&HW RUGUH GH JUDQGHXU HVW VLPLODLUH j FHOXL LVVX Gt

1RXV DYRQV YX GDQV OH FKDSLWUH TXIXQ FKDPES
PFRXOHPHQWY GDQV OH FUHXVHW | OfpFKMHROURYPGHpEBWL
macroségrégations sont sous forme de spirales pour une rotation du chamfdestenotre
cas6>150 O GRQW OD SpULRGLFLWp HVW pJDOH j PMXOIQN D@PP IH

rapide de ce champ supprime toute macroségrégation.

8. Conclusions et perspectives

La solidification est un processus complexe faisant intervenir diffénenénomenes
physiques fortement couplés. Dans certaines circonstances et pounscaitages, certains de ces
SKPQRPQQHVY SHXYHQW rWUH IDYRUaVm\s adofisiohevch® & methe/erG L
PYLGHQFH OHV HIIHWV GHV IRUFHV MOKHWPURR RN WALLTTXHH
VLPLODLUH REWHQX SDU OYDSSOLFDWLRQ OGDREH HGEL IFRX

solidification.

Etantdonnéled QRPEUH QRXV QYDYRQV SDV SX H[SORUHU V

solidification. Néanmoins des résultats intéressants ont pu étre mis en évidence.

Dans le futur et a des fins de comparaisons avec des simulationdquaséune analyse
guantitative des écoulements lors de la solidification pourra étreéegliace a des traceurs et sous

rayon X, pour différentes vitesses de tirage et différents gradients de température.
Nous avons montré expérimentalement :

X que les échantillons solidifiés sous champ magnétique tournant aevitess lente
présentaient des structures de solidification de forme hélicoidale

X que cette structure permettait une quantification des effets thermoélectriques

X gue lorsque les effets de brassage électromagnétique et thextniqpédeprésentaient le méme

ordre de grandeur un affinage des structures de solidification était observé.
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Il serait intéressant de reprendre ces expériences avec un disge alu une autre
compositionde SBE DYHF GIDXWUHYV YelrotaHov diHcWaGpH-maietigpel H HW G

/IHV H[SPpULHQFHVY PHWWDQW HQ °XYUH XQ BHKDIPY HDRK
potentiel appliquée pourraient étre adaptées avec profit de la fagantsui OfpOHFWURGH
GDQV OD JRQH OLTXLGH MXVTXTDX YRR LSHUPHEGH D HMQ WE |
FRQYHFWLRQ IRUFpH GLUHFWHPHQW j OTLQWHUIDFH GH VR(

Enfin, pour compléter les expériences suggérées EivVVR XV QRXV SHQVRQV T
de simuler numériquement et avec précision tous les phénomenes physiguen jeu lors de la

solidification sous champ magnétique ainsi que leur couplage.
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Thermoelectric current and maagnetic field interacti _on Influence
on the structure of binary metallic alloys

1. Introduction

1.1. Structure of the thesis

During this work influence of applied magnetic field on the structurmetallic alloys is
investigated experimentally and theoretically. Mainly workfasused to the investigation of
thermoelectromagnetic convection (TEMC) in liquid melt during solidification oalnealloys and
study ofits impact on the microstructure and macrostructure of solidified samples. Thisnpéeon
is investigated experimentally, theoretically and numdyiadliring the work. Theoretical results are
used to interpret the experimental results and to estimate optxpealireental parameters. For
better understanding of physical processes during solidification, numeiicalations of
thermoelectric current and TEMC at the solid-liquid interfaceaisied out using FLUENT and
COMSOL software. Thesis is divided in following chapters:

1. Introduction. In this chapter main physical principles and origin of theteutgc
convection during solidification of metallic alloys aesplained. Short theoretical background,
scientific novelty of the work and author contribution is explained. Mapothesis and results are
shortly summarized.

2. Theoretical background. Short introduction to main disciplines of physics playing
role during solidification is given and their connection to microscale aacrascale processes
during solidification of metallic alloys is explained.

3.  Thermoelectric property measurements.Due to lack of reliable and detailed
thermoelectric property experimental data available, one of thetiges of this work is to measure
absolute thermoelectric power of the alloys which will be used ireperiments of this work.
Description of experimental setup for absolute thermoelectric power)(ABRsurements in solid
and liquid states is given in this chapter. ATP property measurgrasrd function of temperature
and composition of Sn-Pb and Sn-Bi alloys are presented in this chEp¢se data are necessary
for analysis of TEMC and its influence on the structure, and will bd usfuture work. Summary
of ATP data available in literature is also given.

4.  Theoretical analysis and numerical simulation of TEMC. Literature review on
thermoelectric boundary problems and theoretical works dedicatbd tthématic are given in this
chapter. Theoretical analysis of thermoelectromagnetic conversigmesented in this chapter.

Estimations of significance of TEMC in various cases is carriedoptithal parameters to achieve
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maximum TEMC efficiency is estimated. Also numerical simulation testdilthermoelectric current
and flow in various geometries and magnetic field configurations arenpeesin this chapter.
Necessary evaluations for further experimental work are estimated here

5. Solidification under static magnetic field Literature review on previous
experimental works on the solidification under static magnetic fisldsven in this chapter. In this
area extensive experimental work has been carried out with layy and different magnetic field
strengths, however complete theoretical interpretation of resuks dot exist. Directional
solidification results of Sn-Pb and Sn-Bi alloys carried out paraof this thesis, is given in this
chapter. Alloys are directionally solidified under axial or transveragnetic field (up to 0.5 T) at
various growth velocities (0.5-20 um/s). Results obtained during directvaltiee of directional
solidification under static magnetic field performed in European Symohrotdiation Facility
(ESRF) is presented and explained in this chapter.

6. Combination of TEMC and applied electric current. In this chapter applied
magnetic field is combined with electromagnetic interactionsethiny applied electric current
through the solidification interface during solidification. This allowstaugompare two different
convection effects and to determine the parameters which are unknopothisis that this kind of
electromagnetic interaction causes similar convection pattern tBMCThas been analytically
explored and experimentally tested. Thus this interaction of appketrielcurrent and magnetic
field could potentially allow to promote or suppress the consequences o DEk create TEMC-
like flow in the materials where TEMC is not observed. Following interactions have been use

X Axial direct electric current and axial or transverse static magnekit fi

X Axial alternating electric current (50 Hz) and axial or transverse madisddic

7.  Solidification under slowly rotating magnetic field. Transverse magnetic field is
slowly rotated around the crucible during directional solidification. Depeg on the field rotation
velocity/growth velocity ratio different interactions on the structume be achieved. If field rotation
is slower than growth velocity then helical macrosegregation patteininwie ingot can be
achieved. Whereas at faster field rotation, if characteristic Meloof TEMC and electromagnetic
stirring caused by field rotation are of comparable order of radmi no macrosegregation is
observed but grain sizing and structure is altered by combination s thve effects. Combined
action of two different effects also allows us to indirectly edimeharacteristics of TEMC.
Different cases have been analysed theoretically and expeaifyewmerified in this chapter.
Comparison between theoretical estimations and experimental resultais give

8. Conclusions and future work. In this chapter general conclusions of the work are

given. Main concerns and critical points noticed during the work arel lestd described. Future
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perspective research directions and possible parameter combinationsitwhievdd be worth to

collect extra experimental data are described.

1.2. Introduction

It is known that circumstances during solidification of metallioyattan significantly alter
its physical properties. Historically lots of relations betweraterial treatment and conditions
during solidification and physical properties have been found empiricaltyngtance, properties of
many metals or metallic alloys depend on cooling rate ofnthlt during solidification and heat
extraction direction. Cooling rate can be changed in wide rangehandllows to obtain the same
material with different hardness and ductility, and other properties. Alathgthe development of
modern science correlation between circumstances of solidificand microstructure of the
material were revealed and theories to describe the phenomenbedma created. Nevertheless, in
solidification science there are still many things described onlgnpirical laws and trends. Melt
convection influence on the solidification structure is only one example.

Solidification of metallic alloy is an extremely complicatedltiphysical process where
numerous physical processes take part and influence each othéfebgntliways. Structure of the
metal or alloy is also significantly affected by energy aallite transport in the liquid melt at the
vicinity of the solidification interface during solidification processgeneral, when regular cells are
forming at relatively low rates, they grow perpendicular to the ligoildl interface regardless of
crystal orientation. When the growth rate is increased crggtalbhy effects begin to exert an
LQAXHQFH DQG WKH FHOO JURZWK GLUH BEVsgrgohiG gravitid W H
direction. Simultaneously the cross section of the cell generaipd& deviate from its previously
circular geometry owing to the effects of crystallography.this case it is called dendritic
crystallization, which is the most common type of solidificationnodtallic alloys in practical
metallurgy. Various kinds of dendrite morphologies are known today.

Dendrite spacing and morphology can be affected by many paramesanspfmvhich are
growth velocity, cooling rate, temperature gradient and liquid flosit near the solidification front
during solidification. This work is focused on research of effects cayseathgnetic field induced
melt flow analysis and its influence on the dendrite growth and selidifiaterial structure. Melt
flow can be created by various mechanisms, like composition inhontiegeriemperature
inhomogenities, presence of electric or magnetic fields, ultrasoundthads. Dendrite sizes and
growth direction, and velocity are very sensitive to solidification d¢erdi. It is now known that
these microscale processes are responsible for material structureeatubBy its properties. It is

clear that in case of dendritic solidification we cannot assumdifggdiion front to be sharp
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transition between solid and liquid, because solid phase dendrite arrajreandolid nuclei,
surrounded by liquid phase exists between them. This region is calletugiiny zone. Liquid phase
motion (convection) in the mushy zone has important role on the formation of metal structure.
Application of magnetic field can be additional mechanism to a#fiedtcreate convection
in the liquid melt and mushy zone of metallic alloy. Main medranis the interaction of
temperature gradient caused electric current and applied mafieletimteraction caused TEMC.
This thesis is focused on the theoretical, numerical and expd¢almavestigation of the
consequences of the TEMC on the structure of metallic alloys. Frotmatie physics it is known
that if conducting media is moving in the magnetic field, motion indl@bectric current interacting
with the same magnetic field will create force opposite taanalirection, thus damping the fluid
motion. In recent years, it has been conclusively experimentaiseprthat this kind of influence

can significantly alter dendrite structure and macrosegregation of saye all

1.3. Main hypotheses to investigate and objectives of the work

Main objective of this thesis is to anadysnd verify the possible aspects of magnetic field
influence on the solidification of binary metallic alloys. Followingpbthesis are investigated and
verified experimentally and theoretically during this work:

x  Applied magnetic field during directional solidification may caosecrosegregation
and changes in dendrite spacing.

X  Transverse static magnetic field causes significant macragsdgmne, which is greater
at low growth velocities.

x  Similar melt flow pattern than TEMC near the solidification front barinduced by
applied electric current and magnetic field interaction.

x  Slowly rotating magnetic field (stirring effect is of compaeabkder of magnitude
with TEMC) causes time-varying TEMC flow. As a result qualitystsucture can be improved or

helical macrosegregation pattern can be achieved.

1.4. Main results

Main results obtained during this workear

x  Experimental setup for absolute thermoelectric power measurementdidnasd
liquid metallic alloys has been developed and tested by meggshermoelectric power of Sn-Pb
alloy in wide temperature and concentration range.

X  Sn10%wt.Pb alloy was directionally solidified under static (up to 0.5 &ymetic

field at various growth velocities. It is proven that at low grovdlocities transverse magnetic field
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causes significant macrosegregation. Axial magnetic field doebave significant influence on the
structure. This is explained by the fact that axial field canoeasection at local scale (comparable
to dendrite spacing).

X  Applied direct and alternating electric current through the solidibicainterface
during directional solidification causes grain refining. Hypothesis aboignifisant
macrosegregation caused by axial DC current and transverse magnetgrimidonfirmed.

x  Slowly rotating transverse magnetic field creates 3D helie@rosegregation pattern
within the ingot. Stirring caused by field rotation is slower than TEMC.

x It is experimentally proven, that if electromagnetic stirringseal by magnetic field
rotation is of comparable intensity with TEMC, then structure finegd and more homogeneous

than without magnetic field or with static field.

1.5. Author contribution

As a part of this thesis, experimental work is done to studyntheence on the structure of
alloys by applied magnetic field with different directions and magdes. In this work
temperature alloysSi+Pb and SrBi) are used for investigation of magnetic field on the micro and
macro structures of binary alloys. These alloys have been widely for directional solidification
experiments aimed at investigation of structure dependence on vgrowth parameters and
solidification conditions. Directional solidification experiments are daneBridgman setup at
controlled solidification velocity. Directional solidification experintem Bridgman setup are done
with various alloys:Sn-10%wt.Pb,Sn20%wt.Bi. Experiments are done with static transverse or
axial magnetic field, and slowly rotating magnetic field. Insthexperiments magnetic field is
created by permanent magnet system. Moderate magnetic field values up to 0.5 @.are use

Also experiments combining magnetic field and applied electric murterough the
solidification interface are done. Electric current interacts with magfeldl and create similar flow
pattern in the melt than TEMC. These similarities are experinhgtadl theoretically analysed in
this work.

Directional solidification under slowly rotating transverse magnegid is done as well. In
this case direction of thermoelectromagnetic convection is vanyitigne and thus structure of alloy
is affected in different way than in case of static field. Chookigger magnetic field rotating
velocity it is possible to combine the effect of thermoelectromagmeinvection and stirring of
liquid phase by rotating magnetic field. Obtained experimentaltseshow that with this method it

is possible to achieve homogeneous and fine grained structure and prevent componenbsegregati
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Experimental setup used in the experiments described in this thesibeen designed and
built specifically for this purpose as a part of this work by the author of the thasmarigat magnet
arrangement has been used to achieve up to 0.5 T high magneticvwialcts can be changed from
axial to transverse direction and also can be rotated by programmtaplenotor around the
crucible. This solution simplifies the experiment and allows conduldimgyterm experiments more
effective.

Experimental setup to measure absolute thermoelectric power (ATRuid metallic
alloys has been designed and built by the author. ATendtb alloys has been measured in wide
temperature and composition range. Results of these measurementsda® quisantify expected
TEMC in following work.

Numerical modelling of TEMC around the solid phase dendrite array atie atterface
between two media has been done by the author using FLUENT and QIOMStware. Precise
modelling of thermoelectric boundary condition description at the sojiddliinterface has been
done. Order of magnitude estimations of thermoelectromagnetic camentonvection velocity
have been carried out, comparing the relation between convection yn@ngifproperties of the
media and characteristic grain size and component segregation alongsthsection of the sample.

Main experimental and theoretical results of the work has beemarized in several

publications written by the author of theses, and has been publishetkrnationally reviewed

journals and reported in international and local conferences (see gection 9.1).

1.6. Scientific novelty

Aim of the thesis is to experimentally demonstrate the pogmbilio affect the solidified
structure of binary or multicomponent metallic alloys by meansEIC. Experimental part of this
work is measurements of absolute thermoelectromagnetic poweoyd @il solid and liquid state
and directional solidification experiments of Sn-Pb and Sn-Bi slldjeasurements of absolute
thermoelectric power of an alloy in such a wide temperature angasition range were done for
the first time. Directional solidification under axial and transvetaicsmagnetic field is done
showing the influence on the macrosegregation caused by magneticCimgbonent distribution
along the cross section of the sample is measured by scanaettigrelmicroscopy, this method is
more accurate than analysis of micrographs. It is shown that applsgdrae magnetic field (0.3-
0.5 T) causes significant macrosegregation at slow pulling vieledibelow 10 pm/s). Dendrite
spacing as a function of growth velocity and applied magnetic fieldbbas measured and

compared by other experimental results and theoretical models.
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Combined action of thermoelectromagnetic convection and magnetidriietdction with
applied electric current through the solidification front, has been studiedibg both DC and 50
Hz AC current. Heuristic idea about similarities between TEME electromagnetic convection has
been analysed and experimentally and numerically validated.

Influence of the slowly rotating transverse magnetic field onttinetsre of an alloy during
directional solidification has been studied. This approach creates timyirgvaonvection pattern in
the liquid melt. Rotation of the magnetic field has been chosen toldve enough that
electromagnetic stirring by field rotation is comparable to tbetattromagnetic convection. In this
case 3D helical macrosegregation can be achieved which is imtee@sting result. Significance of
the macrosegregation depends on field rotation and solidification vel@®ytystudying such
combined action characteristic velocity of TEMC has been evaluaied drperimental results by
finding the threshold value of field rotation velocity where TEMC aedtsdbmagnetic stirring is in
balance. This threshold allows estimating TEMC intensity from raxjgatal results by novel
approach.

As a part of this work are solidification experiments in Europearci@ptron Facility in
Grenoble. In these experiments solidification of Sn-Pb, Al-Cu an8&iAllloys under moderate
magnetic field (0.08-0.2 T) has been investigated by filming tbegss with high energy X-rays.
From these experiments some useful data about flow charactervititiigy of solidification front
and dendrite fragmentation due to Lorentz force was obtained. Experirastmaation of TEMC
magnitude and influence on dendrite growth direction and morphology was obtairtedse

experiments.
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2. Theoretical background

2.1. Thermoelectric effects

In general, gradient of some quantity induces a density of flux. F@ntestgradient of
potential induces current flow and gradient of temperature induces heatBilbvalso gradient of
temperature can induce current flow and gradient of potential can indudéohedathese are called
thermoelectric effects. Thermoelectric effect is a conversion of #diegmradient into potential
difference or vice versa. This effect was discovered in 1821 by Bet@grman physicist Thomas
Johann Seebeck. Seebeck effect has been exploited in thermocouplegolthgeegenerated by the
pair of materials is measured and later recalculated to temperhtverse effect also exists, namely
current flow through the contact place between two materials can lvaalsemission or absorption.
This is called Peltier effect and was discovered in 1834 by Fnelmg$icist Jean Charles Peltier.
Peltier effect is used in thermoelectric cooling or heating dsviébsolute thermoelectric power
(ATP) is the intrinsic property of each metal or metallic alloy. It ddpeon temperature and internal
stresses, and composition in case of an alloy. Absolute therrraepenver is defined as voltage on
the ends of an open conductor if the temperature difference between its éids=or most of the
metals values of ATP lay between -20 pV/K and 20 pV/K. Exaoesstiis Li and Co which has ATP
up to +30 pV/K. However for some semiconductors ATP can reach evemuiaived pV/K (Zide,
et al. 2005). In practice, differential thermoelectric power islusere often. It characterizegair

of materials with ATPs 0B, andSs;, and is defined as difference between them.
P S, S (2.1)

Thermoelectric voltage then can be calculated as a multiplicatiordiftérential
thermoelectric power and temperature difference between the hot arehdsldf the thermocouple.
If ATP temperature dependence is taken into account, then thermoelettaige can be calculated

by applying second Kirchhoff law to the circuit consisting of two conductors.

T

V ZS,(T) S,(T)dT 2.2)

T

WhereT; andT, is cold end and hot end temperatures ¥nd voltage generated by the

thermocouple. In continuous media, if temperature gradient is applidiioaal electric field is
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generated by thermoelectric effect, which in some particulascean result as a thermoelectric

current circulation.

Relation describing the electric current flow in the continuous medihB 1V QD3].

Thus electric current in the media can be also caused by tempegriadient; law can be

generalized by including thermoelectric term.

P &g &
- E uuB S'T (2.3)

When a current is flowing through a junction composed of two matetie@s heat is
absorbed in one side of the junction and is released at the other side. Anbeat transported by
the current in this way is proportional to the electric current arteiturrent is reversed then also

direction of heat transport reverses. Peltier heat per unit junction coiEs sEn be calculated as

shown in equatign (2|4).

Q 3; 3,1t (2.4)

Where A and g are corresponding Peltier coefficients. This effect can be exglaiye
the fact that in different materials charge carrying electrone liifferent mean energy. When
electron moves from materials where it has highest enerdgwest the energy difference is
dissipated as lattice thermal energy. This is called podfatger effect, if current is reversed the
thermal energy is absorbed and junction is cooled by the currenfrftmative Peltier effect). It was
observed by English physicist Lord Kelvin (William Thomson) in 1855 ltegiting or cooling also
takes place inside of a current carrying conductor subjected to rammgegradient. Any current
carrying conductor with a temperature difference between two poihty @bsorbs or emits heat,
depending on the material. If a current dengitypassed through a homogeneous conductor, the

heat productiom per unit volume is:

q j/Vv RI (2.5)

Wherep is called Thomson coefficient andis temperature gradient. First term is Joule
heating, while second is Thomson term describing heat releag®somtion in the material due to
charge carrier energy temperature dependence within the conductor.
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Thomson coefficient, Peltier coefficient and absolute thermoelgubricer are related by

Thomson relations.

p 10S (2.6)
dT
3 ST 2.7)

2.2. Thermoelectric magnetohydrodynamics

The term thermoelelectric magnetohydrodynamics was introducetidygl® (J. Shercliff
1979) in the seventies of 20th century. He developed the idea that trestmoeturrent in the
presence of magnetic field can cause stirring or pumping of liguidumbing media. He also
presented the order of magnitude estimation for a practical magwtuteMC velocity, showing
that velocity which can be reached in the liquid lithium wridgh temperature gradient which can
be reached in fusion reactoryrdd(T)§ . PPB=1T, S;=25 puV/K) can reach up to 25 cm/s.
This principle was exploited by developing thermoelectric pumpsshaivere also used in practice
for cooling of space ships nuclear reactors. In these pumps flowvendoy the temperature
difference between the heater and cooler. If heat source is reagifothisn positive feedback exists
and the higher is reactor temperature, the higher is flow velocity imngoarcuit and cooling is
more effective (Polzin 2007).

TEMC in the liquid phase has been created by thermoelectric cudraren by Seebeck
voltage at the contact surface between two different materiats, applied magnetic field

interaction causing Lorentz force
F juB (2.8)

Thermoelectric current in liquid media cartHb H{SUHVVHG U KABI ivotiorDig
described by Navier-Stokes equation:

o : & & 2.9
A u&’u&1 'p qu&juB (29)

By substituting current density from equa

on (2.3)into equEtion (2.9etvthe following

equation:
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e : & & &
A u&’u&i p P& vBWE ST W (2.10)

Applied magnetic field introduces two new terms in the Navier-Stekpsmtion. Term
C
I8’ T uB is thermoelectric term, which creates thermoelectromagnetic damvea the melt.

Whereas term lkf&uBuuBf is magnetohydrodynamic braking force which is created by the conducting
fluid motion in magnetic field, this force always acts opposite toflthd velocity. As we see,
thermoelectric force is proportional to magnetic field while MHD brgKorce is proportional t8
square. This means that at low magnetic field values thermaelémice is dominant, but aB
increases eventually braking force grows faster and finally ext¢eedsoelectric force and further
increase of magnetic field reduces the convection intensity.effeist has been exploited to damp
unwanted natural convection (Davoust, et al. 1997). From here, an importaniscamaan be
made: Thermoelectromagnetic convection intensity has a maximuentaincmagnetic field value

when thermoelectric and braking forces are in balance.

2.3. Solidification of binary alloys

Solidification of an alloy is a very complex multiphysical preeavhere many physical
phenomena take place simultaneously. There are many differen$ alfml composites used in
technology today, which are produced by different methods. Simplesticd®/o component or
binary alloy, but even for binary alloy many different aspecty mfuence the final solidified

structure of alloy, like cooling rate, heat extraction direction, grdigtd and liquid phase flow near

the solidification interface (Phillips 2004). Classical binary alloysphdiagram is given |n Figyfe

2.1

Figure 2.1: Two component alloy phase diagram
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Phase diagram describes melting temperature and solidification reggicheomposition of

alloy consisting of A and B components. Following regions can be distinguished enddagsam:

Table 2.1: Different regions in phase diagram

Region Explanation

Solid phase. Trace of component B is fully dissolved in component A.

Solid phase. Trace of component A is fully dissolved in compdBent

/. OL[IWXUH RI VROLG . SKDVH DQG OLTXLG PHOV

/ OL[IWXUH RI VROLG SKDVH DQG OLTXLG PHOV

Liquid Fully liquid alloy.

Solid alloy consisting of regionR 1 ER W K S K D Sdvaral. pds§le

morphologies exist.

Alloy with A concentration lower than eutectic is called hypodidealloy, while if A
concentration is higher than eutectic then it is hypereutectig. alt eutectic composition melting
temperature is lowest (Eutectic temperature) and at this coatentalloy melts and solidifies
similar as a pure metal without forming solid-liquid mixture. Atxsaof phase diagram usually
mass fraction or atomic fraction in percents are putted. Dependingllayn properties and

solidification conditions, four typical solidification structures of euteatioys can be distinguished

as listed in Figure 2(2.

Figure 2.2: Typical eutectic structures: A) lamellar; B) rod-like; C)
globular; D) acicular (Phillips 2004)

For alloys with different than eutectic composition columnar and ecqiiagkdification
regimes can be distinguished. Columnar structure is forming if heattriacted directionally-

columns are forming in the direction of heat extraction. While equiaxect@re is obtained during
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solidification of undercooled liquid, when solidification nuclei start to gsymmetrically in the
volume on the liquid melt without preferred direction. If we look at the isgotcture solidified in
the crucible, then both regions can be distinguished in most cases, cokmmstaand equiaxed
structure in the volume. This is actual problem in metallurgy becduseture is not homogeneous,

thus several methods have been developed how to control columnar-equiaxédriré@BiT) and

avoid crust formation during crucible solidification showrn in Figurg 2.3.d8ssheat extraction

direction and rate, which are hard to control in real industrial process{itrarsttween these two
structures are mostly determined by the liquid melt convection. Vametisods has been developed
how to control this flow and modify CET (Kurz, Bezencon and Gaumnn 2001), @taZisher,
Fundamentals of Solidification 1984).

Figure 2.3: Columnar and equiaxed regions in crucible solidification (Kurz and Fisher 1984)

All pure metalsat solid state have certain crystalline lattice while in liqueates only near
order exists. Dendrite morphology and structure of solidified alloy gebkadefined by lattice type.
Fourteen different three dimension lattice types exist (Kli®€I6). Metals used in the experimental
part of this work have following crystalline structures: lead has tanéered cubic structure,
bismuth has rhombohedral structure. Tin can exist in four allotropic structures 1 7ZR OL
allotropes appear for pure tin at temperature above’@@ind under high pressure. Most common
WZR DOORWURSHY DUH . RU JUD\ WLQ ZXUHKDKQIYHRILZRRW®
has tetragonal structure )RU SXUH WWIOQVIRUPDWLRQ WCHdRSeen Bshvak U H
guantities of impurities can significantly lower the transition tentpezaor even transformation
may not occur at all.

In solid and liquid phases electrons have different motion properties thus during
solidification or melting, electron transport properties (electricaidactivity, heat conductivity,

absolute thermoelectric power) may change with a jump. Atoms stadlige lattice have smaller
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energy than in liquid, thus during solidification latent heat of fusiaelsased. This heat can play
significant role is some cases causing local remelting ofl shle to this extra heat. This mainly
occurs if solidification is rapid and large amount of heat is reteasashort time (usually during
solidification of undercooled liquid). In this case latent heat caseceemelting of solid. Latent heat
of lead is 23 J/g and of tin 60 J/g (Brandes and Brook 1992). During slow ali@csolidification
this heat source does not play any significant role.

During dendritic solidification of binary alloy local change of comtms takes place.
Growing dendrite or nucleus more likely attracts atoms of oneponent than the other. This is
characterized by the partition coefficightwhich shows the ratio between newly solidified solid
phase and liquid phase.

Kk Cs
C, (2.11)

This ratio defines normal gradient of solute concentration at the solidification front as

gE .

XCI a k) (2.12)
@xi D

WhereC, is nominal concentratiol is diffusion coefficienty is solidification velocity. In
uniformly undercooled melt solidification starts with spontaneous formaticsmall solid nuclei
which then continues to grow. In practice most common is heterogeneoustionclerhen
nucleation starts from solid impurity or oxide particles in the daui from crucible walls. In this
case nucleation activation threshold can be significantly lower and mualtess undercooling of
liquid is possible. Small nucleus continues to grow itaxerundercooling is reached or if it can
overcome energy threshold necessary for further nucleation, whichlléxl critical activation

energy.

.. §6S.8V -,
G ' - (2.13)

Where 1is solid-OLTXLG LQWHU I D ksHifidréntdd) Gibbd @e@ etergy between
solid and liquid per unit volume. Gibbs free energy (also free enthalhgrimodynamical potential
of the system characterizing systems energy at constapetature and pressur€is wetting angle
between melt and solid particle or crucible wall and it is thenrparameter determining possible

undercooling. Functionf(¢§ may vary from 0 (complete wetting), which means that any
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undercooling of melt will trigger nucleation to 1, which corresponds to honeogemucleationf
nucleation starts it continues exponentially under saturation is reachedation rate is given by

following expression:

. §G, 'G, -

1, exp (2.14)

© kT i

Wherelp LV FRQVWDQW GHWHUPLQHG E\ KHDW HYVEUIBFWL
activation energy given by equatjon (2.13)Q Ggi& activation energy for atom transfer from solid

to liquid phase.

2.4. Directional solidification

Experimental work of this thesis is aimed to determine the effattcrystalline structure
caused by forced convection in the melt and mushy zone. Directiohdification isa particular
kind of solidification when solidification front moves in one direction renmgrparallel to itself
over time. This kind of solidification with strictly controlled parametas temperature gradient and
growth velocity, is widely used for experimental study in solidifama science. Directional
solidificationis usually done in Bridgman setup which is also used in a photovoltaic ectdoaic
silicone growth (renewable-energy-concepts 2012). This method allows kisow the crucial
parameters of the system at all time, thus such relation asggracture and sizing dependence on
growth velocity and other scan be experimentally validated. fiored solidification at various
velocities will be performed to develop and validate numerical models and tbabestimations.

In the directional solidification, initial position is assumed tdflae solid tiquid interface
from which solidification continues. In case of binary alloy at the&dsialation front will always
exist regions with different compositions, temperaturescamwvatures. All these parameters
contribute to the fact that one component will be attracted while ahejected. This difference
will cause perturbations on the solidification front, development of whidtdefiine front shape and
formation of grains, columns or lamellas.

Temperature at which solidification occurs at each point is dependent on vadtmrs aind

can be expressed as described by eqyation {2.15) (A. Kao 2010).

T TN MG ) 52 (2.15)
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Where Ty and Cy are nominal melting temperature and concentration,is local
concentration. Second term represents additional undercooling due to frontieufvamean local
curvature, =surface stiffness), third term represents contribution in melting tetoperahange

caused by composition inhomogenity (s liquidus slope (Line between solid and liquid in Fi?rjre

2.1), fourth termacFRXQWYV IRU WKH NLQHWLF HIITHFWV GXH MR\ VR

(— ) is coefficient showing the kinetic mobility). From equa.it can be seen that in
directional solidification tip of the dendrite grows fasté&r i§ lower) than the flat place at the
solidification front mainly because of contribution of curvature term.

If parameters of solidification and properties of alloys are knovis [ossible to predict
characteristic primary dendrite arm spacing or interlamellastadce during directional
solidification. In ideal directional solidification characteristictaiece is defined by equilibrium of
capillary and diffusion effects. Characteristic planar front pertwbatiavelength can be found by

taking geometric mean of a diffusion length and capillary length.

D*
Q 25,/V.T0 (2.16)

By taking into account mutual partition and diffusion, following expressiornbeaterivel

to describe primary dendrite arm spacing during directional soliddicatKurz and Fisher,

Fundamentals of Solidification 1984).

A3 'T,D* **°
KO23,025 [ T (2.17)

Front stability is dependent on many parameters during solidificatein of which are

temperature gradient, concentration gradient at the front and growthtyeldge to composition

profile at the solidification front described by equation (3.11), near dheifeation front liquid

region may exist where actual temperature is lower than equilibolidifisation temperature. Such
zone is in metastable state and may lead to front instabillfighis zone exists it is called
constitutional undercooling. Condition for liquid above solidification front to become

constitutionally undercooled is:

'T m’C (2.18)
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Unstable growth of the constitutionally undercooled front will take plademperature

gradient due to heat flowTy/dz is smaller than liquid us temperature gradigfitdz in liquid at

solidification interface, front is stable if opposjte (Figure 2.4).

Figure 2.4: Constitutional undercooling at solidification interface: a) stablegrb)wunstable
(dendritic growth). (Kurz and Fisher, Fundamentals of Solidification 1984)

2.5. Role of convection during directional solidification

If any kind of liquid melt convection is present then solidificationdtire and spacing can
be radically different than predicted by equation (R.17) which was aj@selby analyzing fully
diffusive solidification regime. Convection in the melt can be caused dxhamical stirring or

various electromagnetic methods (forced convection). But there isaigeation which inevitably
appears in the melt due to thermal expansion of the melt (thermal convection)y,(Meallenann and
Weber 1984) and composition inhomogenity (thermosolutal convection) (SeifenshBes and
Bachran 1998). These convections are caused by temperature and compmzised density

inhomogenities of liquid melt, resulting in buoyancy driven flow. Signifteaof natural convection

is characterized by Grashof number (2/19) which shows the ratio betweganbamd viscous

forces. Buoyancy force in case of a two component alloy is crdatethermal and solutal

expansion. Rayleigh number (2{20) which compares the convective and condheatveansfer

mechanisms.

L& ,
Gr g'é ET E'c (2.19)
Ra Gr Pr (2.20)

68



WhereL LV FKDUDFW H U LM&hpé&ratore qQffeYence @IQNG this length, ! Fis
thermal diffusivity, 3U — is Prandtl number ¢iis composition difference over lengthand ¢
is concentration expansion coefficient. Thermosolutal and thermal conwed#mm be analysed
separately by introducing thermosolutal and expansion Rayleigh arashd&@ numbers
characterizing solely the contribution by one of these effects.da chdirectional solidification
temperature effects are usually of considerable importance because of higlateraggadient.

There are several works dealing with the research of thermal antbdwutal convection
influence on the solidification structure (Wettlaufer, Worster and Huppert 1997¢kely and
Chhabra 1970) these works qualitatively agree that presence of tonvdaring directional

solidification reduces dendrite spacing. In directional solidificatiomgry dendrite spacing is

changed by convection according to relation (4.11) if w is melt flelocity entering the mushy

zone,v is growth velocity andgis primary dendrite spacing at purely diffusive solidification.

(2.21)

In some cases convection in the melt is unwanted. One of the métivedsice convection
is application of strong magnetic field which damps the macrosaalgection (Prescott and
Incropera 1993), (Vives and Perry 1987), (Li, Noeppel, et al. 2009). To elintimede types of
convection completely, experiments are even done in microgravity duginadpolic flight (Dupouy,
Camel and Favier 1989).

2.6. Thermoelectromagnetic convection

At the solidification interface most of the metals and metallizys have jump of absolute
thermoelectric power. Temperature gradient is usually present aotlulification front. These
conditions mean that at the solidification front thermoelectric cucieotlation may appear. By
applying external magnetic field, Lorentz force appears and fomracection of the liquid phase in
the vicinity of the solidification front can be introduced (TEMC). In casenulticomponent alloy
convection takes part in the solute and heat transport in the mushgrabine the liquid part of the
ingot, which later affects the structure of the alloy. It is shoWwat tmacrostructure and
microstructure can be affected by this mechanism (Li, Ren, et al..2@fl@gnce of TEMC on the
structure of an alloy is usually studied during directional sotigifon of an alloy in Bridgman
apparatus (Lehmann, Camel and Bolcato 1998), (Garandet and Alboussiere 1999) or similar.
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First publications on the effect of liquid phase moiiostatic field appeared in the second
half of twentieth century when semiconductor production became an aab&émpr(L. Gorbunov
1987). The idea of influencing the interdendritic convection by magnetic field durindisation is
relatively new and was introduced by Moreau and Lehmann (Lehmann] @agnBolcato 1998
the nineties. Temperature gradient at the solidification front canulie high thus even with
moderate magnetic field quite strong convection can be reachede Sotlienergy transport due to
this convection may then affect macrosegregation, cell and dendrite morphatagyeven
solidification front shape. This type of convection and its influence hen dendrite growth,
macrosegregation and interface morphology will be analysed in moikiddtdowing chapters of

this thesis.
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3. Thermoelectric property measurements

3.1. Introduction

To maximize the magnetic field influence on the structure of they ah Bridgman
directional solidification setup, choice of appropriate alloy is importpotnt. Absolute
thermoelectric power (ATP) is the intrinsic property of each pure moetalloy. ATP depends on
electron structure and lattice type of metal. In monocrystallineena&tATP is a tensor (Gasser
2008), (A. Marwaha 1967). It also may be significantly dependent on lattice defectstigspatien
for small concentrations, and on internal stresses and temperatareéo Ehese reasons, there are
difficulties to accurately measure this property for an alloyhwegrtain composition. Usually in
literature ATP for tempered polycristalline material is givels ltnportant to know these properties
as a function of temperature and composition in both solid and liquidatate accurate prediction
of thermoelectric phenomenon during solidification, including TEMC in liquietafs. In this
chapter measurement setup for ATP measurements is described araf &ffBrentSn-Pb alloys
was measured as a part of this work. For Sn-Pb alloys ATP weasumed in wide temperature and
composition range. This is an important step for the further work for tiut reterpretation and

more accurate order of magnitude analysis of TEMC during directional solidification.

3.2. Theoretical background

Multiple theories to calculate ATP values theoretically hagen developed, but noné o
them seems to be reliable to predict the ATP precise enough, eyairdametals (Gasser 2008). In
recent years due to development of the computing technique, it is pdssitdéculate structure
factor and pseudopotential form factor of the crystalline latticeeraocurate, which are needed to
calculate theoretical values of ATP of a metal in polyedise state, according to Ziman (Khalouk,
Chaib and Gasser 2009) theory, the most common theory used to descrilbeeAnieRically. This
theory correlates ATP with other electronic transport properties, likestikgéty and heat
conductivity, in solid and liquid metals, and according to this theory, olecapproximation, ATP is
proportional to the derivative of resistivity versus temperature. Tdrereome research done which
confirms this relationship for some metals and alloys. Accordingigdtieory ATP of all polyvalent
metals should be negative, and increasing by absolute value with temperature.

ATP can be theoretically explained from electron theory simiartlhermal and electrical

conductivities. Electric current carried by one electron can belatdd asevi, amount of heat
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transported by electron can be found Bs £ vf,. To obtain heat and current flux carried by all

electrons in conductor one must add up contribution from all electrons withobseeved volume.
Here fy is form factor,v is electron velocityk is Boltzman constant: is Fermi energy,! is

resistivity,eis electron chargey is volume charge density.

av, (3.1)
J ¥f —X%
1%
dv,
3, APvf —X (3.2)
Q q k e k 4§
ATP can be expressed as
2 3.3
S(E) SK*T|wnE U (3.3)
3E | Wn E |

If ATP and electrical resistivity are known for liquid metal thexathconductivity can be
calculated by using Wiedemann-Franz law (Graf, Yip and Sauls 199&s lbeen shown this law is
valid for most of the liquid metals with sufficient accuracy. TiBigjuite important aspect because
heat conductivity should be measured in static fluid, but temperature gradassary to measure
it creates unwanted convective heat transfer (Gasser 2008).

During solid-liquid transition and allotropic phase transformations, jumpabsolute
thermoelectric power occurs, which can be explained in the following lasolids, an electron
cloud of each ion in the crystalline lattice is affected byefleetric field of its neighbour atoms. In
liquid sate no crystalline structure exists and electron transport @nsddre different, leading to
different electronic transport properties, ATP among them (Favier, 8826). In liquid state there
are no theories predicting ATP theoretically thus experimemaisurements is the only way to get
to know these quantities.

Another point of importance of measuring ATP in solid and liquid statescause during
solidification of metallic alloy thermoelectric current circidat may appear in the vicinity of
solidification front. Particularly important is to know the different ATPwasn solid and liquid
states at the melting temperature as a function of composition afogn because thermoelectric
current is created by this difference.

Values of ATP given in literature are given for tempered, polyctystametal, where no
internal stresses are present. However in different sources thiaséodéhe same metals varies
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significantly, especially for liquid metals. This dispersion canrddated to the variety of used
measurement techniques, which produces different systematic errorsitiedi&T P-temperature
dependence for various metals is given by Shercliff (J. Shercliff 1979)ofQhe widest summaries

of thermoelectric properties of various metals and some most popularotiectric alloys can be
found in Handbook of Physical quantities (Grigoriev and Melnikov 1991). Nevershdta for
each individual material is still fragmentary, especially fquid state. Because of difficulties to
measure ATP, in the literature usually relative thermoelectritagelis given versus reference
material with known ATP. Before 1990 when international temperature standerdchanged,
reference material usually was lead, inubew temperature scale International Temperature Scale 90
(ITS90) reference material is tungsten (ITS90 2000).

ATP for lead and tin has been measured by Cusack in solid and liq@dGtesack and
Kendall 1958), (Marwaha and Cusack, The absolute thermoelectric powguidfriietals 1965). In
these articles ATP of different liquid metals, pure Sn and Pb among ithemeasured and result is
given in formS=a+b-T. ATP of Sn-Pb alloys as a function of concentration at room tempeteasire
been measured by Pascore (Pascore 1976). Measurements of Sn and femetatiseare done by
Bath (Bath and Kleim 1979). Alloy which can generate large elextmrient at the interface during
solidification must have good electrical conductivity in solid and liquidsefand high differential
thermoelectric power between solid and liquid phases at meltingetatare. Figure of merit Z is a
guantity which is widely used to characterize material efficiefacrythermoelectric heating and

cooling elements.

255
O

Z (3.4)

Force density which generates liquid phase motion due to thermoelegtrent and

magnetic field interaction iﬁS’o'LI' uBC. The motion intensity is proportional to electric conductivity
and absolute thermoelectric power, and temperature gradient. To maint&rersutemperature
gradient with certain heat flux material should be with low heat comttyctin our case optional
guantity to compare in order to find optimal alloy for solidification expents under moderate
magnetic field is ratidre (also called thermoelectric figure of merit), which has dimension of [A/W]

and which shows the material ability to generate current whenrcesat flux is applied. Summary

of properties of some pure metals and their figures of merit is giyen in Taple 3.1.

V'S

Zre 0 (3.5)
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Table 3.1: Comparison of thermoelectric figure of merit of some pure metals

S(uy/K) S(u\/_/K) EIectric_ Thermal_ Figu_re of | TE figl_Jre Melting
Solid Liquid conductiv | conductiv | merit of merit
state at | state at |ity 110° |ity (1%6) 106 temperature
T T simim] | wikm] |z10°  |[jawg | ™(©)

Al 2.1 -3 35 237 0.65 0.13 660

Cu |74 S 57 390 8.00 S 1085

Pb |-2.4 -34 4.8 33 0.84 0.15 328

Li 15 20 10.8 85 28.59 0.64 180.5

Sn |-1.8 -0.6 8.7 67 0.42 0.16 232

Na |-9 -9 20.1 142 11.47 0.00 98

K -16 -13 13.9 102 34.89 0.41 63.4

Hg |[-3.5 -3.5 1.04 8.3 1.53 0.00 -39

Bi -2 -0.7 0.78 8 0.05 0.13 271.5

Ga |[-0.2 -0.4 3.7 41 0.01 0.02 30

In -1.4 -1 11.9 82 0.15 0.06 314

Sb [-0.4 0 2.4 24.4 0.02 0.04 631

Data summarized |n Table 8.1 are extracted from the refererer@®oned in text above

and (Brandes and Brook 1992). However knowledge of ATP of each component dodswot al
predicting ATP of an alloy. ATP data of alloys is quite fragtaey or absent at all. Summary shows
that lithium and potassium have the highest TE figure of meoiveder solidification experiments
with these metals are complicated and does not have large alratigcest. In this chapter ATP of
SnPb alloy will be measured as a function if temperature and conguosit deduce the optimal

concentration which will be used in further solidification experiments.

3.3. Experimental setup for ATP measurements

An experimental setup (Figure 8.1) was designed to allow megsAfiR continuously in

both solid and liquid states in temperature range from room tempera®®® {€. Alloys at right
compositions, are prepared using high purity lead and tin (99,99%). Quartz tubes with inneggrdiame
of 4 mm, wall thickness of 1 mm, and length of 120 mm are filled thigse alloys. After tubes are
cooled to room temperature, a pair of 0.2 mm diameter copper and constaatardes is soldered
with the same alloy to the each end of the tube. Copper-constaetto@d pair is chosen to form a

T-type thermocouple, for which ITS-90 voltage-temperature and vice radegmns are known with
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high accuracy (National Institute of Standards 2010). If cold end of thmabkeuple is at 0C

temperature, and thermoelectric sigbals measured, then temperatiirean be found according to

equatiovli (3.9).

6
| n
T b U (3.6)

no

whereb, are coefficients given by tables for certain temperature intervals.

Figure 3.1: ATP measurement setup (1-thermal insulation, 2-two channel alubenaith copper
and constantan electrodes, 3- kanthal electric heaters, 4-ceramic sedleigcirode contacts at the
end of the tube)

Ends are then sealed with high temperature resistant zirconiuntestiased ceramics. In
order to prevent tube breaking due to thermal expansion of the el holes are left in the
sealing. Heating is performed by two kanthal electric heatel®yiafy to control temperature
difference between both ends of the sample. Extra thermal insuistemided at the ends of the
heaters to compensate heat losses through the ends of the tube, anampoadiant, to reduce
temperature gradient in these regions where the contact between electtbdesal is taking place.
This reduces the error if the electric contacts between medabath electrodes are not exactly in
the same point. To calculate ATP, temperatures of both ends aftbitheate measured by T-type
thermocouples, thermoelectric signal generated by the sample imatalculated by measuring

signal between copper electrodes and then subtracting the signals geneedéetrddes.
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Figure 3.2a) Calculated temperature distribution along the cross section of the expersetuyal
the setup; b) Temperature profile along the axis of the sample

ATP is defined as:

W,
S WO (3.7)

whereV is the signal between ends of the open circuit of the metaldis are at different
temperatures. Measured signal in our se¥ufs a sum of signal generated by the sample m&gtal
and signals generated by both copper electrodes. By applying secohtldffiraw to the circuit

consisting of copper electrodes and sample metal, we get:

T. T T

vV ®,MdT  SNdT  S3T)dT (3.8)

To T2 T

where&, andTyis ATP of copper and cold end temperature of electrodes respectivelynpson
is made that ATP of sample elnot change significantly within the temperature interval fiianio
T,. Therefore, ATP of the sample meSik then calculated as:

T

Vv 23SCU (t)dt
T (3.9)

LT

In this work following absolute thermoelectric power of copper is usedy¢Gev and
Melnikov 1991), (Brandes and Brook 1992)
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S, 1684 000507T (3.10)

We note that using equatipn (B.9) leads to the average sample éWwBeh T, and T,

attributed to the temperature val(€+T,)/2. To verify the performance and accuracy of our
experimental setup, we first measured the ATP of pure lead anddiinoanpared our results with
data available in literature (Cusack and Kendall 1958), (Marwaha and¢kC1865), (J. Shercliff
1979), (Pascore 1976). Three measurement sessions were done with pure lead and tirméfgasure
are performed either whéen>T, andT,>T; . Points are recorded at quasi-stationary state to avoid

errors due to response time of measuring devices.

3.4. Measurement procedure and main difficulties

SnPb alloy is chosen to be measured because this alloy isywiged for solidification
research and model experiments in liquid phase convection research.viothi&TP of pure Sn
and Pb is measured in wide temperature interval from room temperat@@0’C. Following
composition alloys has been measured: Pb-20wt.%Sn, Pb-40wt.%Sn, Pb-&0wafd Pb-
80wt.%Sn. Measurements are done by gradual heating and cooling as weilg Buch
measurements moving from liquid state to solid, undercooling of liquid abaerved when
measured ATP suggests that alloy is still liquid at the temperainder melting temperature.
Reading of signals has been done in continuous regime at differemgheatooling rates within
the range 1-20 K/min to determine the effects of thermal inertizhe results. For the reference
some points are measured in static situation when thermal equilitgiastablished. Experimental
results with high heating and cooling rate exhibit much larger diféerdoetween measurements
done during heating or cooling, thus they will be eliminated in futwegssing and presentation of
experimental results. This discrepancy of results measured imdynegime may arise because of
the delay of the nanovoltmeter.

Necessary heater power to achieve 600 is approximately 50 W for each heater.
Increasing or decreasing heating power of one or both heaters &dicsinge temperature and
temperature difference between the ends of the sample. Beforegmadasurement in steady state,

heater powers are kept constant for at least 5 minutes.
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Figure 3.3: Phase diagram of Sn-Pb (a) and (b) Sn-Bi alloys (NIST 1998)

Accuracy of the microvoltmeters used in temperature measuremeéhnfs/isand accuracy
of nanovoltmeter is 100 nV. From here we can calculate the total @ridTP calculated from

equatiovl\(za).

, 1 T2 ., ) I 5
S W\/((\/ Tl$cUdT) n° @M T)'V (3.11)

ar . LV WHPSHUDWXUH PHDWBU WP lisQ/dltage ieAduing \
accuracy. This calculation give us the maximal total errord® Af 0.1 uV/K. Additional error can
be introduced if the contact between both electrodes of thermocouple anck sastpl are in
slightly different locations. Error due to this reason can be estimaiag assumption that distance
between contact places is 0.5 mm, which is reasonable if the diaohetech electrode is 0.2 mm.
We get temperature measurement error of 0.1 K at each end aftp&swhich may introduce up
to 0.05 uV/K additional errors in result. The total accuracy of the teguksented results is
expected to be smaller than 0.15 pV/K which is reasonable compdtedata available for solid
metals. But as mentioned before reliable data for liquid metalyuteescarce, and the present work
is a definitive improvement compared with available results.

ATP is very sensitive to other factors, whose impact on resudifficult to estimate. Thus
we cannot be sure that our measurement results will agreeeaitialues within this error range.
Tempered copper and constantan thermocouples used in these experimerdalimated before
measurements from room temperature to 800 K, and agreed with (Natistialté of Standards

2010) within the range of errors. Variation of ATP of metals due to detayns is relatively low,
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but it increases rapidly when threshold of plastic deformationsacheel. For copper this threshold
is about 1-1& Pa(Brandes and Brook 1992), leading to a critical force for the 0.2 mm diawiete
equal to 2.8 N. Thus electrodes after tempering should be handled verylgaretfiub exceed this
value.

Other potential uncertainty sources might be oxidation, impuritiesrafrees particles and
reaction between electrodes and sample metal at high temperahdeasatural convection which
may appear in the tube when measurements in liquid state are bemd\évertheless according to
the basic theoretical concepts of ATP these factors should nat thiéeesults. However we cannot
be sure they have no influence on the results at all, and it is asswitiéional error due to them is

expected to be smaller than to those analysed before.

3.5. Experimental results

ATP of pure Sn and Pb has been measured (Figurésaﬂb alloy has been measured for
following concentrations: Pb-20wt.%Sn, Pb-40wt.%Sn, Pb-60wt.%Sn and Pb-80wtéasrobm

temperature to 60%C.

Figure 3.4: ATP of pure lead and tin. Experimental results of this work (dots and tjangles
compared with (Cusack and Kendall 1958) (solid lines)
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Figure 3.5: ATP of Sn-20%wt.Pb, Sn-40%.wt.Pb, Sn-60%wt.Pb, Sn-80%wt.Pb

Figure 3.4 shows that ATP of pure tin has positive jump during meWtinigg for pure lead

it is negative. In both cases ATP increase with temperaturebbgluae value as predicted by

equatior|1 (3.B). Figure 3.5 shows how ATP jump changes sign as Sn doritenalloy is increased.

Concentration at which there is no jump of ATP during solidification otimgetan be seen from

Figure 3.6 and it is at concentratiétb-35%wt.Sn.SnPb alloy is widely used for soldering of

electronics and in many cases thermoelectric signals treregaanted. In such applications solder
with this composition could be used. ATP of liquid tin and lead has beeasured and calculated
according to various models by Chaib (Chaib 1987). Experimental sem@ltin good agreement

with this work while theoretical models give inaccurate results in mosscas
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Figure 3.6: Measured ATP for different Pb-Sn alloys: squaré&2@ircles-at melting temperature
in solid state, triangles-at melting temperature in liquid state, dashe@(if@-(Pascore 1976).
Black line above indicates the melting temperature as a function of Sn fraction

Table 3.2: Linear relationship between ATP and temperature for various Pb-Sn itiomg¢sSrom
Figure 3.4 and Figure 3.5)

Alloy (melting point) Solid Liquid
A (UV/K) | B-10° (uV/K? | A UV/K) | B-10° (uV/K?)
Sn (232 °C) -1.25 -2.36 -0.18 -2.24
Pb-80wt.%Sn (210 °C) -1.42 -3.68 -0.52 -2.76
Pb-60wt.%Sn (185 °C) -1.44 -3.03 -0.95 -1.90
Pb-40wt.%Sn (241 °C) -1.26 -1.82 -1.32 -0.77
Pb-20wt.%Sn (270 °C) -1.06 -2.00 -0.93 -4.35
Pb (327 °C) -1.36 -1.95 -2.27 -4.05

Results show that at liquid state, pure lead is much more impunsjtise than pure tin.
Measured ATP-temperature dependence for Pb, Sn and its alloys teekenclose to linear in solid
and liquid states within the range of error. Linear approximasiolone for each alloy separately in

solid and liquid state according to equation (3.12). Coefficients ofrlfmeation are given u-

3.2

S®R/K @ BT ¢ (3.12)
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3.6. Conclusions

In order to choose optimal concentration for the planned solidification e>@eamATP of
SnPb alloy has been measured as a function of temperature and donpddeasurement setup
for ATP measurements of metallic alloys in solid and liquidestaas been developed and
measurements have been made. Although high accuracy nanovoltmetersused during
measurements, precision of the results is £0.15 uV/K due to expéaindéficulties and many side
factors. However the main result of the task is fulfilled and ATP jummguninase transition, which
is the key parameter defining thermoelectric effect strength during soligifichas been measured.

Temperature difference of about 2-10 K is maintained between the etids sdmple, the
problems emerge when sample is partially melted. In this caasured result is not accurate and is
dependent on liquid/solid ratio within experimental tube. Neverthele$s a@aTelting temperature
can be obtained by extrapolating the measurement results obtainedlynspliceor liquid phase.
Close to melting point several measurement sessions were repatiethimmal temperature
difference.

In the measurements described in these chapter it was found ocgrtlaét concentrations
of SnPb alloys has a significant ATP difference (around 1 pV/K) betveedid and liquid phases at
melting temperature. This is important aspect indicating that tefbec the melt flow and
solidification structure by applied magnetic field can be expected.

Sn10%wt.Pb was chosen to be main alloy for further solidification expetan€his alloy

has ATP change during solidification of 1 pV/K and does not changeifisantly with

concentration close to nominal composition as shown in Figure 3.5, and libvmaselting point
(220°C). Structure of directionally solidified Sn-Pb alloys has been studig@aolrli (Cadirli and

Gunduz 2000). Structure of alloy with this concentration is cellular, fowheith grains with lead

rich fraction between them.
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4. Theoretical analysis and numerical simulation of TE MC

4.1. Introduction

In this chaptera simplified solution of Navier-Stokes equation will be given to estmat
characteristic TEMC velocity for various cases, using order ghitiede analysis. These results are
taken into account when choosing experimental parameters and alladisefdional solidification
experiments. These estimations show that maximum TEMC intemsityterdendritic region is
reached at quite low magnetic field values, which can be easithed by permanent magnets or
with ordinary electromagnets. Detailed analysis of thermoeldotundary problem is given in this
chapter summarizing various approximations used to describe the thextmoelarrent flow at the
interface between two different media. For quantitative order of magnanalysis of TE current
and convection, physical properties of Sn-10%wt.Plyalliti be used in order to ease interpretation
of experimental results in further work.

Numerical modelling nowadays is a powerful and widely used tool for itptare research
of many physical processes. It is used in industry and in acadangnce as well. Increase of
available computing power in last few decades gives a chiaraecurately simulate complicated,
three dimensional processes like fluid flows and electromagnetic preblen many cases,
numerical simulation can replace experimental test or help to iaptiplenned experimental setup,
thus making significant time and cost savings. The most popular nuh&rnuaation software
packages are Comsol, ANSYS CFX, Fluent, OpenFoam, FEMM. In thisechaptilts of numerical
modelling of thermoelectric current and thermoelectromagnetic coomeit various cases are
presented. Detailed thermoelectric current flow simulations atntieeface between two different
media have been done by numerically solving the potential and curremudynproblem at the
interface between two media. This algorithm was developed in Flaenising user defined
functions. Calculation of thermoelectromagnetic flow in simple gégnveith fixed dendrite mesh
surrounded by liquid phase has been done. Applied electric current and mdigittinteraction
has been numerically simulated in similar fashion, results of this simuiatiiven in chapter 6. In
this case it was found that by increasing magnetic field yah&racteristic convection velocity is

reduced due to MHD braking which agrees well with theoretical predictions.
4.2. Literature review
Besides experimental works on solidification under magnetic fieldie tlaee some

theoretical works dedicated to describe and analyse TEMC in thd hoglt near the solidification

interface and its expected impacts on the structure of solidifieg @loe of the first works about
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magnetic field influence on solidification were done in Institute ofskRis University of Latvia by
Gorbunov (L. Gorbunov 1987), (Gorbunov and Lyumkis 1990). In this work he derives the simple
expression for thermoelectric current density and force acting ord liopglt, and introduces
dimensionless number describe the intensity of thermoelectromagratanrof liquid phase flow

compared to viscous forces.

VS B

Te uo (4.1)

Detailed analysis of TEMC intensity and its impact on thetedransport in the mushy
zone is done by Lehmann (Lehmann, Moreau and Camel 1998) by analyppireyl magnetic field
influence on the solute and energy transport in horizontal directionalfisalidin setup. In this
work thermoelectric current and force density is analyticallyuewed. Value obtained for current
density is of order of magnitude of .0A/m? . In this work dendrite spacing during directional
solidification is analysed as a function of introduced forced convectiensity caused by applied
transverse magnetic field. It is concluded that forced convectiomiabkisfluence on the dendrite
size at well established convective regime. However differenceébeotructure of directionally
solidified CuAg and Al-Cu alloys with and without magnetic field are experimentally
demonstrated.

Crystal growth was numerically simulated by Lan (Lan 2004). Nwaksimulation ofTE
current distribution in liquid phase around solidified nucleus is done by Kam §Kd Pericleous
2012) , (Kao and Pericleous 2012). In his work dendritic growth under static tcafyele is
analyed Thermoelectric current and flow are calculated, modifications ofatrgsbwth caused by
applied magnetic field is numerically simulated. Thermoelectriceant numerical simulation at the
fixed solidification front is done by Mii (Li, Fautrelle and Ren, et al. 2009) showing the qualitative
current density distribution at the arbitrarily shaped static interfachese works it is shown that in
case of dendritic solidification TE current flows from tip to root of the dendrite or opposite.

4.3. Analytical estimate of TEMC

Conditions necessary to achieve high TEMC intensity during soliddicaare high
differential thermoelectric power between solid and liquid phases dinghéémperature, high
temperature gradient along the solidification front, good eletttmaductivity of both media, and
non smooth solidification front shape. Ability of a pair of materials to produce tleégniric current

if certain heat flux is applied is characterized by thermoelecturdiof merit according to equation

(3.5).
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From | Table 4.[L it can be found that figure of merit for pair of sahd liquid Sn-

10%wt.Pb is equal to 0.09 A/W, which is comparable to the valuégaf the other alloys used to
experimentally study TEMC, likél-4.5%wt.Cu Zrg=0.04 A/W) (X. F. Li 2007) or Sn-0.5%at.Bi
(Zre=0.08 A/W) (Favier, et al. 1996).

Electric cureQW IORZ LQ WKH FRQWLQXRXV PHGLD LV JRYHL

by equation (2.3). Thermoelectric term gives contribution into eldadtat if temperature gradient

is present in the material, and may be a cause for thermoelaatrént at the interface. If ATP is
dependent only of temperature in homogeneous continuous media, then no TE curremil flow
appear. In this casgrad(S)andgrad(T) are always parallel, whereas necessary condition for the
current to appear is that their cross product is nonzero. Let us lgduk situation when no magnetic
field is presentan& LV LUURWDWLRQDO ,I ZH DSSO\ FXUBD R&Edget DW

following equation.

curl(j7 ¥ grad(S) ugrad(T) (4.2)

This condition can be satisfied 5 is function of the composition in binary or
multicomponent alloy. But the strongest thermoelectric currentappgar at the interface between
WZR PHGLD ZLWK GLIIHOddegnat(® is3ways ,directed perpendicularly to the
interface from one material to another. Tiguad(T) must have a component which is parallel to the
interface. This criteria is usually met in dendritic directionaliddication. If significant
macrosegregation appears during solidification of binary alloy, theculiént can also originate in

the volume of inhomogeneous solid or liquid as a consequergegepfendence on concentration.

Table 4.1: Physical properties of Sn-10%wt.Pb alloy used in estimationscé&tpysiperties are
given for melting temperaturd,{=220°C)

Name Symbol | Value Unit
Density (S) I 7100 kg/m®
Density (1) ! 6974 kg/m®
Electric conductivity (s) 1 4.10° Sm
Electric conductivity (1) 1 2-10° Sm
Dynamic viscosity (I) U 0.0021 3DAV
Thermal conductivity(s) s 55 - PA.
Thermal conductivity(l) 30 : PA.
Absolute thermoelectric power {s) S -2:10° VIK
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Absolute thermoelectric power {1) -1-10° VIK
Differential thermo electric power P 1-10° V/IK
Heat capacity Co 130 J/kg-K
Temperature gradient at the 8000 K/m
interface

Volumetric thermal expansion {l) A~ 1/K
Mass diffusivity (1) D 4.10° m°/s
Free fall acceleration g 9.8 m/s
Partition coefficient k 0.1

Solidification interval UTo 30 K
Gibbs-Thomson coefficient + 0.510° | mK
Liquidus slope m 1 %/K
s-solid, I-liquid

1- (Kaldre, Fautrelle, et al. 2010), 2- (Brandes and Brook 1992), 3-
(Lehmann, Camel and Bolcato 1998)

Let us look at the arbitrarily shaped solidification front with chanatite spacing of
primary dendrite arms odl. In case of a non smooth solidification front, tangential temperature
gradient component exists at the solidification front, thus criteritnémoelectric current to appear
are met. Thermoelectric current will flow from the tip to the root of démdnim, or vice versa if
differential thermoelectric power is negative (Yesilyurt, et al. 1989pur caseP is positive and
temperature gradient is directed from liquid to solid, thus current iticamiel will flow from tip to
the root of the dendrite arm, which is parallel to growth direction. Gabxlilcurrent distribution is

shown in Figure 4/1. At solidification front normal current component is corts@vrlige tangential

currents are different in both media. Thermoelectric current boundary conditithe solid-liquid
interface is given by Shercliff (J. Shercliff 1979).

' ' ' 4.3
s 1 oyh g P (43)
KV VvV W

Wherej andjs are tangential current densities in the liquid and solid regions tode
front, 1and 1 are electrical conductivities of liquid and solid mediajs tangential velocity of
liquid phase close to the front, but outside the viscous boundary By ,normal component of

applied magnetic field induction an@is contact resistance, which in further evaluation will be
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neglected. This can be done because normally wetting betweeahrhigitiand same solid at melting
temperature is complete, thus there are no sources of additiortacalesistance at the interface
between solid and liquid zones.

Figure 4.1: Thermoelectric current distribution at the 2D dendritic solidification f@atulation is
done for Sn-10%wt.Pb allog£100 um,h=200 pum)
In experimental study of TEMC typically static magneteldiis applied either in axial or
transverse direction with respect to growth direction. With applied magfielil convection of

liquid phase is induced by Lorentz force which is the cross product antufént as given by

equation] (2.8). Quantitative current flow and TE force directions are shcﬁ'rgtime 4.2. Axial

magnetic field induces liquid melt rotation around each axial denaintewhile transverse field

causes macroscopic flow as a result of summation of contributions of all dendrite arms.

Figure 4.2: Schematic TEMC patterns at the dendritic solidification ineerégainder axial
magnetic field; b) under transverse magnetic field

If no magnetic field is applied then thermoelectric voltaghesonly source of current and
its density order of magnitude near the solidification interface castimated simplf URP 2K P T\

law applying it to the small circuit at the solidification interface.
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i cP7 (4.4)

Where c is coefficient which characterize the current loop shape at thdifiealiion
interface. It depends on the current path length in each medieamdf electric conductivities
between solid and liquid phases (Kaldre, Fautrelle, et al. 2010) as shown by equﬂtion (4.5)

N
yd, (4.5)
Vs

In following evaluation it is assumed that solidification front shispgymmetric between

solid and liquid phasé =ds, which suggest value afequal to 0.66 which will be used in following

TEMC order of magnitude estimation. By inserting the parameters|Trabte 4.1 into equation

(4.4) we get current density value of 1.5'1&/m? which agree well with estimations given by

Lehmann (Lehmann, Moreau and Camel 1998) and numerically calculated and slhown id Eigure

If magnetic field is applied, Lorentz force appears, and motion of liglugde is induced. In
this case situation becomes more complicated because fluid motion ingodisceus and

electromagnetic induction forces. Liquid phase motion is governed by Navier-8tpkason:

. : & & ¢ 4.6
U;—\r/ u&’u&i P paf lg&EE j uB (4.6)

TEMC velocity order of magnitude at dendrite s¢atd can be estimated by solving
simplified Navier-Stokes equation where derivatives is replacedtiog k& characteristic quantities
In order to do so it is useful to introduce some dimensionless groups rectenze the ratios
between different force terms. These groups are commonly used in tofagitedynamics to
estimate which effect has to be taken into account and whiclbeareglected at each particular
situation. Number to characterize the importance of Lorentz force by csompavith the viscous

friction is Hartman number. Ratio between Lorentz and viscous force dersitesiHa’

/c 4
Ha BL [— 4.7

Ratio between inertial force and viscous force is characterized by Reynolds number.
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Re —— (4.8)

Number to characterize Lorentz force by comparison with inertraaignetic interaction
parameteN (Davidson 2001).

c B’L (4.9)
u

N

Buoyant force ratio to Lorentz force can be characterized bfotlosving dimensionless

group:

By UE (4.10)
c B

TEMC velocity order of magnitude at the solidification front is reated in (Kaldre,
Fautrelle, et al. 2010), (Yesilyurt, et al. 1999). It can reach upwonien/s if the characteristic

dendrite arm spacing is of order of magnitudeOd. mm. However, real effective velocity is

expected to be smaller due to crucible and mushy zone limitatiosertihg values from Table 4.1,

and assuming characteristic lengtlequal to primary dendrite spacidg0.1 mm and velocity=1
mm/sfor ReandN estimation we geRe=0.4,Ha’=1, N=3, Bu=1 A0°. These numbers are calculated
for the dendrite order of magnitude length scale, but in many cdta®ml length scales can exist
simultaneously causing TEMC of different scales and magnittl@)e To investigate

phenomena at the scale of crucible or secondary dendrite arms, diféargit scales have to be

chosen and the ratios between forces will be different. From timeaéishs of dimensionless
numbers, we may see that at a primary dendrite length snale motion is determined by the
Lorentz force, inertia and viscous force, while buoyant force careglected in further evaluation.
In fact for a given situation contribution of inertial term is alsatreély small but inertial term will
be kept in further evaluation because this will allow us to obtaglugien which will be applicable
also for other length scales. Inertial force plays a largeratotzucible size TEMC which can be

caused by convex solidification front for example. Different lengthescalhich are present in

directional solidification are shown |n Figure ¥.3. Three main leng#tescwhich has to be

distinguished in most cases are primary dendrite scale, secondary dentfritandaaucible scale.
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Figure 4.3: Sketch of the solidification front showing various length scales and
corresponding convection patterhs-primary dendrite spacingio-secondary dendrite spacing;
crucible scaleh-characteristic primary dendrite longitudinal size)

For the order of magnitude estimation equation in stationary, cageation (4.6) is

simplified by replacing derivatives by simple ratios of charastierivalues, thud @ecomesu/L

and 12 @ecomesi/L% Current density is substituted from Ohms law equption] (2.3).

2

d‘f P% cV(uB* PB) 0 (4.11)

Sdution of square equation] (4JiBjives following expression for TEMC velocity order of
magnitude:

L L1,

8§ 2 -
13w 7 aerBY Rtwm 7.

© 1 ©
u > U (4.12)

Thus due to replacing derivatives with ratios in Navier-Stokes equsigns are lost, only
the minus sign after square root in equa‘TiorlZAgive physically valid result. Solution eq. (4.12)
shows that TEMC velocity has maximum at certain magnetic $iehgth, and further increase of

magnetic field will decrease convection velocity due to MHIXimigaeffect (Davidson 2001) which

is proportional to magnetic field square while thermoelectric motianngyriforce is proportional to
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first order of B (Kaldre, Fautrelle, et al. 2010), (X. F. Li 2007). Relation between TEMC

characteristic velocity and applied magnetic field induction for sladulectionally solidified Sn-

10%wt.Pb alloy with 8 K/mm temperature gradient is given in Figuég Hor a given alloy and

experimental parametefs (Table|4.1) theoretical maximum TEMC ityténseached at a magnetic

field of 0.5T.

Figure 4.4: Characteristic velocity of thermoelectromagnetic convectlooityan dendrite scale
(L=100 um) in a Sn-10wt.Pb alloy as a function of applied magneticliggcl mm/sBna=0.5 T

5
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Figure 4.5: TEMC velocity order of magnitude at four different length s¢afeperties of Sn-
wt.10%.Pb are used)

Figure 4.% compares characteristic velocity evaluation givengbgten (4.12) at four

different length scales. It shows that maximum velocity is rehah@ifferent magnetic field values
at each length. For crucible scalR=8 mm) velocity maximum is reached at very low magnetic field
(9.2 T) while for secondary dendrite length scale, which is typicdltL0® m, velocity is linearly

growing till high magnetic field values (upto 5 T).
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4.4. TEMC contribution in energy and solute transport

To better understand the influence TEMC flow might have on energy and sahgport
at each length scale it is useful to introduce some additionariarito compare diffusion and
convection heat transfer mechanisms. General energy transport is dedoyideeat transport

equation.

ﬂw ugrad(T) DO'°T (4.13)

Where . is thermal diffusivity &, To characterize the significance of TEMC in energy
transport dimensionless number describing the ratio between conductive and commeattivensfer
times is introduced, which is called Peclet number. Charactargstieection time can be calculated
as

(4.14)

conv

Whereas conduction time is calculated as

> @ (4.15)

p

T . .
Cond O

Ratio of these two times is Peclet number showing the ratweket convective and

conductive heat transfer mechanisms.

Lu @ (4.16)

If the flow is non stationary due to solidification front evolution ouaetor magnetic field
or crucible motion, then parameter characterizing this unsteadihesdd sbe defined. Energy
transport time oscillations is characterized by Strouhal number. Toeh&t Number represents a
measure of the ratio of inertial forces due to the unsteadiness fbdwher local acceleration to the

inertial forces due to changes in velocity from one point to another in the flow field.
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o L (4.17)

Where &is characteristic oscillation frequency. Heat transfer eqUéidrig) canthen be written in

dimensionless form using dimensionless veloajty3 %nd defined dimensionless numbers.

W ~ 1. (4.18)
Sh— u, grad —"T
w d grad(T) Pe
Solute transport equation can be written in similar form than heat transfer equation
% ugrad(C) D™’ *C (4.19)

Similar solute transport dimensionless numbers can be introduced ancrequat be
written in dimensionless form just like energy transport equation. Mass diffusabet Rumber is

Lu 4.20

Table 4.2: Maximum TEMC velocity and Peclet number for different length scales

Characteristic size
Umax{mm/s) Bmax(T) Pe Pec
L (mm)
0.01 0.12 4 0.000036 0.3
0.1 1 0.5 0.003 25
1 3.7 0.15 0.111 925
10 7.2 0.07 2.16 18000

Table 4.2 it can be seen that at small length scales T&MG@uction heat transfer is much stronger

than convection, thus it is expected that influence of TEMC on the etramgport is greater at
larger length scales. Sin€of metals is of order of magnitude of ¥én?s, in liquid metals even
small convection easily overcomes mass diffusion, and thus we mayphaayEMC and other
convection mechanisms has influence on solute redistribution at dih lsogles. Mass diffusion is

comparable with TEMC only at very small length scale below m) which is typically secondary
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dendrite arm spacing for some alloys (Guofa, Pu and Songyan 2009). Thagieement with the

fact mentioned by other authors that it is very difficult to achievly fiffusive solidification

regime in metals (Lehmann, Moreau and Camel 1998), (Favier, et al. 1996).

4.5. Thermoelectric boundary problem between two media

If we look at the open circuit consisting of two different metdsshown in Figure 4.6,

thermo EMF generated in the circuit can be calculated from Kirchhadf's.acording to equation

@.21).

Figure 4.6: Schematic drawing of circuit made of two different conductors

T T

H BT B(T)UT (4.21)

T T

If Sis constant in temperature interval betw@emandT, inside each material, then voltage

can be calculated simply as shown by equation

4.22).

H %S, S)dT 'sT'T (4.22)

T

If the circuit is closed, then current flow exists in the circuit. His tcase situation is

different because current density must be conserved at the contast pbistcondition cannot be

achieved if potential is fixed as given in equa

ion (

1.22). Here tloeegiancy appears, because

current through the interface modifies potential distribution in the circaihpared with the case

with open circuit without current flow.

In continuous media the principle is similar, and solution for a poteatid current

distribution at the boundary is complicated. At the interface betweemiedia with different ATPs

94



and electrical conductivities, potential profile is created due tontbelectric effect if tangential
temperature gradient is present. Electric current normal componenteatricgdotential continuity
has to be fulfilled at the interface. According to Ohm's lawtetepotential in the domain can be
calculated assuming that electric current flow does not affect itéetd and ignoring induced
electric current.

MST (4.23)

At the interface between two media thus potential drop is achievedh wghapproximate
boundary condition.
‘M ST (4.24)

Accurate thermoelectric process on the boundary between two mediat islearly
described yetDifferent approaches and approximations are used in various works described in th
literature to solve potential and electric current at the boundary and within both domains

Moving fluid element along the solid wall is analysed by J.A. Siie(d. Shercliff 1979).
Boundary condition given in his work by equation (4#.2) relates tangentiednt densities in both
media 3UDFWLFDOO\ WKLV LV VHFRQG .LUFKKRXIW O WZAsDKIE

shown in Figure 4/7.

Figure 4.7: Schematics of moving fluid element along the solid wall (J. Shercliff 1979)

If no magnetic field is applied, fluid is at rest (or boundary betvte® solids), and contact

resistance is neglected then boundary condition given by e (4.3) cartdoeasrit

Jx

2

P (4.25)

< |5

Jx
v

N

Where indexw means the quantity within the wall. As we will see in furtheults in

section 4.6, this is only true if normal current to boundary is negligtnepared with tangential
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current. Such representation does not fully describe the boundary conditibe aterface in
general case when current circulates from one media to anatdanpemal current component is of
the same order of magnitude as tangential for particular geometries.
Different approach has been used bgokKao and Pericleous 2011, september 8-(8)

Kao 2010). Prescribed electric potential profile is given for the intelfateeen two media. Normal
derivative of the electric potential is conserved at the boundary. @oriseamoelectric potential
difference (S-Tis applied at the boundary. Current flow is calculated separatetywéodomains
with the same electric conductivities. For each domain total patetmbp is divided by two, and

gauge potential is added or subtracted.
'ST 1L(T)

,l

'ST | .(T) (4.26)

I

NI~ NI

To avoid singularity at the boundary, finite thickness of interface finatke and electric
potential changes linearly in this layer.

In ref. (Kurenkova, Zienicke and Thess 20@ijundary equation for tangential currents is
given in the following way.

i

(4.27)

5
E]

1, 1w 8T T
e Y W

%

In ref. (Chen, Rosendahl and Condra 2011) numerical simulation of current distribnt

temperature field in thermoelectric generators is done. Thermoeleottage equation in the grid

cell is given as equatipn (4.28'he same is applied to the neighbouring cells at the interface. Thi

condition can be applied for two cells at the interface-one in eadlanfgplying this equation for
tangential component and then subtracting equations of both cells, weegsartte Shercliff

boundary condition given by equatjon (4.25).

VoS T ﬁ (4.28)

Ref. (Zhang, et al. 2009) describes the model experiment to demoretchtquantify
TEMC in macroscale, TEMC values measured with ultrasound probe are cdmpérenumerical
simulation. Experimental setup consisting of liquid GalnSn pool withper walls and nickel

bottom is used. Wall resistance is neglected, thus boundary conditmmyisan approximation
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which cannot be used in different geometry or material properties. ddam's used to estimate
electric current in the liquid metal by assuming electricemirto be uniform along the cross section
of the pool.

' R R (4.29)

HereR; andR; stands for integral electrical resistances of liquid pool and coppks. Whls
is simplified approach where it is assumed that current flowing thrdwegimterface does not affect
the TE potential distribution.

Potential profile along the interface between two different conduatidirbe analysed for

the situation depicted jn Figure 4.8. In this approximation where taafjentrent density is much

larger than normal and voltage is not affected by current flow throughttréace, solution can be
found analytically. This approximation can be used in some practasals to find thermoelectric
current and potential distribution. Let us choose a pair of different mlat@onnected by ideal
conductors of different temperatures at the ends.

Figure 4.8: Thermoelectric current flow near the boundary of pair of different conslwdtor
applied temperature gradient

Temperature gradient is constant and parallel to the interfac&-T;)/L in this case.
. L UF KKIRWICRN be written for the current circuit. Thermoelectric voltagdsalanced by the

voltage drop due to current flow in the media.

JHNNAE (4.30)
ST ST S

Integral current has to be equal in both media, thus current continuity can be written as
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IPLu PR Pig P (4.31)

Current densities in both media can be expressed from eq (4.30)uamibre (4.31), and
usingc defined by equatign (?5

) . H 4.32
o7 g, Moy (4.32)

2

Then electric field intensity parallel to interface cach® FXODWHG 11U FqP(ZﬁK PV ODZz

EE cPTST E %CPTSZ7 (4.33)

2 2

Remembering the definition afform equatiop (4.b) it can be shown that electric field intensities a

both sides of the boundary are equal. Thus electric field along the ietesfamnstant, electric
potential in the domains can be found2is( A [This approach can be applied to any small volume
element at the interface. In fact this is just another apprbaehto derive Shercliff boundary

condition equatioE (4.2%) describing current flow along the boundary between two media.

4.6. Electric boundary condition mathematical modelling

Boundary condition given by equation (4.@g)an approximation, which can be used quite

accurately to calculate thermoelectric current distribution ifteteconductivities of materials are
not very different and geometry is symmetric or close to symmguiicent paths in both media are
of similar length). This approximation is convenient to use if theadimumerical simulation is only
gualitatively find tke thermoelectric current flow distribution. Simplest numerical approadb is
divide this potential drop at the interface inversely proportional teldwtric conductivities, and to

calculate current density for each domain separately. In this lsasndary condition for each

domain is temperature dependant electric potential as shown in equatiop (4.34).

Y
W v

M PT-*

4.34
% (4.34)

W ¥

M PT-=
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Accurate solution may be obtained if potential profile is not fixeteenperature function at
the interface, but current and potential distribution in both domains are founericaihy by
iterative steps in order to satisfy potential and current continuity at the agerfa

Two dimensional problem is solved for temperature, potential andrielextrrent.
Geometry for this numerical simulation is chosen to be sinolairectional solidification cell used
in experiments done in European Synchrotron Radiation Facility in Grenididse experiments
were intended to in-situ observation of dendritic solidification ofatynmetallic alloys under
magnetic field. Alloy is filled into 200 um thin cell which isn@m wide and 40 mm long, this cell is
then melted by small furnace, and then slowly solidified by gradvedlycing the heater power of
the furnace. Experimental results of these experiment are animmctioﬁ 5. It is assumed in the

model that liquid and solid regions are separated by inclined soltaficont |(Figure 4.p Such

geometry is close to the realistic situation observed in the exgets. Inclined solidification front
is caused by temperature and composition inhomogenities and natural tmonvaond heat

transported macroscopically by TEMC of the liquid phase.

Figure 4.9: Geometry of experimental cell used in numerical simulation

Constant temperature differenceTof ;=120 K is applied between top and bottom walls
of the experimental cell, while side walls are assumed toheenally insulating. Temperature
GLVWULEXWLRQ LV FDOFXawD@dleuater tevpe@re QistripiRidnUd tHeo 1i1sed
as input data for electric problem. Potential and normal current catiserat the interface must be
fulfilled.

u, u,
_kNgj & & (4.35)
(Jl nl JZ n2

Electric current in both domains ¢slculated as shown by equatjon (4.36). As can be seen

electric current consists of two components, caused by electric ipbignatdient and temperature
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gradient. In case of applied magnetic field solution is more coaipli because of additional

current source created by induced magnetic field and MHD damping term.

i vu 8T (4.36)

FLUENT solves general transport equation (4.37). This equation for quanigtygiven in

the following form (cfd-online 2006)
ﬂw' 1y el s (4.37)

Where ! is density, +is diffusion coefficientSyis a source term. Terms in the left side are
transient and convective terms accounting for the accumulatioraafl transport due to velocity of

flow, while diffusion and source terms in the right side accounts for diffusitransport due to

gradient of quantity and source or leak. For a stationary situatiom fluhe is at rest equatign (4.87)

takes form:

Pk S, (4.38)

For a given problem we must solve general transport equation for @leatential caused

by one source term in equatjon (4.39). In this model it is assgnaeldS)=0 in the bulk of the both

media, thus also source term vanishes there. Whereas at the éenBeaiad 1change witha jump,

thus source term is only present at the interface.

vu = ®'T (4.39)

Mesh used to model this problem consists of 25000 quadrilateral Delldble precision
solver is used (12 digits) to ensure sufficient accuracy for poteai@ilation, which is measured in
MV. At the interface derivatives of quantities are calculatu discretization is done to find

corresponding transport equation for given problem for FLUENT to solve.diization is done as

shown in the Figure 4.10. By using special functions to acquire valties aedges of the cells or in

the centre of the cells. By using these quantities, transport equatidghen be modified to equation

(4.40).
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Figure 4.10: lllustration of the discretization of a derivative at the boundary

dx, (4.40)

From this equation and potential continuity follows that electric poteatithe interface

must satisfy following equatign (4.441). Solution of this equation is found numerically.

W, /dx,

v, ST ST, W/dy

VTdx  1/dx, (4.41)

Numerical model for potential and electric current distribution intthicsdomain system is

solved for Al-3%wt.Cu alloy with properties as showp in Table 4.3.

Table 4.3: Physical properties of Al-3%wt.Cu alloy used in model

Property solid liquid unit
Electric conductivity 1.38:10 0.38:10 Sim/m
Thermal conductivity 200 100 W/mK
Density 2700 2400 Kg/m®

Absolute thermoelectric powe 1.1.10° 0.1-10° V/K
Dynamic viscosity 0.0024 Pa-s

First step of the model is calculation of temperature and tempemtadient components

which by numerically solving temperature equation.

'(OT) 0 (4.42)
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Figure 4.11: a) Calculated temperature in the experimental cell; b) tempeageddrent distribution
near the interface

Temperature gradient components are calculated, and potential is eal@dedrding to satisfy

equatio 1

Figure 4.12: a) Calculated electric potential near the interd{p¥); b) comparison between actual
potential profile along the interface compared with approximaiiGn 3 A 7

Figure 4.12 shows that difference between exact solution of potentie palong the

interface versus approximatioi8 3 A ih this geometry is small thus approximation can be used
for qualitative current distribution calculation with good accuracy.p&nmodel of current and
potential distribution at the interface between liquid and solid Al-3%valloy using this boundary
condition compared with exact solution is sho@ 4.13.
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Figure 4.13: Calculated thermoelectric current near the interface; a) Exaarsddjipproximation
with fixed potential at the interfacé3 3 A7

Calculated current density can be compared with estimation obtayneduation (4.34)

Figure 4.18 showshat current distribution calculated exactly and with approximationgare

similar and maximum difference is about 15%. Biggest difference tiseasides of the cell where
current magnitude is greatest. It seems logical becauger latectric current is capable to affect

potential stronger. From these results also follows that charactehistimess of current layer in

both media is equal.\Busing parameters from the Table 4.3 and assum#B§00 K/m like used in

experiments, estimation according to equaqions (4.4) and (4.5)@i0e22 and §9000 A/nf. This

current density value is very close to maximum values of current indases which confirms the
significance of dimensionless groupas a electric current limiting factor.

Solution can be used to validate the accuracy of boundary condition giv@nebgliff (J.

Shercliff 1979). This boundary conditidieq|(4.25)) for a given situation (without magnetic field

and neglecting contact resistance) can be written as:

s ] -
== = PRBInL
y v (4.43)
Wherej is tangential current density near the interface in the liquid clowaile s in the
solid and 1and 1 are corresponding electrical conductivitied V isQnterface parallel temperature

gradient componentNormal and tangential current components at the interface caexpeessed

from current density componenigandjy calculated by FLUENT via equatiEn (444
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ja JycO08D j,sinLC
j. JcosD j,sinL (4.44)

Current continuity at the interface can be verified by comparimgalocurrent through the
boundary from both domaing (Figure 4.14). Current continuity is fulfiled withie range of

numerical error (0.1 %), which can be explained by finite cell size and rounding of numbers
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Figure 4.14: Normal electric current through the interface. Black line-cuexdtirig from solid
domain, red line-current entering into liquid domain

Whereas tangential current components are different in both sides witérface because

of different electrical conductivities.

Figure 4.15: a) Comparison of tangential current along the intetipo@merically calculated
comparison of right and left sides of boundary condition given by eqfiation](4.43)

As analysed before, boundary condition given by equgtion (4.43) is obviously fiitedful
in case where normal current exists through the boungiigure 4.1%5(b) compares left and right
sides of the equation (4.43), and it can be seen that difference isl&B6uwthich is acceptable for

order of magnitude estimation and qualitative analysis of elextrrent distribution. Figure 4.15(a)

shows tangential current densities along the interface in both dostansng that in solid domain
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current density is higher. This means that current path is mamnsiric in both domains. Main
difficulties to use precise algorithm are large computing poweciwivould be necessary to solve
more complex or 3D problem and complexity to write algorithm fdedht solidification interface

shape.

4.7. TEMC flow modelling

In this section two numerical models are described to illustrate Edv caused by axial
and transverse magnetic fields and to verify flow velocity dependentmgnetic field described in
chapter 3, and to numerically test the accuracy of analytical order of magnitncetiesis.

Electric current interacts with applied magnetic field, crediogd phase flow. Modelling
of TEMC flow is more complicated task because there are seveyalcph effects which act
simultaneously and affect each other. To overcome these difficultiaflyugarious approximations
have been used where some feedbacks are neglected. In this readsd wescribed interface and
neglect the fact that liquid phase flow distorts temperature fraddcan affect solidification front
shape, thus affecting potential distribution. In our case Peclet nusnberall thus this factor does
not cause large difference. Flow is calculated in the same ¢goosed previously for electric
current calculation. Magnetic field is imposed perpendicular to samphe gharallel toz axis
Magnetic field values are chosen to be 0.08 T and 0.2 T which ara#d satues which are used in

performed and planned experiments. Lorentz force components are calculated as:

8 0y .-
& & & "¢ & & (4.45)
F juB 0& 9& B& 1,BI|,B]

@ | ka1

Using parameters from Table #.3 afe3 mm, =3 K/mm, c=0.22 we get followingl'E

pressure and force in experimental cell shown in Figure 4.9 causdst @iyrient and magnetic field

interaction is shown 1n Figure 4[16. It can be seen that Lorentz forx@mly close to the interface

and is directed towards solid region, thus approximation by balancingdadee of magnitudes in

infinite media is not accurate in this case.
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Figure 4.16: Calculated pressure (a) and Lorentz force (b) distribution in theepigytiof
experimental cell caused by 0.08 T magnetic field

To numerically verify the velocity dependence on magnetic fielaxal and transverse
field orientation, 3D numerical moded developed to calculate TEMC flow around solid material
needle surrounded by liquid metal. Needle represents single demdrigend liquid metal represents
melt surroundingt. Parameters and geometry for numerical model are chosen based on expkriment
facility built in Institute of Physics University of Latvia. Thiexperiment was intended to

demonstrate TEMC in macroscopic scale and to verify TEMC pattern anddrand transverse

magnetic field. Experiment is done in axisymmetric volume as shig#wigure 4.17. Materiabf the

central needle is cobalt, which has one of the highest ATP at ametads (A. Bojarevics 2003).
Liquid phase is represented by GalnSn alloy which is liquid at room tempefBiaf® (C).

Table 4.4: Physical properties of Cobalt and GalnSn (GalnSn properties 1982) used in
numerical simulation

Property Cobalt GalnSn
Electrical conductivity [S/m] 1.6-10 3.6:1C¢
Thermal conductivity [W/m-K] 100 35

ATP [uV/K] -46 -0.4
Surface tension [MN/m] 607.6-0.25T
Volumetric thermal expansion [1/K] 6,92-10°
Density [kg/ni] 6492.12-0.44F
Viscosity [Pa-s] 0.0022

Heat flow is applied to the bottom of the cobalt needle while heaaimsved through the
water cooled side walls. Input data for the model is wall tenyresa which were measured with

thermocouples. Temperature of water cooled WgH17 °C and at the bottom of cobalt needle is
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T1=50 °C. Thermoelectric current is driven by temperature gradient ahtedace between cobalt

and GalnSn.

Figure 4.17: Modelling geometry and dimensions

Flow calculations with applied axial and transverse magnetic dieldarious magnitudes

are done. Maximum velocity is plotted versus magnetic fie]d in Eigu22, comparing numerical

results and theoretical velocity estimation given by equation (4a@)tribution in the flow by

natural convectiots numerically estimated. This model allows to numerically yetie hypothesis

posed in sectic1n 4.3 about different flow patterns in cases with asdaransverse magnetic field

shown in Figure 4)2. These modelling results also allows us to \thafyypothesis that motion

velocity is reduced by increase of magnetic field after critical fieldeved exceeded.

Figure 4.18: a) Temperature distribution in experimental setup; b) Temperature profile
along the Cobalt-GalnSn interface

Figure 4.18(b) shows that temperature gradient along the interface bebiednand GalnSn

is approximately 3 K/mm. Electric potential difference between topeheedle and bottom can be
estimated as multiplication of total temperature drop and differéhgainoelectric power. Equation

(4.24) gives(13=168 uV, and characteristic current density estimated form eqpation (4.4)vgike

of 3-10° A/m:.[Figure 4.1 shows the numerically calculated electric currersitge Numerically

calculated maximum current density near the interface is @07,
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Figure 4.19: Thermoelectric current distribution in liquid domain

Figure 4.20: Azimuthal velocity component with applied axial magnetic Bgl6.2 T

Figure 4.21: Velocity at the middle depth of the pool urigjeD.2 T transverse magnetic field

Figure 4.22: Comparison between analytical order of magnitude estimations agxicalim
solution
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Flow is calculated in laminar approximation, no slip conditions for seiréad walls is

used| Figure 4.20 avlld Figure 4.21 show that calculated TEMC flow pattersedcby axial and

transverse magnetic field qualitatively agrees with theotgtielictions. Axial field causes liquid
rotation around dendrite arm. Transverse magnetic field in given confined valkgates two
vortices as liquid is pumped perpendicular to magnetic field direngan the needle and returns
along the sides of the volume. In case of solidification, force on dhélacts in very thin layer
(comparable to dendrite characteristic length) above the intemacelaw closes through the bulk

of the liquid or near the crucible walls.

Figure 4.22 compares analytical velocity estimation calculamzbrding to equation

(4.12) with numerically calculated maximum velocity. Theoreticarves at two different

characteristic lengthgd€1l mm andd=3 mm) are given. Maximum velocity caused by transverse
field is greater than by axial field because transverse fieldesamuch greater local force density
near the dendrite arm.

Other forces which may have influence on the flow are thermal convectiseddy

thermal expansion of the liquid metal and Marangoni force causadafage tension dependence on

temperature. Thermal convection was calculated numerically by using tgsafnanh) Table 4.4.

Figure 4.23: Numerically calculate natural convection velocity

At the nonisothermal free surface force and fluid motion may appeaudsecarface
tension of liquid is a function of temperature leading to different forosigedistribution at the
surface. Marangoni stress can drive significant convection on the eswfféiquid metals as shown
by (Bojarevics and Pericleous 2009) where Marangoni flow on the surfdegitated droplet is
numerically calculated. In many real cases this motion is suggatd®/ oxide layer which inevitably
forms at the surface unless experiment is done in deep vacuum oratmtbs&phere of inert gas to

prevent evaporation. Marangoni convection was calculated numericafivér setup assuming top

surface to be free liquid metal surface. Numerical simulation ressittawn in Figure 4.24. It cae b

seen that significant velocity is reached at the surface wisige the volume of the liquid velocity

is much smaller.
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Figure 4.24: Numerically calculated Marangoni flow velocity. Ignoring the efteeised by surface
oxidation

4.8. Thermoelectric effects on the free particle

During solidification, in the mushy zone solid particles of variomessare floating in the
liquid phase. These particles are either solidified nuclei or brokedritkefragments, or impurity
particles. If particle is surrounded by liquid which has different AT thermoelectric current
circulation around the particle appe#drgemperature gradient is present. In the presence of magnetic
field, Lorentz force acts on the particle and on the liquid surrounding #.fGfde can cause particle
motion in liquid or particle rotation. Deeper evaluation of this effeatild allow to quantify and
measure TEMC itself or to estimate thermoelectric propertidseaiaterials because in many cases
flow velocity and distribution can only be determined by measuringéloeities of tracer particles
moving along with the flow. This section is devoted to analysis ofd smbnducting particle
surrounded by conducting liquid. Influence of TE effects of particle araysed. During
solidification experiment with in-situ filming of dendrite growth and flow with Xs;asuch particles
are observed.

Spherical solid conducting particle in the liquid phase is chosersmspde model to be

analysed in this section. Solid and liquid material properties forrreTzaﬁlis used to analytically

estimate and numerically simulate characteristic valuds®ptoblem. TE potential, electric current
and pressure calculation around particle in an axisymmetric casioae. Particle with diameter of

1 mm is chosen for numerical model and analytical calculations.
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Figure 4.25: Numerical simulation of solid particle floating in liquid melt: a) Elepotentiaj b)
Electric current streamlines and magnitude; ¢) Electric current dengityitonde along axis

Figure 4.2% shows thanside the spherical particle electric current density is almost

uniform while outside the sphere it decreases rapidly with the destawey from the sphere as
shown in figure. If magnetic field is applied then Lorentz force act the particle and in the
surrounding liquid as well. Applied transverse field will drag the particle to one side pergantic
magnetic field. Particle velocity can be estimated by apglitokes law describing sphere motion

in viscous fluid. Sphere is moving to the right side of the picturegiven case. Drag force due to
fluid viscosity can be found as@ -uWhile resistance force due momentum particle gives to
surrounding liquid is ZE w1 case if liquid is at rest and no other forces are present. Current
density within the particle can be estimated from equ@ (4.4) eBliimation gives value of 8-10
A/m? (c=1/3 in this case). Which is close to value obtained by numericailation (=1.3-1¢

A/m?). If applied magnetic field is 0.08 T then velocity of particle carcdleulated by balancing
integral force on the particle caused by Lorentz force and Stokgdatce according to equation

(4.46), which gives particle velocity of 20 mm/s (4}47) which is quitgd value indicating that

effect of the particle and dendrite fragmentation by magnetic field magmhi&cant.

Fo(j uB)g £ 6SRu (4.46)
2c IP BR? (4.47)
9P

Where 1lis average conductivity of solid and liquid phasds (,)/2. However velocity

expression get from equatipn (4.47) is an approximation because T dation on the liquid

surrounding particle is not taken into account. Similar approximationeld g Wang obtaining
formula with slightly differentc and averagedlLterm (Wang, et al. 2012). TE force acting on the

fluid modifies pressure field around particle, thus drag force in thisisabterent than calculated
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according to Stokes law. Pressure created by TE force is shqwigure B.26(a). This pressure

creates liquid motion around particle which slows down the particle moti@pposite direction.
TEMC velocity around particle caused by 0.08 T magnetic field is lshq\ﬁigure 4.26(b). Results

show that near the particle velocity of fluid is opposite to pamim@&on caused by Lorentz force on

the particle. Magnitude of this velocity is approximately 1.7 mnikus due to pressure

redistribution in case of spherical particle velocity is reduced by this value.

Figure 4.26a) electromagnetic pressure distribution in the liquid caused by 0.08 T transverse
magnetic field; b) TEMC flow around 1 mm diameter particle

Particle in this case acts similar as dipole-current lingsfexn the top of the particle and returns

through the bottom of particle as showp in Figure {4.25(b). From here it can be concludedehat cur

density (and pressure) magnitude decrease proportionalltavith the distance away from the

particle. This idea is tested and confirmed in Figure |4.27 wherentumagnitude from the

numerical model is fitted with this function and agreement is perfect.

Figure 4.27: Current density magnitude as a function of the distance from sphere slufaegcal
data fitted with the functiotra/x>
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This result allows us to estimate particle velocity decreasetalteE pressure field in fluid in
general case. If electric current density in liquid decrease$i@d and near the surface current
density magnitude is similar as in solid, as confirmed by sinomagsults, than particle velocity is
reduced by approximately8.

4.9. Conclusions

Analytical order of magnitude estimations carried out in this chagite some
interesting points about static magnetic field influence on the naibmcharacteristics near the
solidification front in case of dendritic solidification. It was confirmgtt TEMC intensity
increases until certain magnetic field value is reached and funitrerase of field reduces TEMC
because of MHD braking force which becomes dominant over TE forcestlaifiethreshold.
Analysis of these phenomena at different length scales reiviedefact that critical field at which
TEMC is highest, is strongly dependant of characteristic swfakdructure which causes TEMC
flow. In case of convex or slope solidification front shape, crucible fgize can appear. Critical

field values for this flow can be as low as 0.3 T as demonstratdtebyumerical model in section

4.7\ As the characteristic size is reduced to primary and secodeiadyite arms, critical magnetic

field increases. These values can significantly vary dependingoperties of the material. In real
solidification various different length scales are present, thus madiet strength has to be
chosen based on these calculations and knowing at which scale we want to influendefibe me

the crucible. In sectioE.S velocity magnitude as a function of magheldl at various length

scales are calculated for Sn-10%wt.Pb alloy. In further experim&ot&, our main interest is to
investigate TEMC influence on the primary dendrite morphology and sasedBon this order of
magnitude analysis, maximum TEMC at this scale (100-200 pm)aisheel at magnetic field
intensity of 0.5 T. In directional solidification experiments presgirt next chapters magnetic field
of 0.3-0.5 T will be used, which is sufficient to reach maximum flowhe scale of crucible size and
primary dendrite size.
Numerical simulations of various geometries and length scales givdns chapter

gualitatively confirms previous assumptions about flow characteristicy @xtd and transverse
magnetic fields. TEMC intensity dependence on magnetic field gitrewas also numerically

verified in sectiorli 47 and good agreement between estimation and mmulagarding velocity

order of magnitude, is demonstrated. Meanwhile it was shown that waysalt is possible to
correctly chose constantand characteristic lengthto acquire agreement between estimation and

numerical results. As shown in sec1ion 4.6 geometry can signifidanitythe flow velocity in some

cases. Numerical simulation of the TE effects on the sphericttlpafloating in liquid melt is
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performed. Current density in the particle and in the surrounding liquidtidaded, particle motion
velocity is estimated, showing that particle motion velocity is proportionalrtlpasize square. TE
current density magnitude around particle decreasds$xawith the distance away from particle.
Thus results indicate that TE induced motion and force on the largergsaiticgreater than on

smaller particles.

Thermoelectric boundary calculation algorithm was derived and testeds iohipter in

sectiong 4.p anld 4.6. It can be concluded that precise calculation withpiisach is rather

complex and requires lots of computer resources even in relatively simgledietry. It was also
demonstrated that in most of the practical cases approximation cese lpgth acceptable accuracy.
Approximate condition produces greatest error at the places on ietextaere normal electric
current density is higher as shown by|the Figure(4.15.

Analytical and numerical results and estimations of TE quantdlgsined in this
chapter will be used to interpret the experimental results ifoffe@ving chapters and to choose
optional experimental parameters to achieve expected effect. Derpegsgions which allows to
estimate TEMC parameters will be used to estimate correspoqdargities during experiments.
Obtained values will be verified by the ones extracted from expetanessults. Thus many
physical effects acts on the melt flow simultaneously, it igartant to correctly estimate relative
ratios between them depending on characteristic scale and matepeiti@s. Main dimensionless

ratios are defined and explained in this chapter to ease the comparison of copipeiogl effects.
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5. Solidification under static magnetic field

Influence on the structure of Sn-Pb and Sn-Bi alloys caused ty stagnetic field is
experimentally investigated in this chapter. Axial or transvensgnetic field is applied during
directional solidification at various growth velocities. Literature owwiabout previous
experimental works in this field is given in the first sectiont@ thapter. Sn-10%wt.Pb alloy is
used for extended experimental work to investigate grain size arrdsegregation as a function of
growth velocity. Influence of the field on grain structure and sizing, rmadrosegregation is

analysed.

5.1. Literature review

Several experimental works has been done to study static ntafjekti impact on the
structure of metallic alloys (X. F. Li 2007), (Li Xi 20Q7ALehmann, Camel and Bolcato 1998)
Experimental studies are usually done by directional solidificatging Bridgman setup or similar
where solidification parameters, like solidification velocity and tentperagradient can be
controlled. Previous experimental studies have shown that for some ailiysnce on the
macrostructure and microstructure can be achieved by means of TEM@ &lmys exhibit
significant changes in component distribution and grain morphology withirathple at moderate
magnetic field less than 0.5 T (X. F. Li 2007).

It has been shown that TEMC may cause changes in grain structure andedendri
morphology, and spacing (Lehmann, Moreau and Camel 1998), (Khine and Walker 1998). Al
4.5%wt.Cu in presence of static magnetic field exhibits significhanhges in solidification front
shape and cell morphology as a consequence of TEMC in the mushy hened8Bal. 2011). There
are also some theoretical works in this field (Lehmann, Moreau andlQ&88), (Kaldre, Fautrelle,
et al. 2010) showing that thermoelectromagnetic convection intensitgrsasing with magnetic
field initially, but when critical magnetic field value is readh further increase of magnetic field
reduces the effect due to counteraction by induced magnetic fieldieldtion is also confirmed by
experimental results (X. F. Li 2007) showing that at very highl axzgnetic field influence on the
structure is weak due to strong MHD braking of any flow perpendiculaagmetic field. Although
in Al-Cu alloy strong axial magnetic field leads to formationiog like structure which is likely the
result of damped radial component of natural convection. Influence of highetna field on
columnar to equiaxed transition and column morphology at various magnetiedies has been

experimentally studied by Li (Li, Fautrelle and Zaidat, et al. 2010).
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This area is also on the scope of interest in the field of semi¢ondugstal growth.
Semiconductor materials have metallic conductivity at liquid statk tagh temperature, they
usually have high absolute thermoelectric power (Yesilyurt, 080). Applied magnetic field may
drive a significant melt circulation due to TEMC, and thus may beviyeto improve the material
structure (Kaldre, Fautrelle, et al. 2010), (Gorbunov and Lyumkis 1990) by refynaigs and
reducing inclusions. Many works has also been devoted to the ar@lyses influence of applied
magnetic field on the melt flow caused by natural or electronti@gonenvection. Influence of
magnetic field on the structure and macrosegregation during semicongiaetth has been studied
by Yesilyurt (Yestilyurt, et al. 2004) and Series (Series and Hurle 1991).

Research of TEMC influence on the liquid phase flow and dendrite morphology during
solidification has been performed by X-ray imaging of thin sanplegsualize the effects of melt
flow and dendrite growth caused by applied magnetic field (MathieseAraberg 2006), (Yasuda,
Ohnakaa, et al. 2004). Attempts to numerically simulate TEMC #ndnfluence of crystal
morphology has also been done (Kao A. 20®silyurt, et al. 1999), and results qualitatively
agree with experimental observations. TEMC influence on macroségregas been numerically
and theoretically studied (Samanta and Zabaras 2006). In this workdapagnetic field and its
gradient influence on component distribution has been analysed. Neverthelesdifiicult to
directly relate convection pattern and intensity with changeseo€¢tular or dendritic structure of
the solidified alloy. In most cases only qualitative trend how TEMQuemites segregation or

dendrite spacing can be deduced.

5.2. Experimental setup and procedure

High purity tin, lead and bismuth (99.99%) is used to prepare Sn-10%wah&lSn-
20%wt.Bi alloy, which is then casted into the alumina799 crucilblell0mm, ID=6mm,
OD=10mm). Samples are then remelted and solidified under intense magnetic stirnsgreogood
homogeneity of initial samples. The samples are directionaligifsedl in a Bridgman setup at
FROWUROOHG JURZWK YHORFLWLHYV IURP DPSCPHVLWHRHOWF
furnace around the crucible while bottom part is kept solid by waterc&oofger ring. Furnace and
water cooled ring are stationary while crucible is lowered by raromable pulling system.
Solidification front is always located between heater and cooldreasame location, thus actual
solidification velocity is assumed to be equal to the pulling velocity of the crucible.

Various cross sections of solidified samples are examined by opticabscopy. For
optical microscopy analysis samples are polished to 1 um surfageness and then chemically
etched. To visualize the cellular structure of the alloy, pretesatrwith the 10% aqueous HCI
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solution were done to remove oxide layer. Samples were then etched witkirigé%acid ethanol
solution. This reagent darkens the lead rich fraction while tin matrixinsrtight, revealing cellular
structure and qualitative component distribution over the cross section ofiripke §8randes and
Brook 1992). Quantitative component distribution along the diameter of thees@mpkasured by

scanning electron microscopy.

Figure 5.1: Directional solidification setup: a) cross section of the ;deXt@mperature distribution
along the axis of the setup

Magnet system is assembled from six rectangular permanent ingtme 51x51x25AA
mm and two 58x110x20AAnm). Magnets are put on the 20 mm thick steel plate to concertimate t
magnetic field. Distance between surfaces of the magsetscim. Sample is located the centre
between magnets where magnetic flux density is highest andee@c17 T as was measured with
gaussmeter and calculated analytically (Schroeter 2013). Magnetimfieiction can be adjusted by
changing the distance between magnets. Advantages of petnmaagnet system compared to
electromagnets are that such system does not require energgtdm snagnetic field, which is
especially important during long solidification experiments with low ginovelocity. This magnetic
system can be easily changed from axial to transverse madieédicby turning the system
Magnetic field can be rotated by electric motor (0.01-3 rev/mainhvestigate the influence of the
slowly rotating magnetic field, which will be done in chapter 7. This is €ntphn to design special
coil system to achieve rotating magnetic field by electroratsy However the main disadvantage of
using permanent magnets is high inhomogenity of magnetic field &etthe magnets and limited
magnetic flux density which can be achieved. This problem can be overcomadynose magnets

and different arrangement of magnets. However in these experidiemtster of the sample is only

6 mm and it can be assumed the field is homogeneous along the sample diameteb(Higur
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Figure 5.2: Sketch of magnet system (view from above) with magnetic field isotifvegated with

Femm (Meeker 2011)

Figure 5.3: Magnetic field in the magnetic system along x and y axis

Figure 5.2

» shows the magnetic field distribution in the magnetitersysMaximum

magnetic field in t

he steel plates is 1.7 T which is saturatiagnetization of steel. Ideal infinite

magnetic plate beneath magnet doubles its effective heighintressing its magnetic field. Here it

is almost reached

because we can see that virtually no magektigdes through the steel plates.

Magnetic field inhomogenity along x and y axis is showp in Fi@%field iS maximum at the
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sample but as we can see inhomogenity is quite high. Force inhomoghmgtyo magnetic field

inhomogenity can be estimated as shown in equ11tions (5)1) and (5.2)

'f (B 'B) f(B) (5.1)

f jxB WB* PB

'f Ww(B 'B? PIB 'B) uB> PB V'B"2uB PT
'f 'BSuUB PT.
f

5.2
B aB P71 (5.2

: KH U Blisfield variation along the distance of crucible diametdd Qf@& farce density
difference along the crucible atreter caused by this variation. Result means that with our

experiment parameters, additional force caused by the field inhompgepibportional to the field

inhomogenity itself. From equatipn (5.2) can be calculaféd20mT/500mT=4%. This is relatively

small difference and will have little effect on the overall coneecpattern, thus it can be assumed
that they will not cause any changes in structure of an alloy.

5.3. Solidification under static axial magnetic field

Static magnetic field interacts with thermoelectric curretthe solidification interface and
creates liquid phase convection at the vicinity of the solidificatiterface. Stationary TEMC flow
is forming in the liquid part of the sample above solidification front. Tlbis plays a role in heat
and mass transfer thus affecting structure of the alloy. Magnelitdiso produces a fluid motion
damping force due to induced electric field and magnetic field interadtimneach alloy and
solidification parameters combination there is a certain field valwehich the thermoelectric and
MHD braking forces are in balance and maximum TEMC intensity idegac

Axial magnetic field does not create macroscopic flow in the sigeeofrucible, but creates a
local convection around each dendrite arm as show@e 4.2(a). sincae no

macrosegregation is observed but there is influence on microstructure dEVIC and motion

damping effects in the direction perpendicular to magnetic field. Lmoe#lrotation around primary
dendrite arms creates effective convection in the local scale thnsffexts can be expected to the

grain structure and inclusions.
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Figure 5.4: Directionally solidified Sn-10%wt.Pb alloy; a) 10 um/s, b) 2 um/s, c) 0/§ pm
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Figure 5.5: Directionally solidified Sn-10%wt.Pb alloy under 0.4 T axial magfield; a) 10 um/s,
b) 2 um/s, ¢) 0.5 um/s

As can be seen frolm Figure b.4

and Figurg

» 5.5, static axial mad@jeéti does not have

influence on macosegregation a growth velocities 2 um/s and 10 pmésatl@l.5 pm/s structure is

severely different. This influence is most likely caused by MHLkibhgpand thermosolutal, and

natural convection. At small pulling velocities differences of thacture is significant due to these

reasons. Without magnetic field grains are large and lead rgase inclusions (dark regions in
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micrographs), are concentrated in the sides of the crucible. Withraagetic field these radial

flows are damped by magnetic field and fine grained homogeneous strgctarming as seen in

thg Figure 5.5(c).
Microstructure is affected in all cases. Grain size is affebte applied magnetic field

and as can be seen from longitudinal cross sections pf the Figure H-garel 5.% also column

length in longitudinal cross section is significantly reduced as shopigure. 5.6 and Figure 3.7.

Difference in grain spacing is much larger at growth velocity 10 pm/s.
Detailed analysis of characteristic grain size change as &draf applied magnetic

field and growth velocity is given in sectjon b.5.

Figure. 5.6 Structure of directionally solidified Sn-10%wt.Pb alloywa® um/s a,d)
without field; b,e) with 0.4 T axial field
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Figure 5.7: Structure of directionally solidified Sn-10%wt.Pb alloy=40 um/s a,d) without field;
b,e) with 0.4 T axial magnetic field

Anisotropy seen iE Figure 3.7(b) might be caused by magneticdiglemperature inhomogenity in

the crucible. As mentioned before even small field asymmetry nesyit as a melt flow in the
crucible scale. According to theoretical description TEMC flow isecaf axial magnetic field is

small vortices in primary dendrite scale.

5.4. Static transverse magnetic field

Static transverse magnetic field creates TEMC flow perpendiculamdgnetic field
according to numerical models and theoretical analysis. Flows dibdendrite arms add up and
cause macroscopic flow at the size of a crucible. It is expefdedthis flow to cause

macrosegregation along the cross section of the sample perpendicukagretic field as shown in

Figure 5.8. TEMC flow is driven by Lorentz force in thin region above denaresh and within the

mushy zone.
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Figure 5.8: Schematic illustration of TEMC caused by transverse magneticiiieleeaviest
fraction macrosegregation formation as a result of this flow

Structure of directionally solidified Sn-10%wt.Pb alloy at various growth vedscithder

0.4 T transverse magnetic field compared to corresponding structure witagoetic field is shown

in|[Figure 5.4 and Figure 5.9. Experimental results confirm the previowsiyioned hypothesis that

transverse magnetic field creates macrosegregatithre crucible scale. In the pictures dark regions
represent S K [SnN480.8%wt.PbD QG OLJKW UHJILRQ530@PH . SKDVH 60Q
Optical microscopy of etched samples actually does not reveatitgtize component

distribution but only gives qualitative distribution. Pb rich fractionasaentrated at the left side

perpendicular to magnetic field direction as shown in Figurg 5.9. At Igvesvth velocities due to
TEMC relatively large Pb rich SKDVH D Q @gidns \arélferviind-in the left side of the cross

section of the sample. These inclusions are forming when sufficieigifyconcentration of Pb is

reached. At very low growth velocity of 0.5 pum/s large tin ggaare forming in the middle part of
the ingot while lead rich fraction is located close to the waillshe crucible. This could be the
consequences of the thermosolutal and thermal convections due to radial tempkffarences and
of the fact that heat is input in the sample and removed from the salesng radial temperature

gradient.

Figure 5.10 compares directionally solidified Sn-20%wt.Bi alloy with U.4static

transverse field and without field. Although the grain morphology of they &l different from Sn-
Pb, it exhibits the same macrosegregation of Bi in the directigpepéicular to magnetic field.
However this result can only be used as an example to demonstrateatragtic field has similar
effect on various alloys, detailed analysis would require more expesdhdaia at different growth
velocities. More detailed analysis will be done on grain spacingnet0%wt.Pb alloy which are

solidified at various velocities with and without magnetic field.
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Figure 5.9: Directionally solidified Sn-10%wt.Pb under 0.4 T transverse magmeddica) 10 um/s;
b) 2 um/s; ¢) 0.5 pm/s
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Figure 5.10: Directionally solidifie@&n20%wt.Bi alloy at 10um/s: a,b) without field; c,d) solidified
under 0.4T transverse magnetic field

Figure 5.11 shows the transition region from cellular to eutectic steudEutectic structure

is forming when certain composition proportion is reached. In eutectionrégis still possible to
distinguish separate components at great magnification, but euditication is different from
solidification of alloy with different concentration. Eutectic structizralso affected by magnetic

field as studied by Li (Xi, Ren and Fautrelle 2006).

Figure 5.11: SEM pictures of Sn-10%wt.Pb alloy (dark regior{Sn-80.8%wt.Pb), light regions-
(Sn-2.5%wt.Pb)). Region where transition from cellular to eutectic structure takesgptnown

here fron{ Figure 5]9(c): a) magnification 500%; b) magnification 2000x
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5.5. Result analysis

In this section detailed analysis of primary dendrite spacirgfasction of applied magnetic

field will be carried out. Obtained results will be compared to dicalyrelations describing the

characteristic dendrite size as a function of forced convection intefgyure 5.12 illustrates the

differences in longitudinal structure of tls#-10%wt.Pb alloy solidified at the same velocity, but
under different influences of magnetic field. lllustration shows sigmfichfference in dendrite

spacing and column length. Concentration and sizing of inclusions are also different insgach c

Figure 5.12: Longitukhal structure of directionally solidified Sn-10%wt.Pb alloy at h/st1 a)
without magnetic field; b) perpendicular to transverse magnetic fielddgrind T axial magnetic
field; d) parallel to transverse magnetic field

Based on obtained results, columnar to equiaxed transition (CET) can lpsednand
critical transition growth velocity can be estimated. CET aadcantrol is an important field of
interest of solidification science (Li, Ma and Song, et al. 2009), (Eckedl. 2005). Columnar to
equiaxed transition depends mainly on temperature gradient and growth welmait also on
material properties. CET threshold is described by Hunt diagram sh@éigvalue at certain

temperature gradient and growth velocity. Diagram for Sn-10%wt.Pb iallgiven i) Figure 5.13

Threshold velocity can be found according to equation|(5.3) (Hunt 1984).
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wheren is nuclei density in the mel# is empirical constant characterizing each allay, is
difference between liquidus temperature and nucleation temperature. Here n mshetseskon grain
sizing in the solidified samples which are typically few hundred micrometets, A is estimated to
be 10° m%/sk® T, is assumed to be equal to 1 K.

Figure 5.13: Hunt diagram for directionally solidifies Sn-10%wt.Pb, describing columnar to
equiaxed threshold at three different nuclei sizes

Expression for critical velocity from columnar to equiaxed transitogiven also by Kurz

&Fisher (Kurz and Fisher, Fundamentals of Solidification 1984). If inegqugliten by equation

(5.4)is fulfilled then structure is columnar otherwise it is dendritic.

rimve & Dk) (5.4)

where v is solidification velocity,D is diffusion coefficient,Co is nominal concentratiork is
partition coefficientm is liquidus slope, is temperature gradierffor directionally solidified Sn-
10%wt.Pb corresponding values are givgn in Table 4.1. We get criticalhghol ORFLW\ R
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which agrees well with the value predicted by Hunt model. Thisarivelocity can be modified by
forced convection (TEMC in this case).

Directional solidification experiments under 0.4 T static transvergmetia field show that
structure of the Sn-10%wt.Pb alloy is affected by magnetid.figh this case at all three
solidification velocities, structure is columnar but characterisglaron length reduces as TEMC

influence increases.

Figure 5.14: Comparison of structure of Sn-10%wt.Pb alloy solidified under 0.4 T transverse
magnetic field: a) 20pm/s; b) 10 um/s; ¢) 5 um/s; d) 2 um/s; e) 0.5 pm/s

In directional solidification lower growth velocity means largemdtée spacing and larger
grain size of an alloy. Directional solidification at various grows#iocities, compositions and
temperature gradients is experimentally analysed by (CadirliGunduz 2000). In this work
experimental results were compared model given by with (Kurz areerFi984) as shown in

equation| (5.5). Model gives larger values than obtained in experiment. €Gsompdetween

experimental results obtained in our work and theoretical expressioan gy equatiop (5.9) is

shown in Figure 5.15. Data frgm Table 4.1 is use in the calculation of charactdistirite spacing.

Agreement of experimental results and theoretical model withouhetiagield are more accurate
than with applied magnetic field. With applied magnetic fieldezinental results are smaller than

predicted by theory.
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Figure 5.15: Comparison between experimental and theoretical primary dendring sfac
directionally solidified Sn-10%wt.Pb alloy as a function of growth velocity withognetc field
and with 0.4 T magnetic field
Characteristic grain sizes is measured by counting the numberinnd grassed by diameter

parallel to magnetic field. In this way, grain size under forced coioveatfluence in obtained

which are not strongly affected by macrosegregation in the field perperddivéction |(Figure

5.14.

Table 5.1: Measured characteristic dendrite spacing at different growth iedaeithout magnetic
field and under 0.4 T transverse field.

Vv (um/s) (um) B=0 (um) B=04T
0.5 400 222
2 192 154
5 190 100
10 110 90
20 90 80

Micrographs indicate only approximate component distribution along the crassnsef

the sample, thus in order to measure actual Pb concentration along rttetediaf the samples

solidified under transverse magnetic field at various solidification velocitisisasgn i Figure 5.14

different measurement method has to be used. We chose to measpositiomdistribution with
scanning electron microscope (SEM). Quadrant backscattered electron)(Q&8&tor is used to
photograph the sample (Goldstein, et al. 2003). Back scattered electronararel&etrons which
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are elastically reflected by the sample. Their energies amegbf dependent on atomic number of
the atom from which they are reflected. By processing these sifnoah four detectors located
around the sample, local composition at certain point can be meabutbds case, if picture is

taken by this detector then composition is directly proportional to rine lgvel in the picture as

shown in[ Figure 5.16. Composition distribution profile is obtained by plotiray level as a

function of coordinate. Result is then avexdgnd fitted with exponent function (¢g. (5.6)) as shown

in|Figure 5.17. It was measured that light regions in QBSE picturesponds to tin solution in lead
(. SKB3Wwa0.8%wt.Pb) and dark corresponds to lead solution in tirS K D V2H5%8MDPD) .

Figure 5.16: Electron microscope QBSE image of sample cross sédtjbth Sn solution in Pb
(Sn-80.8%wt.Pb).; Dark: Pb solution in Sn (Sn-2.5%#®b)

Measured composition profile is fitted with exponent function

C C, C, exp(x/C,) (5.6)

whereCy, C;, C, are constants. This analysis and the obtained results summarIiEigiJn'e 5.17
shows that averaged component distribution is close to exponential sTdnsimteresting outcome

because if we look at the one dimensional convection-diffusion egefTisermal-Fluids Central
2010), (Wesseling 2001), it also gives exponential component distributidn codfficients
depending on diffusion/convection ratio (since Peclet nunflesrul/D). Convection-Diffusion

equation is given in the form

&xpUux/D) 1 -
VW puin) 13 1)

where 3is concentration at the one end=Q), 3 is concentration at the other endL), 3is

concentration at the coordinat@andu is convection velocity.

Matching equation (5.6) and equatipn (%.7) characteristic diffusion welocican be

estimated from these considerations. Found values summarjized irﬁ%bre very small. Equation

(5.7), describes the equilibrium concentration profile which is reachedimitivély long time as a

result of steady convection and diffusion between the fixed concentrations at the k®th side
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Peclet numbers suggest that convective and diffusive mass transports are of coropdeable

of magnitude in this case. In case of directional solidification foneoncentration profile to form

is limited by the growth velocity and convection should be dominant overcalal diffusion which

is very slow process whose characteristic time can beastinfiorm equatid

h, while characteristic convection time given by equftion (

|2

2D

n (5.

1.14) is much faster.

B8). We obtdif

(5.8)

Figure 5.17: SEM composition measurements: a) Pb content along cross sectioamipilecas

y 0.5 m/s. Experimental points, averaged distribution and exponential fit with

); b) Pb content in directionally solidified Sn-10%wt.Pb alloy as toiud
coordinate at three different solidification velocities

growth velocity

equatiot (5.4

Table 5.2: Coefficients of exponential fit and results of one dimensional convectionediffusi

problem (equatio|n (5.7)
v Co(%) | Cy(%) | C PR d Pe=ud/D | Pe=uL/D
m e=u e=u
(Lm/s) (%) 1(%) 2 %) | (%) (Lm/s) (Hm)
0.5 7.95 164 | 0.75 | 8 | 25 1.3 222 0.29 7.8
2 871 | 1594 | 049 | 85| 24 2 154 0.32 12
10 9.15 | 10.74| 047 | 9 | 20 2.2 90 0.20 13.2
u- calculated convection velocity from equatfon. (bd?)yneasured grain size, mutual diffusion

coefficientD=1-10° m%s (Anusionwu, Madu and Orji 2009)
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Figure 5.18: Differential thermoelectric power and melting temperaturéuasi@on of Pb
concentration (Kaldre, Fautrelle, et al. 2010)

As shown irli Figure 5.17(b), Pb concentration along the cross section ahtheyaries

from 8% to 25 %. Differential thermoelectric power of Sn-Pb alloys raeasured in chapter 3.

Dependence of melting temperature and differential thermoelgcovwer between solid and liquid

phase are shown [in Figure 5.18. Melting temperature variation alongatnetdr of the sample

may result as a slope solidification front, if temperature gradiergrigcal. P variation results as a
difference of TE force density along the sample, however in teistte difference is only less than
10% within the concentration range from 8% to 25 %, and will have relativedyl £ffect on

overall TEMC flow. Slope solidification front may cause crucible sG&&IC flow, such situation

is analysed in sectign 4.6. Characteristic TEMC intensity of Sn-10®bvalloy at different length

scales is shown |n Figure 4.5. At 0.4 T magnetic field crucible $lad is significantly damped by

magnetic field. In 3D cylindrical container flow pattern would be ksimiln case of directional

solidification under transverse magnetic field this flow is orientedhénsame direction as TEMC

flow caused by primary dendrite arms as depicted in Figure 4.2(b).

5.6. ESRF in-situ observation solidification experiment

Directional solidification experiments of Al-4%wt.CAJ-7%wt.Si and Sn-3%wt.Pb alloy
were carried out in European Synchrotron Radiation Facility (ESRF) endBle by the
international group of scientists from Latvia, France and China. Expeesedts from these
experiments are to determine the TEMC velocity by measuringadlticle and broken dendrite
fragment motion velocity and observation of changes caused by TEMG& atendrite growth and

morphology.
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5.6.1. Experimental facility

Solidification in thin experimental cell is filmed with high eggrand coherence X-rays
to visualize the processes during solidification of a binary alléym of the solidification
observation with X-rays is to visualize the differences in dendrivevtr and liquid phase flow
without and with applied magnetic field. Recent developments of technaltmyys performing in
situ observation of solidification process which can give new insightisel processes taking place
near the solidification interface and interdendritic region. Real Soatlon observation gives an
opportunity to directly observe dendrite growth and liquid phase motion exffdnt effects of
applied magnetic field. It is aldmportantto acquireexperimental data to compare with theoretical
estimations and numerical models presented in previous chapters.

Experimental setup consists of a furnace with a windows for inconmdgatgoing X-
ray beam, which is placed insideyacuum chamber. Sample with thickness of 150-500 um is casted
into the ample and placed into the furnace. Length and width of thdesanepcorrespondingly 40
mm and 6 mm. Estimated temperature gradient at the solidificatierfaiceé is approximately 3
K/mm based on the temperature measurements at the top and bottonsarintile. Power of the
furnace is gradually decreased and sample is solidified. Solidificadssioss with and without
magnetic field are performed with each alloy. Growth velocity is cdattdly cooling rates, ranging
from 0.1 K/min to 2 K/min.

Figure 5.19: a) Schematic drawing of experimental furnace; b) Photo of expelivaeoiam
chamber built by IM2NP

Experiments with solidification under 0.08 T magnetic field has loksre using single

NdFeB cube magnet with 50 mm edge. For higher magnetic fielgéyvglermanent magnet system
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is designed to create magnetic field in ESRF experiment as shoMagure 5.20(a). Due to

limitations of space available in the vacuum chamber, optimal desigrchosen in order to achieve
sufficiently high magnetic field. Magnet system is assemhiech 3 pieces of NdFeB magnets.
Modelling of magnetic field distribution in the furnace is calculatéti @omsol to evaluate the net
magnetic field and its gradient on the sample. It was found thatmmaximagnetic field at the

centre of the furnace, where sample is located is about 0.2 T.

Figure 5.20: Permanent magnet magnetic system for solidification exp&siometer
magnetic field. a) Sketch of magnet arrangement; b) Numericalagionubf field distribution

According to the TEMC theoretical estimation, given in segtion gu8h magnetic field

and temperature gradiecéincause considerable convection which might have visible effects on the
structure of dendrite growth and melt flow in the experimental Tells these experiments are done

in 200 um thin experimental ample, which is comparableiscous layer thickness, Hele-Shaw
flow approximation has to be applied to compare these results withagetism and numerical
models. In this case thickness is comparable with dendrite siliuggyiscous damping is mainly
defined by cell thickness which is characteristic size in emu@ in this case, giving velocity

of 0.3 mm/s at 0.08 T magnetic field and 0.5 /sat 0.2 T magnetic field for Sn-3%wt.Pb alloy.

5.6.2.Experimental results

In the first series of experiments solidifications under 0.08 T ntiagiredd at cooling rates
0.1 K/min, 0.5 K/min and 1 K/min are done . Results are analysed igéitti®n comparing dendrite

growth direction and spacing without and with applied magnetic field. Gesistics of motion and
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velocity of free solid particles in liquid melt caused by applidgnetic field has been

experimentally measured and compared to analytical and numerical simulatits res

Figure 5.21: Dendrite structure of solidified Sn-3%wt.Pb (cooling rate 0.1 K/min): hpMYit
magnetic field; b) With 0.08 T magnetic field

Figure 5.21 compares dendrite structure during solidification without @hdawplied

magnetic field. It can be seen that without magnetic field dendwmibwth direction is mainly

determined by heat extraction direction from the crucible, while magnetic field dendrite growth

direction is modified, and due to the effect of liquid melt convectiorfepesl growth direction is

less distinct and characteristic column length is shortened. cbmislusion agrees with previous

experimental results presented in segtior] 5.5 showing that CEbBrnsofed by applied magnetic

field.

During solidification of Al-4%wt.Cu dendrite braking was observed. Broken dendrite

particles were carried away by the Thermoelectric forces. Framotiservation particle velocity

caused by thermoelectric effeet estimated. From equatign (4.47) follows that velocity is

proportional to particle size square, thus larger particles move taatesmaller. This is confirmed

by experimental observations during filming solidification process with X-rayn@/\et al. 2012).

Figure 5.22 shows magnified view of a gap in interdendritic mesh at twessive time

moments. Solid particle in liquid is indicatbg white arrows. Experimentally measured 6@ size

particle velocity is 0.3 mm/7 s=44 ym/s. From equg

tion (4

1.47) andlyedacity value is calculated

64 pum/sby takingR=30 um andc=1/3. Thus it may be concluded that theoretical model givey fairl

accurate particle velocity estimation. Differences might gmelue to assumptions made during

derivation of analytical expression, calculationccdnd because of the use of Stokes drag formula

which describes spherical particle in laminar approximation.
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Figure 5.22: Magnified region during directional solidification of Al-4wt%Cuolinder 0.08 T
magnetic field (cooling rate 0.5 K/mirg)t=0; b)t=7s

Qualitatively different solidification interface shape and dendnitevth direction was
observed. Changes in solidification front shape can be explained due to fl&aMi@ the scale of a
crucible. At the beginning difference between highest and lowest @diptanar solidification front
is larger and eventually decreases until this difference becomgssmall. This observation is
contrary to observations made during solidification of same alldyowitmagnetic field (Bogno, et
al. 2011) where solidification front perturbations show tendency to grow ower Tihis difference
can be attributed to influence of applied magnetic field and TEMCwbigh transports heat along

the solidification interface.

5.7. Conclusions

Influence of magnetic field applied during directional solidificationbofary metallic
alloy on macrosegregation and dendrite morphology and spacing are demanistrateious
experiments described in this chapter. Experimental results are mahwaigh numerical models and
analytical calculations. Overall agreement of results are goodira most cases experimental
observations can be interpreted in relation with numerical and aély&sults. Nevertheless
significant disagreement between estimated TEMC characteredbicity and effective convection

velocities calculated from relation describing grain spacing in usageomfection-diffusion

equation(5.7)| is observed. Effective convection velocities estimated by these dnhairethods
turned out to be two orders of magnitude smaller than TEMC velodityaton (e(ﬁ(4.12 . This

can be explained by several reasons. Thermoelectric currentutating at a very small distance

from the solidification front, thus also the force density decreagagdlyalong the distance from

solidification front thus local velocity near the front can be much laigar effective convection
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velocity at crucible scale in the bulk of the melt. This was atsfirmed by numerical simulations

of TE current and force calculations in secfion 4.7. Formation of gsteutt caused by composition

distribution in mushy zone and in the region very close to solidificatitaiface where effective
velocity can differ significantly from the TEMC velocity outsittee mushy zone. Thus velocity
estimation obtained from solution of convection-diffusion exercise anlysamaf grain sizes in

convective regime refers to oriented velocity in the mushy zonege whlbcity deduced from
approximate solution of Navier-Stokes equation and analysis of thresaldity obtained by

analyzing superimposed TEMC and magnetic stirring (given in ehaf)t gives velocity in the

volume of the liquid part of the sample.

Solidification of Sn-10%wt.Pb under 0.4 T axial magnetic field showdd &ffect on
grain size and microstructure of alloy. However significant chamgdendrite spacing is observed
if alloy is directionally solidified with very low solidification l&city, which is presumably the
consequence of damped natural convection by magnetic field.

Solidification of Sn-10%wt.Pb alloy under transverse magnetic fidddwed
macrosegregation in the field perpendicular direction. Macrosegregagniiicsince is larger at
lower solidification velocity. Measured primary dendrite spacing esgrevell with analytical
Kurz&Fisher model and other experimental works. It is shown thadliite spacing and component
segregation can be altered by TEMC caused by moderate madieddic(0.4 T in these

experiments). Component segregation profile is measured by btekstaelectron detector in

section 5.5 and approximated with exponent function as expected according to theory.

Impact of the transverse magnetic field on the solidification fronpestzand dendrite
morphology were observed in experiments with X-ray in-situ observationolidifisation.
Experimentally measured solidification interface shape and freelparibtion in liquid phase are
compared with numerical simulation results and analytical relattnalytical and experimental
particle velocities show good agreement, while solidification froith \inagnetic field behaves
differently than without.

Nevertheless correlation between convection intensity and micrasguabrphology is
not clear yet, and only in some cases it is possible to qualitapvetlict the way how the solute
flow will affect structure of the alloy. Main side factors atfag experimental results are melt flow
due to natural and thermosolutal convection, and magnetic field argkraiomre inhomogenity.
These reasons and characteristics of described phenomena iggel$ ibrdifficult to achieve precise
mach between measured experimental results and theoretical gsanReéations and trends
described and verified in this chapter might not be valid for all @klne to their specific properties
and behaviour, but based on literature review of previous experimental wesksis are not

contradictory and seems applicable for most of binary alloys.
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6. Combination of TEMC and electric current

In this chapter, solidification with superimposed static magrfieiid and electric current
through the solidification front is investigated. Interaction betweeerent and magnetic field causes
additional force term in Navier-Stokes equation thus flow field in theid melt is affected.
Influence on the directional solidification process and its outcome cdnyseshgnetic field and

direct or alternating electric current is experimentally and acaligistudied.

6.1. Introduction

By combining action of TEMC with other sources of forced convection ommigigllic
alloy during solidification, it is possible to vary the significarddotal forced convection and see
how it affects the structure of an alloy. In such a way we camage the intensity of TEMC, by
comparing it with another convection whose magnitude is better known.cdimparison of two
simultaneous effects allows us to experimentally deduce the Té&lM€cteristics and to compare
them with the ones obtained from experimental results in chapter heomtically estimated from
various models in chapter 4.

Applied electric current through the solidification interface interagte magnetic field
and liquid phase convection is created. In this chapter similaritiesede electromagnetic
convection caused in this way and TEMC will be analysed. Main focus will be devoteslysianf
axial magnetic field and same direction electric current. In ¢hise force distribution at the
solidification interface is similar than thermoelectric force, luthis case its magnitude can be
easily varied by changing electric current magnitude. Insidedhane of solid and liquid parts of
crucible with metallic sample, force is zero, while at the interi&is different because of different
electric conductivities of solid and liquid phases. If interface is raf then due to this reason
current density component in the plane perpendicular to axis of the sgppglara Transverse
magnetic field and axial current will also be experimentailyestigated and numerically simulated.
This case is more complicated because Lorentz force densitysisnprin all fluid volume, causing
intensive flow in the crucible if magnetic field is not homogeneous iighel part of the sample.
This cause problems to do experiment to analyse solely the effects of melt floevsirutture of an
alloy. However numerical simulation suggests that if sample =eglan a confined crucible and
homogeneous field, then melt flow pattern caused by electric curremhaguktic field interaction
is also similar to TEMC caused by transverse magnetic fieldthem@ffect can be used to enhance

or suppress the effects of TEMC.
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6.2. Literature review

In literature the most described is the influence of alternatimgeiat on the solidification
structure. Influence of current pulses and alternating current througéoliddication interface
during directional solidification has been widely sadliexperimentally and its influence on
structure refining and homogenization is demonstrated. Modificatiolf3EdT caused by electric
current pulse has been investigated in ref. (Li, Ma and Changjiaag), 2009). It was shown that
applied electric current pulses change structure from columnar to edqudaxing solidification of
bearing steel, and homogeneity of structure is improved. Alternatimgnt influence on primary
dendrite spacing has been theoretically analysed by Ma (MsngZiind Larson 2004). In this work
different frequency and direction is analysed and time-varying caamezaused by applied current
has been numerically modelled in each case. Current pulse effedBucture refining of pure
aluminium is studied in ref. (Liaoa, et al. 2007). In this work sevdfatts introduced by current
are analysed. It is concluded that the main mechanism causiniicaiginchanges in structure is that
pulsecurrent makes solidified nuclei fall off the wall, thus promoting thetiplidation of crystal
nuclei leading to structure refining. Pulsed current and alternatimgnt influence on the interface
shape and primary dendrite spacing has been studied by Song (Song, 28113. It is
experimentally demonstrated that current can delay planar/cditalzsition and primary dendrite
spacing is reduced. Similar work with Sn-0.9%wt.Cu is done by Brush (Brush and G38g@galso
showing the refimg effect of current pulses parallel to growth direction. Tensitngth of ZA27
(zinc-aluminium) alloy solidified under electric current and without has been nedasuef. (Gaoa,
et al. 2002). It is concluded that various pulse current refines matedelure and increases tensile
strength. Alternating electric current (50 Hz) on the directionaifiohtion of Al-4.5wt%Cu under
axial magnetic field has been experimentally investigateXibly (Li, Ren and Fautrelle 2008).
Obtained results demonstrate the grain refining effect by eleatnient and magnetic field
interaction, and columnar to equiaxed transition is delayed for a given. ahfluence of
superimposed static magnetic field and alternating electric tuwa the orientation of the
crystalline grains of Sn-Pb alloys has been studied and itdityaldb modify crystal orientation is
shown experimentally by doing My diffraction of the solidified samples (Usui, Iwai and Asai
2006).

Direct electric current flow through the solidification interface didferent effect. There
are very few studies about direct current influence on structure.oOtiee works showing the
influence of steady electromagnetic force on the structure oflimetthby is done by Vives (Vives
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1997). Here different types of interaction are analysed and structure reéifieays caused by

different current magnitudes are compared. Expected influence of deeticeturrent and parallel
magnetic field on the melt convection has been analysed in (Mi986). In these works also
possibility to artificially achieve microgravity conditions by &ating gravity with electromagnetic
force is analysed. It is concluded that steady electromagneticdiboees to partially balance gravity

thus affecting natural and thermosolutal convection in the melt.
6.3. Influence of direct current
If direct electric current is applied through the solidification framént current component

which is perpendicular to the magnetic field interacts with miagrieeld and additional melt

convection is caused by this force. Electrical conductivities adl soid liquid phases can be very

different for metals and metallic alloys as shown in Figure tbiis at the dendritic solidification

interface electric current redistribution takes place and if maginet is parallel to electric current
in the bulk of the liquid, then at the dendritic solidification intezfasignificant perpendicular

current density component may appear.

Figure 6.1: Electric conductivity of lead and tin as a function of temperaturédrasd liquid state
(Grigoriev and Melnikov 1991)

In case with applied electric current, additional term hastntboduced in Navier-Stokes

equation, which describes Lorentz force caused by current and mduggidtiateraction. Simildy

than in section 4{3, Navier-Stokes equation can be simplifiedtitoagde characteristic convection

velocity order of magnitude. Electric current density component, whipbrpendicular to magnetic

field, depends on ratio of electric conductivities of alloy at solidliguid states, and ratio between
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vertical and horizontal structure lengths illustrated in| Figure 6)3. Expression relating these

guantities is given by equatipn (6.1), which is only valid if conduatisiand sizes are of the same

order of magnitudes.

h (6.1)
id

:

w<|<

For order of magnitude estimation, Navier-Stokes equation can beteewsitmilarly as in case

without electric current:

2
u 5 V- h

wherej is electric current density far from the solidification frotitand lare electric conductivities
in solid and liquid states, aridandd are vertical and horizontal characteristic size. Solution of this

equation is:

i - ; (6.3)

2U

2
J%VdBZ i 4 @Bd- IPTJ%
©

Convection velocity order of magnitude caused by axial magnett &ied parallel

electric current through the solidification interface is shown in rféigb.4. In this estimation

properties of Sn-10%wt.Pb giver| in Table|4.1 are used. Two casesfsedrhere: electric current

parallel to the magnetic field and opposite. We can see thacifiel current is opposite to the field

at certain current value TEMC is compensated by electromagmetiection. For a given case the

current density necessary to achieve this regime is around 5000 (&k6m[Figure 6.2 or 0.14 A

for the sample of 3 mm radius as used in experiments of this workh weéhrelatively low value.

Negative velocity ir] Figure 62, if electric current and magnegid fare opposite means that in this

case electromagnetic force causes convection opposite to TEMC.
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Figure 6.2: Convection velocity order of magnitude as a function of applied current density
through the solidification front. In this calculati&+0.4 T andd=0.1 mm: solid line-magnetic field
and electric current are parallel, dashed line-opposite

If conduction current flows through the interface between two different mihdia some

additional physical effects emerge. Let us list these effentsestimate the significance of each

effect by using parameters from Table|4.1 and maximum currentydaesd in present experiments

(1 A/mn). Joule heat density within the sample can be calculated as

£ 2

q 1 (6.4)

Which givesq=0.5 W/cn? in liquid phase and=0.25 Wi/cni in solid phase leading to net
power of approximately 1 W within the 10 cm long and 6 mm diamataepke. This power is much
smaller than power applied to the sample to melt it and to maitgaiperature gradient at the
solidification front, which is 40-60 W. Joule heating caused by therntdelearrent § * A/m?) is
much smaller and is only present in small region near to the smithh front so it can be
neglected.

Heat is also absorbed or released if current is passing throughetha with temperature
gradient due to Thompson effect. Thompson heat can be explained fagttlieat charge carriers
have higher mean energy in the region with higher temperature whicskescheat redistribution.
Thompson heat is released if hot end of the metal is at higher @lpotantial for most of the

metals, but some exceptions exists. Thompson heat density can be exggessed
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_ds
& T (6.5)

Thermoelectric power temperature derivative close to melting teraperiat-2-10° V/K?
in solid phase and -4-10V/K? for liquid (Kaldre, Fautrelle, et al. 2010) Which gives approximate
value for the region close to the solidification front of about 15 m\&/cm

Other thermoelectric effect is Peltier effect, which is eduslue to different internal
potentials between two media. Peltier heat is released or absurtiedlinterface if electric current
is flowing through the interface between two media. Peltier hdéaase or absorption per unit

interface area can be calculated as
9 TS 9) (6.6)

For a given case Peltier heat density is about B0am? which is also small heat source
and do not have any measurable effect on total temperature field.
Due to significant differences of electrical conductivities at thieldiquid interface current

is redistributed. If axial magnetic field is applied there is no Lorente fiorthe bulk of the liquid.

Figure 6.3: a) Current distribution at the interface between two media with different tomnesc

b) Current component when axial current in the bulk liquid is subtracted. Propertigs frord. Table

Arbitrary dendritic solidification front between solid and liquid stavath different electrical
conductivities is depicted in Figure 6.3. In fact we can subtract umidaial current component far

from the interface from total current in the crucible because tngponent does not create any

force. This is done in Figure 6.3(b) where the current distribution whicibtaned if averaged

current density far from the solidification front is subtracted froml twiarent density showed in

144



Figure 6.3(a). As a result we get current circulation from root toftipe dendrite arms (or opposite

if current direction is reversed) which is qualitatively similatitermoelectric current distribution
(Kaldre, Fautrelle, et al. 2010), (X. F. Li 2007). As a consequentasfliquid phase convection

and eventually the influence on the structure of the alloy by these two mechamgraste similar.

6.4. Modelling of convection caused by field and applied electric current

Numerical simulations of liquid phase convection caused by applietti@learrent and
magnetic field are carried out. Two cases are analysed: ti@afjakel and electric current are both
applied parallel to growth direction and electric current paraitel growth direction and
perpendicular magnetic field. In the first case in the liquid bulk fdesesity is equal to zero, but,
similar like TEMC force appears only at the solidification interfabthereas in the second case in
the bulk of the liquid magnetic field and electric current are perpeladjcthus constant volume
force acts on the liquid melt and solid phase. However this force onkesasteady pressure
gradient and is not a source of liquid motion. At the dendritic solidificanterface electric current
is redistributed as a consequence of the fact that solid dendrite asighficantly larger electrical
conductivity than liquid melt. Due to this reason in the interdendritic retijercurrent density is
smaller in the liquid then far from the interface and macroscopic flow of the liqelidhmay appear.

Numerical models has been developed to verify the idea thatdhissfisimilar like TEMC
caused by transverse magnetic field. Three dimensional model atectrand calculations are
performed for various magnetic field values and electric currenitgersdues. Properties of Sn-

10%wt.Pb alloy[(Table 4)lare used in numerical simulation. Current densities of up to 1 A/mm

combined withaxial or transverse magnetic field are applied to the sample. Thusgiararased in
numerical simulation match the experimental work done as a pénisoresearch. Solidification
interface shape and sizing are chosen to be close to realistig sf Sn-Pb alloys solidified at slow

growth velocities (around 10 um/s). Solidification geometry is shoyn in Figure 6.4.

Aims of this model are to verify theoretical predictions on flow dattarastics and
magnitudes, and to investigate the influence of TE force, eleapmetia force and
magnetohydrodynamic damping effects on the melt flow. Threeerdimnal mathematical
modelling of the liquid phase flow around an array of 5x5 solid phase teeadms has been done.
Current density is evenly distributed over the cross section area of the sample. Aldmgiofiehe
solid phase body surrounded by liquid phissgone. It is found out that shape of the dendrite arm do
not have significant influence on the current distribution and convectionsityanagnitude, but

characteristic size is most important parameter which defines flow irptensit
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Figure 6.4: Longitudinal cross section of the geometry and dimensions (in mm) ues for
modelling. Realistic dendrite size for Pb-Sn alloy is chodef-{0™* m, u §.-10° m)

Since Reynolds number is smaRg=!ud/p=0.3) in this case, laminar flow approximation
is used for flow calculation. Model is developed by using FLUENT MH@uote by numerically

solving current density from Ohms law, magnetic field is calculatedrding to induction equation

(eq.(6.7) and flow is calculated by Navier-Stokes equation. In this caionl mesh consisting of

900000 tetrahedral cells is used.

1 ,,8& & ¢ (6.7)
PV
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Figure 6.5: Calculated liquid phase velocity distribution caused by axial magektiand electric
current {=3-10° A/m?). Azimuthal velocity at diameter cross sectiahB,=0.1T; b)B,=2 T.
Velocity field 0.3 mm above solidification front: B)=0.1 T; d)B=2 T

Numerical simulation results are shown in Figurgd 6.5 which compareskbaty field

at two different magnetic field values 0.1 T and .2AT higher magnetic field values, velocity is

more concentrated in the close vicinity of the solidification fronttdugHD braking force, which

limits the formation of large scale flow. Figure 6.5(c and d) shtvasQ.1 T magnetic field causes

crucible size flow above solidification front, while at 2 T flow in the didkid is much smaller as

estimated ip Figure 4.5. This result qualitatively agrees with gueviheoretical predictions. It also

shows that this kind of interaction causes only local convection witade i comparable to

dendrite size thus no crucible-scale flow and macrosegregation are not expdéciedase.

Velocities calculated according to equation (6.3) as function of apgléetric current

density are shown |n Figure 6.6. Predicted velocity order of magnigioea¢éion are about 40 %

larger than maximum values obtained in numerical simulation. Thisrelifte can be explained by

approximations made during derivation of analytical expression.
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Figure 6.6: Velocity order of magnitude according to equftion|(6.3). Dashed
line-B=2 T, Solid lineB=0.1 T

If transverse magnetic field is applied then situation is diffterand an asymmetric
crucible scale flow emerges as a net flow from all dendrite armieNcal model using the same
geometry as in previous model is made to calculate liquid meltifiduced by axial electric current
and transverse magnetic field. In this model we chose top surfabe tmosed, thus surface
deformation caused by electromagnetic force in the liquid domain doesamst additional

pressure.

Figure 6.7: Calculated flow velocity caused by axial current and transvegseticdield
interaction, at field perpendicular cross sect®s0.1 T,j=0.3 A/mnf

Cross section along the diameter perpendicular to magnetic fielttialires shown in

Figure 6.7. Results show that flow of the size of the crucible iateteby adding up the

contributions from all dendrite arms. In this case qualitative flow qpatgesimilar for both cases
with applied 0.1 T and 2 T magnetic fields. Maximum velocity magies are 0.7 mm/s at 0.1 T
magnetic field and 3.5 mm/s at 2 T magnetic field. These veleahyes are higher than it is

possible to achieve by TEMC only for the Sn-Pb alloy as estimated aa#jytin chapter 4.
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6.5. Experimental results with DC current and magnetic f ield

Directional solidification experiments of Sn-10%wt.Pb are carriedbgutising the same

directional solidification setup described in sec

ion

5.2, but equipped with optiaddt current

electrodes at the bottom of the solid part and top of the liquid part. 8iemreter stainless steel

electrodes are used for current input. Aim of these experiments areestigate the influence of

electric current and static magnetic field on the microstructirdinary metallic alloy and

macrosegregation. Comparisons with results obtained at the sanmanexpal conditions without

magnetic field and with static magnetic field but no eleaturrent are done. In the experiments

current density value 1 A/nfmhas been used, which is two orders of magnitude higher than

estimated TE current. Aim of these experiments is to demonst@teonsequences of convection

caused by current redistribution at the solidification interface. Infei@mcthe structure of binary

SnPb alloy by this interaction is qualitatively compared with consequencesMETE

Figure 6.8: Structure of directionally solidified Sn-10%wt.Pb alloy=8tum/s a,d) without field,;
b,e) with 0.4 T axial field; c,f) with 0.4 T axial field and 1 A/maxial current
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Figure 6.9: Structure oficectionally solidifiedSn-10%wt.Pb alloy at=10 um/s a,d) without field;
b,e) with 0.4 T axial field; c,f) with 0.4 T axial field and 1 A/maxial current

Solidification structure with axial magnetic field and axial curréoés not show any

macrosegregation along the cross section of the sam

ble. In Figumjri?ﬁgare 6.9 microstructures

of horizontal and vertical sections at two different growth velocitiesmdspand 10 pm/s, are

compared for three cases (without magnetic field, with axial 0.4agnetic field, with axial 0.4

magnetic field and applied axial electric currgrit A/mn¥) . Experimental results show that electric

current has some influences on the microstructure. Grain structurduisededue to presence of

electromagnetic convection in comparison with case with gstaignetic field without current, but

difference is relatively small. This result agrees with previomsgntioned conclusion that well

established convection has small influence on the grain size. Mairedifée can be seen between

the longitudinal cross sections (e) and i) pictures

Figure 6{8 and Figure p.9. Lead rich columns

are slightly shorter and columnar structure is less distinct in cdsepplied electric current. This

observation indicates that despite axial electric current causgdooal convection, it obviously

influences columnar to equiaxed transition (C

ET). Figur

2 6.9 (f) showstthature of directionally

solidified Sn-10%wt.Pb alloy at 10 um/s with magnetic field and electric muisalifficult to define

between columnar and equiaxed, while without magnetic field amdOmt T static field only it is
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columnar|(Figure 6{9 (d)and (e)). This means that intensive local camvecbund dendrite arms

caused by electric current decreases CET critical velocity.

Figure 6.10: Directionally solidified Sn-10%wt.Pb alloy with 0.4 T transversenetiagield and
axial DC current 1 A/mr a,b)v=2 pm/s, =270 pm; ¢,dyv=10 pm/s, =150 pm

Structure of directionally solidified Sn-10%wt.Pb alloy under 0.4 T transveagmetic

field and axial electric current 1 A/nfrthrough the sample are showr{ in Figure p.10. Results show

that macrosegregation perpendicular to magnetic field direction is oldsdweit is less distinct
than with static transverse magnetic field. Cellular structutle gharacteristic cell spacing of 270
pm at 2 um/s and 150 pm at 10 um/s growth velocity is observed. We@dgell spacings slightly

larger than in case without magnetic field or with static magriigid [Figure 5.15), which is an

unexpected resulfThis result might be the consequences of surface covering lid instefadeof

surface in previous experiments or Joule heating inhomogenities within the sample.

6.6. Influence of alternating current

Similar solidification experiments are done by using static ntagrield and 50 H
alternating electric current combination. Applied alternating cumedtaxial magnetic field cause
time varying force. AC also causes induced magnetic field and iddoaeent in the sample.
Induced current and magnetic field values for cylindreoalductor are given by Ma (Ma, Zheng and
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Larson 2004). In this work complex expressions for induced azimuthal cuncemagnetic field as
a functions of radial position are given. By calculating amplitudds eut experimental parameters
(j=1-10° A/m?, R=3 mm, £2-1¢° sim/m) we geBa =2 mT and,=3100 A/nf. Magnetic field is not
significantly perturbed by induced field while induced current is only ormr of magnitude
smaller than TE current magnitude. Alternating current density ircythiedrical conductor is not

uniform because of skin effect. Current density as a function of radial position can beeskpsess

r/ C

I de (6.8)

wherer is distance from crucible walk is current density at near the wallis skin layer thickness,
which is equal to the distance at which from the wall currentityethscreases e times compared to

the one near the wall. Skin layer thickness for the cylindrical wire can be tedtula

1 (6.9)
VEP P

For 50 Hz calculated skin depth in the Sn-Pb alloy is 3.6 cm. Desipgriments average
current density of 1 A/mfiwere applied to the 6 mm diameter sample. As a consequenk of s
effect current density is the middle of the sample is 9% smaker near the wall and local Joule
heat density is 18% higher near the walis results as a higher force density near the walls thus in
this case, melt convection is affected. Inhomogeneous heatinfEdiadce distribution may resu#t
curved solid-liquid interface shape compared to flat one in directiondifaition without current.
Interface shape changes caused by current pulses and AC ewerentlysed in refs. (Li, Regel and
Wilcox 2001), (Lie, Walker and Riahi 1990). Curved interface shape mait rescrucible scale
TEMC because in this case crucible size becomes a chatctength in equatio@Z) and as

shown in Figure 43.

In|Figure 6.11 horizontal and vertical cross sections of directionally solidifietDSowt.Pb

alloy are compared in both cases with applied magnetic freddadternating electric current and

without. Central parts of the same cross sections are shon in Ediieto demonstrate the

differences in microstructure. It can be seen that effect of eleatyoetic force has different effects
on the structure at 2 um/s and 10 um/s growth velocities. At growth velocity of 2ijioan be seen
from both pictures that without magnetic field structure is columnamghdmnagnetic field and AC

electric current columnar structure is much less visible. Solidibicagtructures without magnetic

field and with a axial magnetic field (Figure b.4 and Figure 5.5) sdosolumnar structure. Thus
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we may conclude that AC current promotes CET and allows us tevachguiaxed structure at
lower growth velocities.

Radial macrosegregation is caused by natural convection and temperaturegahibies in

the crucible. This can be seen as dark, lead rich regions nesadehaf the sample jin Figure 6|11(c)

and (g) and also are present in case of static magnetic{figJdre 5.%). In corresponding cross

sections solidified with AC current and magnetic field (a and ejegagon near the walls is
prevented. This fact can be explained with previously mentionedhi@cAC current and magnetic
field interaction causes crucible size flow, which transports the solote effective in radial
direction.

In case of axial magnetic field as used in these experimergsgdtg with this current and
radial direction oscillating force is obtained, which might have influerfcgolute transport. It is
known that such oscillating force may cause not only small amplitscidations but also steady
large scale flow, this effect is known as steady streamimgtefflin 2011), (Otto, Riegel and Voth
2008). In these works effect is numerically simulated and also expatally measured by
ultrasound particle velocimetry. Steady streaming effect origifiadesnon-linear nature of Navier-
Stokes equations, small perturbation can start to grow as a conseqtiescélating force, thus it

can be a source of steady melt flow in this case.

Figure 6.11: Structure of directionally solidified Sn-10%wt.Pb alloy. With applied 50 Hz
AC current (1 A/mrf) and 0.4 T axial magnetic field: a,b) 10 pm/s, e,f) 2 um/s. Structure in similar
conditions without field and current: c,d) 10 um/s, g,h) 2 um/s
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Figure 6.12: Structure of directionally solidified Sn-10%wt.Pb alloy. With applied 50 Hz
AC current (1 A/mrf) and 0.4 T axial magnetic field: a,b) 10 pm/s, e,f) 2 um/s; Structure in similar
conditions without magnetic field and current: c,d) 10 um/s, g,h) 2 um/s

This kind of electromagnetic treatment during solidification also h#sence on the

microstructure| (Figure 6.12). Dendrites are significantly fragmentega@@d to the solidification

without field. Characteristic spacing is reduced from 190 um at 2 pmds125 pm at 10 pm/s to

110 ym and 83 um correspondingly. Figure 6.12 (a) and (b) also showatdragating current also

promotes the formation of small spherical inclusions which were netmprrén experiments with
static magnetic field. These inclusions are apparently the consequehcasrent induced
electromagnetic and mechanical vibrations which effectively enh#émeeformation of small
spherical eutectic droplets as a consequence of small scaleodiciilations and steady streaming

flow.

6.7. Conclusions

Theoretical estimation and numerical simulation of current distribaimhflow pattern at
the interface between solid and liquid metals indicate thahisyntechanism, in case of dendritic
solidification front, is capable to create similar convection than TEM jn this case it is more
easy to control convection magnitude and direction. This could poterailmily to enhance TEMC
effects in materials with weak or zero differential thermoelegiower between solid and liquid
phase.
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Experimental results show that DC electric current through the boundang diimectional
solidification has some effect on the structur&ofl0%wt.Pb alloy. Axial 0.4 T magnetic field and
axial electric current 1 A/mfnthrough the solidification interface cause significant grain refining
and column shortening effect of microstructure of an alloy. Howevee tiessilits does not allow to
deduce actual electromagnetic convection velocity magnitude and wlistnitat the solidification
interface, because, as explained before, local convection at dendriee csmed not affect
microstructure significantly. Axial electric current and transvemsagnetic field superposition
creates macrosegregation perpendicular to magnetic field diregtitisIcase cellular structure is
obtained, and grain size is larger than with static magnetic fiefteaThis can be explained by
Joule heating inhomogenity, and it can also be consequences of flow caused byfbarerdensity
inhomogenity within the liquid volume caused by asymmetric current angnetia field
distribution. In this case force density in the liquid is hiffjxB= 4-10° N/m°), and thus 4 % field

difference as estimated by equatiEn (p.2) can drive considerable tionvem this case

experimental procedure should be improved because magnetic field shoulghligenbimogeneous,
current inputs should be improved to eliminate unwanted sources of melt nwdtich can
overwhelm TEMC.

AC current and static axial magnetic field does not create negrexgation and decrease
grain size, which can be attributed to intense small scale dimvesround each dendrite arm.

Convection characteristics in this case is similar than TEMGduitensity for used current density

should be much higher as shown in Figurd 6.2. In case of AC, oscillatingcinses mechanical

vibrations and flow can be also caused by steady streaming effecevelodetailed experimental
analysis of this phenomenon requires more experimental capacity icea trends at various
growth velocities and current densities and frequencies.

The idea about superimposed electric current and magnetic feetdesimentally tested as
a part of this work. Obtained experimental results show differencegram spacing and
macrosegregation in both cases with AC and DC electric curremérideless correlation between
theoretical predictions and experimental results is difficukesd quantitatively, and it would require
more detailed and extensive experimental work. Further experinssmgsions by varying electric

current value should be done.
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7. Solidification under slowly rotating magnetic field

Slowly rotating transverse magnetic field is applied to the sardpling directional
solidification in the Bridgman setup. In this case the directiom&imoelectromagnetic convection
is changing all the time along with the magnetic field, thusirifieence on the macrostructure is
caused by time averaged convection. Depending on the field rotatmrityeleveral regimes can be
obtained

x Field rotation is very slow, thus TEMC can fully develop in the sizthefcrucible and
follow the field direction.
x Field rotation allows TEMC to develop in the scale comparable to theayr dendrite
arm spacig.
x Field rotation is fast, and electromagnetic stirring fully suppressesfédueseof TEMC.
In this chapter first two cases will be theoretically aredyand experimentally tested.
Structure of directionally solidified Sn-10%wt.Pb alloy with various grosaties and under 0.4 T

magnetic field with different rotation velocities are analysed.

7.1. Literature review

Usually solidification under rotating magnetic field is studiedhwiast field rotation
velocity (Roplekar 1999), (Kovacs, et al. 2009) where induction effect is dominahtsteong
mixing is achieved by moving magnetic field. This treatment hgsifmant influence on grain
spacing and radial segregation in the samples. This treatment has been widelystadlurgy and
semiconductor growth (Croll, et al. 1999). Influence of solidification of Pb-858twalloys has
been experimentally studied in ref. (Herlach 2004). In this work rotatagnetic field starting from
Ta=2-10°is used. ltis experimentally proven that CET can be significantly modified batiru
field. Microstructure of an alloy was significantly refined in caé&a=8-10°. Ta stands for Taylor

number characterizing the ratio between centrifugal forces and visco@s fgiren in equation

(7.1). Similar work has been presented in ref. (Xiaohua, et al. 2008®)sIwadrk field strength was

450 mT and rotation velocity 100 rad/s. Influence of magnetic field ttethperature profile in the
crucible was analysed and micrographs of the structure are taken. fauafigatively confirm that
magnetic field refines the dendrite structure and promotes CHuiemce by the rotating magnetic
field on temperature and velocity in the liquid melt was measured imthis It is numerically and
experimentally proven that rotating magnetic field can causefisant radial segregation in Al-Si
alloy (Noeppel, et al. 2010)
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Effect of 50 Hz rotating magnetic field on the microstructurédleSi-Mg alloy has been
studied by Steinbach (Steinbach and Ratke 2005). In this work charactgasti sizes are analysed
at different growth velocities, and grain sizes with and without tboosvection are compared with
analytical models.

Combination of rotating and travelling magnetic fields has been alsstigated in ref.
(Rabiger, et al. 2011). Liquid melt flow pattern and temperature distribution ehavith different
combinations of travelling and rotating fields are investigated. Soliiditaexperiments of Sn-
15%wt.Pb has been done, showing the significant effect of this interamti microstructure of
alloy. These experiments are qualitatively different from expartal work done in this work. As
will be shown in further evaluation field rotation has to be very slowhberve combination of
TEMC and magnetic stirring and its influence on the structure of an dloyiterature data about

directional solidification under slowly (0.1 Hz and lower) rotating magnetid ¥ielre found.

7.2. Experimental setup

High purity tin and lead (99.99%) is used to prepare Sn-10%wt.Pb alloghare then
casted into the alumina799 crucible=(10mm,ID=6mm, OD=10mm). Samples are then remelted
and solidified under intense magnetic stirring to ensure good homogehédityial samples. The
samples are directionally solidified in a Bridgman setup at contrajieavth velocity and
temperature gradient. In these experiments growth velocity witieinange from 2 um/s to 10 um/s
has been used. Temperature gradient at the interface is 8 Kmlinekperimental sessions of this
work. Upper part of the sample is melted by the furnace around the crutiliéebottom part is
kept solid by water cooled copper ring. Furnace and water cooled ergjagionary while crucible
is lowered by programmable pulling system. Solidification frontwsags located between heater
and cooler at the same location, thus actual solidification velaiagssumed to be equal to the
pulling velocity of the crucible. Magnetic field of 0.4 T is crehtey permanent magnet system,
which can be rotated around the furnace by electric step-motor wite (Arig10 rev/min). For
optical microscopy analysis samples are polished to 1 um surfageness and then chemically

etched with 4% nitric acid ethanol solution.

7.3. Analytical description

Directional solidification experiments of Sn-Pb and Sn-Bi alloyes done with applied

slowly rotating field with rotation period from 30 to 600 s. Solidificatiotogiies are used from 2
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pm/s to 10 pm/s. For this solidification velocity range itreasonable to choose characteristic
primary dendrite sizé=0.1 mm as demonstrated in chapter 5.

To characterize rotating magnetic field influence on the liquid Ima&on, Taylor number
is introduced. Taylor number characterizes electromagnetic foeeged by rotating magnetic field
to viscous force ratio.
VEB’R L (7.1)

Ta B

Wheref is magnetic field rotation frequency. Using parameters from Table 4.taw

calculateTa for the experiments performed within this work. Field rotation periodevalsed in
experiments is 30-600 s, which leadsT@=5000 at 30 s period and 250 at 600 s field rotation,
which are low values compared to experimental works mentionetkiatlire review section, thus

characteristic electromagnetic force is of comparable magnitude withitySoabis case.

Estimation given by equation (4.12) gives the maximum TEMC wvelacder of

magnitude for Sn-10%wt.Pb of about 1 mm/s at 0.4 T magnetic fieldinbraality effective
convection velocity is much smaller due to limitations of crucible amghy zone. Effective

convection velocity is estimated based on various interpretations of reepéai results of

solidification experiments with static magnetic field given in segtiop 5.5. THusim/s would be an

appropriate order of magnitude assumption for TEMC velocity. TEMC flow dalbigdransverse

magnetic field is macroscopic flow loop in magnetic field perpendiqibare, as shown |n Figyfe

4.2, Electromagnetic convection velocity and flow profile in the long liquigtal cylinder is

analysed for different parameter combinations by several au(idtkowski and Marty 1998),
(Gelfgat, Gorbunov and Kolevzon 1993), (Davidson 2001). In order to estimate theebléiween

forces acting on the fluid it is useful to estimate some dimemsisrgarameters characterizing the

flow. In this case three dimensionless numbers, given by equations(773)) (7.4), are sufficient

to describe the problem. Hartmann numbler square is the ratio between electromagnetic and
viscous forces. Lorentz force versus inertia is characterized byati@gteraction parameté\. To
characterize the alternating magnetic field magnetic ReymuidgerRmis defined, which shows

the significance of induced magnetic field and skin effect.

174
Ha BR\/:P (7.2)
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(7.3)

Rm PUR (7.4)

Inserting parameter frovlﬁ Table 1.1 we ¢¢a=42 andN=2500 andRm=7-10°. Such
parameter combination indicates that rigid body approximation for mefiaio rotation can be

used to estimate rotating field induced velocity in the volume of the crucible:

u, Ar (7.5)

Where A is constant and is radial coordinate. Similar parameter combinatibia=30,
Rm=0, high N) is numerically simulated by Witkowski (Witkowski and Marty 1998) aadult
confirms that in the volume is solid-like body rotation which is omytkd by viscosity at the walls

of the crucible. Electromagnetic torque per unit length is

R R
W 2 $B(:r u)r’dr 2SB*(: A 3%r

0 0

SBY(: AR (7.6)

where is field rotation angular velocityR is crucible radius. If solid body approximation is used
then viscous torque is generated only in viscous boundary layer near the cwalibl¥iscous

thickness can be estimatasd G R/Ha, thus viscous torque can be expressed as follows:

W 28 Pgiu,-|232 AR (7.7)
cdr 1 G

By balancing electromagnetic and viscous torques we may expressharieldcity
caused by rotating magnetic field
or (7.8)
u, ——
1 4/Ha
In this case Ha=42, then in fact column of fluid rotates as a solid body with the sawgalar

velocity as magnetic field, and velocity is different only in 70 um thick viscous boyfadger.
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Thermoelectromagnetic convection develops in the plane perpendicular to imégletit
takes certain time since magnetic field is applied, for TEM@atasport solute and heat in the size
of a crucible. If magnetic field is rotating then TEMC has neettmdevelop in full scale, but it can

only develop and transport heat and solute in smaller rangehich depend on field rotation

velocity (Figure 7.11). Our aim is to choose such magnetic field ootatalue thal is comparable

with characteristic primary dendrite spacing of an atloyt is expected to achieve improved alloy
structure without macrosegregation and to modify cell morphology with itheraction during
directional solidification.

Figure 7.1: Schematic view of TEMC caused by rotating transverse mafigletic

If we wish TEMC mixing zone radius to be equal to -8, then characteristic field rotation
velocity can be estimated by finding time in which TEMC flow cortgdeone loop with this radius.
This consideration gives U510 E Gegwé=31s. Whereas field rotation period which allows TEMC
to develop in the size of a crucible can be estimated as followsE52mM=188 s. These
estimations indicate that crucible size macrosegregation causEeNbg might be observed if field
rotation period is slower than 188 s.

7.4. Experimental results

This section is divided into two parts because of qualitatively diffezffects caused on
macrosegregation by slow and faster field rotation velocities. Slagngtic field with periods 300 s
and 600 s causes helical macrosegregation which is interestingamdwdtiows to calibrate TEMC
by comparing contributions of TEMC and magnetic stirring. Main effeatsed by faster rotating

magnetic field with 30 s and 60 s periods, are attributedre varying TEMC direction. If field
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rotation is correctly adjusted then mixing effect by TEMC in treesof few dendrite spacing is
created and structure of alloy is improved by reducing cell spagidgreduce phase inclusion

concentration and size.
7.4.1. Slow magnetic field rotation
Magnetic field rotation period is chosen to be larger than estimalieel aawhich TEMC

flow can transport solute in the crucible scale88 9, thus effect caused by TEMC should be

visible as macrosegregation in the crucible scale. Horizontal anttabectoss sections were

examined by optical microscopy. Observed structurg¢ in Figurg 7.2 centinat component

distribution within the ingot is 3D spiral shaped.

Figure 7.2: Horizontal and vertical cross sections of directionally solidified Sn-i.0%walloy
under slowly rotating magnetic field. a}h10 pum/s,B=0.4 T,T=150 s b,e)v=5 um/sB=0.4 T ,
T=600 s; c,fv=2 um/s,B=0.4 T,T=600 s

Regular lead fraction segregation pattern are observed in longitudinakeatsss Figure
7.2(e,f). Spacing of the regularity corresponds to the solidified Hedgting one magnetic field
rotation period. At larger solidification velocity and field rotation freqyeomponent segregation

is less distinct than if the velocity is small and field rotation is slow.
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TEMC velocity during directional solidification cannot be measured dyreatid usually it
is only estimated by analyzing the TEMC impact on the structuam alloy. In this case magnetic
field direction is changing all the time and TEMC flow together witihus, these experimental
results give us opportunity to estimate actual TEMC intensitiieawicinity of solidification front
during directional solidification. By analyzing the results obtainedhis $tudy it is possible to
deduce the critical field rotation value at which TEMC is exceededhégnetic stirring due to
magnetic field rotation. This result allows to estimate TEMCnisitg for given alloy and applied
temperature gradient, and compare it with theoretically estimattie. At field rotation period of
150 s, influence of TEMC is still visible (Figure .2 (d)). No influeran the structure by TEMC
was observed withi=60 s andl=30 s |(Figure 7.p and Figure 7.6). Thus we may concluderihat

must be of the same order as electromagnetic steering velb&igyd irotation period i 8

s. This corresponds to the stirring flow velocity of 0.18 mm/s, which rsaaonable value and

comparable with the theoretical estimation (equation (#.12)) andatitns based on experimental

results with static transverse magnetic field presented in sgection 5.4.

Figure 7.3:Sn-10%wt.Pb solidified at 5 um/s under rotating transverse magnetic Beldl4 T,
T=300 s) One field revolution corresponds to 1.5 mm of height

In case of slow magnetic field rotation velocity, measured grainirgpabeys well to this rule,

while at faster field rotation spacing is smaller than with staitgnetic field because of additional

forced convection caused by magnetic stirring.
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Figure 7.4: apn10%wt.Pby=5 um/s,B=0.4 T,T=600 s; blv=2 um/s,B=0.4 T,T=600 s

From| Figure 7.4 it can be seen that in longitudinal cross section macrosegreggionipa

regular and spacing of regularity corresponds to solidified distance during ldn®taion period
S=v-T.

7.4.2. Faster field rotation

Column length is significantly decreased if magnetic field rotasdaster (30-100 s). In
this case flow direction changes too fast and macrosegregation stdlee of the crucible is not
observed. At such field rotation TEMC velocity is still comparabila wagnetic stirring intensity.
In the scale of each separate dendrite arm the flow can fMgiap while in crucible scale TEMC
flow has no time to redistribute melt and energy as magnetic field rotates.
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Figure 7.5:5n-10%wt.Pb solidified at 3 um/s: a,c) Under rotating transverse magnetic field
(B=0.4 T,T=30 s); b,d) Without magnetic field.5(=100 and , =142 pm)

Figure 7.6:Sn-10%wt.Pb solidified at 10 um/s: a,c) Under rotating transverse magneticBrdd4(
T, T=60 s); b,d) Without magnetic field.,(=80 and , =125 pum)
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Two experiments are done with 30 s and 60 s field rotation period. Resolis sftoow

macrosegregation and helical structure which would indicate the field rotatmmlcsw.

Figure 7. shows optical micrographs of directionally solidified Sn-10%wt.Pb alloy

without magnetic field and under 0.4 T rotating transverse magnelit (fle30 s). Without
magnetic field (b, d) typical solidification structure was actdesienilar like given in Ref. (Cadirli
and Gunduz 2000) where dendrite spacing of Sn-Pb alloys as a functiomddicatbn velocity
and temperature gradient is extensively investigated. Soliddicatructure with rotating magnetic

shown in Figure 77 (a,c) field is homogeneous and macrosegregation was me¢chbBemary

dendrite spacing is significantly reduced due to influence of magnetic field. Pi@adrite spacing

is 142 pm without magnetic field and 100 um with magnetic field.

Figure 7.7: Directionally solidified Sn-10%wt.Pb alloywaB um/s. a,c) With transverse rotating
magnetic field B=0.4 T,T=309; b,d) Without magnetic fielddf =100 andd, =142 pm)

Rotating magnetic field with periot=60 s shows similar effect on the structure compared

to case without magnetic field (Figure [7.8). Solidification velobigye is 10 um/s, which means

dendrite spacing is smaller than if solidification is done at 3S|Eigure 7.¥) as described by

generic law of directional solidification (Lehmann, Moreau and Cat898). In presented
experiments dendrite spacing is decreased from 125 um to 80 wppbgcamagnetic field. With
applied magnetic field columnar structure in much less profound than withaghetic field
indicating that also this slow rotating field modifies colummaedquiaxed transition (CET), similar
conclusion is done by Eckert (Eckert, et al. 2005).
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Figure 7.8: Directionally solidified Sn-10%wt.Pb alloy at 10 um/s. a,c) With\eass rotating
magnetic field B=0.4 T,T=60s. b,d) Without magnetic fieldd{=80 andd, =125 pm)

7.5. Conclusions
Obtained experimental results show that thermoelectromagnetic dconveatised by static

transverse magnetic field has influence on the macrosegregation @alhefshe crucible. For an

alloy Sn-20%wt.Bi this segregation is more profound than for Sn-10%wt.Pb.
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Table 7.1: Comparison of directional solidification experiments of Sn-10%wt.Bbualtter 0.4 T
rotating transverse magnetic field=8 K/mm)

Gro\\;vzﬂr:]/?sl?dty rg/tlgtgilgr?t;i)ce I:?)I(;jr Characteristic dendrite spacing (um)

(s) B=04T B=0
2 600 140 192
3 30 100 142
5 600 160 190
5 300 150 190
10 150 90 125
10 60 80 125

All experimental results are summarized in Table 7.1. Charaates{géicing is measured
along the two perpendicular diameters of the transverse cross sedilbamcteristic size
measurements confirm the fact that faster field rotation causes finer guatuis.

In case of rotating magnetic field, characteristic magnegid fiotation period at which
electromagnetic stirring is equal with TEMC was estimdtethe approximately 150 s for given
alloys and experimental configuration. Below this threshold magngtring intensity exceeds
thermoelectromagnetic and thus no macrosegregation is observed or itals Whereas
experimental results with period of 300 s show clear regular seigregdructure with regularity
corresponding to growth distance during one magnetic field rotation periediO¢Bwt.Pb, Sn-
20%wt.Bi). As the structure of the ingot must be axially symmetecmay conclude from that
distribution of the Bi or Pb rich regions 3D spiral. Segregation interigie in experiments with
transverse static field, is inversely proportional to pulling velodityower pulling velocity stirring
by rotating magnetic field is lower and thermoelectromagnetic ctiomeltas more time to develop
and follow the field direction.

Influence on the macrosegregation of a directionally solidified Sn-10bvetloy, caused
by the rotating, transverse magnetic field was observed. If madrmed rotation is slow enough,
3D spiral shaped component distribution is obtained.

This combination of slow electromagnetic stirring and thermoelectnogtizgconvection
(TEMC) gives the opportunity to estimate TEMC velocity experinmignby comparing these two
effects and finding the critical value at which electromagnetic atiore fully eliminates the
consequences of TEMC. Estimated TEMC velocity is 0.18 mm/s for crucibéemalection which

is reasonable estimation of the same order of magnitude as analytical estifaati(4.17)).
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Slowly varying magnetic field can be used to alter the macrosggragluring directional
solidification. Unordinary component distribution could be achieved by controdingpérature
gradient, field rotation velocity and growth velocity during solidification.
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8. Conclusions and future work

8.1. Main conclusions

In this work influence of thermoelectromagnetic convection (TEMC) on tiluetsre of
metallic alloys was investigated theoretically and expartaily. Sn-Pb and Sn-Bi alloys were used
as a model alloys for experimental work because of their lowingetemperature and good
thermoelectric figure of merit suggesting that influence on thectsire and segregation can be
modified with applied magnetic field. One of the problems to acdyrdéscribe TEMC phenomena
in alloys and chose alloy with optimal properties to achieve interldEMC and to demonstrate its
influence on the structure is lack of data about thermoelectric prepeftalloys in solid and liquid
states. Experimental setup for ATP measurements were developeestetdnSn-Pb and Sn-Bi
alloys. Sn-Pb was measured in wide temperature and composition tangs. measured that Sn
and Pb has ATP jump during melting in opposite directions, thus at soment@ation range
differential thermoelectric power between solid and liquid alloyasecto zero. Such alloy will not
exhibit any TEMC at the solidification front under applied magnetld fiéhich explains why some
authors mention th&nPb alloy shows little effect by applied magnetic field dusetjdification
(Tewary, Shah and Song 1994).

Extensive experimental work was done to investigate influenceatd snagnetic field on
the structure and macrosegregation during directional solidification witbugaxielocities. Sn-Pb
andSnBi alloys were directionally solidified at various growth velastfrom 0.5 um/$o 20 um/s.
Influence of static magnetic field on the macrosegregation and inicthse, and columnar to
equiaxed transition has been studied. Atdowrowth velocities influence of magnetic field is
greater which can be explained with the fact that TEMC velositsaither low and in that case
TEMC has more time to develop in the size of the crucible. With expplansverse magnetic field
macrosegregation along the cross section of the sample takesTplece/pe of segregation can be
well explained by the simple model that TEMC transports solute to sm in the plane
perpendicular to magnetic field. At lower growth velocity natural and tbeoiatal convection has
more influence on the structure. It was analytically shown and nuihegoafirmed that to achieve
maximum flow velocity in the crucible size, quite low magnetiafieas to be used. Magnetic field
value used in these experiments is 0.4 T, which is close to vaieickt TEMC is maximum for
primary dendrite scale of Sn-Pb alloy.

Axial magnetic field during directional solidification does not createrosegregation but
grain size is reduced and CET is modified by it, and eutectigsiotr concentration in the ingot is
reduced. This may be explained by local TEMC at the primary denskcale which prevent

formation of eutectic inclusions and damped radial flows in the cruciblstrong magnetic field
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due to this reason ring-like structure was observed (Li, Fautredld&ran, et al. 2009). Grain sizing
as a function of growth velocity and forced convection caused by applaghatic field
gualitatively agrees with the trend relations given by (Kurz andeFisFundamentals of
Solidification 1984).

Influence of the slowly rotating transverse magnetic field has bealied. At low growth
and magnetic field rotation velocity interesting results were oltai3® spiral component
distribution was achieved as a result of TEMC. While higher field ostathowed no such effect,
but structure was better (fine grained and without inclusions) than withagietic field and with
static field. Based on these results TEMC velocity can be indirestignated by finding threshold
field rotation velocity at which TEMC effects in the crucible sealsuppressed by electromagnetic
stirring by rotating magnetic field.

It seemed that applied direct electric current through the solidibfiicétont combined with
magnetic field can induce similar convection of the liquid mbednt TEMC. This idea was
numerically and experimentally tested in this work. Numericallt@showed similar flow patterns.
Experiments with DC current and axial magnetic field showed some effectiongmaement while
experiments with transverse field were problematic due to Lorentzifolndk of the liquid caused
by superimposed current and perpendicular magnetic field. Main reason affeicted successful
experiments in this case was inhomogenity of magnetic field wtectised intensive convection,
shadowing effects of TEMC. Similarities between such influence &MCT were not conclusivel
confirmed.

Experimentsby observing solidification of metallic alloys (Sn-Pb, Al-Cu, Al-Sihder
magnetic field with X-rays was carried out in European SynchrotratiaRan Facility (ESRF) in
Grenoble. These experiments gave an opportunity to directly observéifferences of dendrite
growth and liquid phase motion due to magnetic field. Results show difsein dendrite
morphology and preferred growth direction caused by applied magnetic fiekn€&btesults about
flow velocity and measured free particle motion are compared with tledreinalysis and
numerical simulation results, and seems in agreement with them.

Various numerical simulations are presented in these thesis.hi8swas mostly
experimental work, their aim is only to validate analyticalnestions or to help to interpret the
experimental results, or to estimate optional experimental pagesrtet achieve expected physical
effects. Numerical modelling of exact TE boundary condition waslolesd in FLUENT. However
because of complexity of this algorithm in most cases approxinsatatdon can be used because

difference in most practical cases are small.
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8.2. Future work and perspectives

Solidification is a very complex multiphysical process and thegeseveral parallel effects
influencing the structure of solidified alloy. In particular circumségnand for each specific alloy
different effects can be dominant. In this work TEMC and its combimatith electromagnetic
force caused by applied electric current and stirring by rotatagnstic field have been studied.
Major relations have been studied analytically, numerically apdrenentally. Results agree within
the order of magnitude. However there are too many experimentahgiara which determines
solidification, and not all trends can be tested by quantitative series of expgatisaidifications.

As a continuation of this work more detailed flow measurements dwiilifisation needs
to be done to fully map the TEMC for various cases with different fieldntaiions and
solidification front morphology. For quantitative flow analysis and comparisgtnrumerical data
direct x-ray solidification observations at various growth velocities antbus temperature
gradients has to be done. Tracer particles has to be used forvimitdization of the flow. Thus
direct flow measurements at the real solidification front are diffidule to small sizes of the
dendrites, it would be worth to build a scaled up model for flow mapping purposes.

Promising idea about TEMC caused by slowly rotating magnetic fesddbe developed
further by obtaining more experimental results. Helical struaibtained by very slow field rotation
is interesting result for quantification of TEMC effects, but more promigor further, deeper
investigation is the case when TEMC and stirring is of comparabnitudes. Results obtained
during this work are very promising and further research to deeper anhlysmteraction is
needed. Detailed experimental session should be done with Sn-Pb andlloys with different
field rotation velocity and growth velocity ratios. Detailed numénmadelling should be done for
better estimation of required experimental parameters to better ctivdrehnge at which TEMC
solute transport takes place.

Similar more detailed work can be done for deeper analysis dfielegrrent and magnetic
field caused convection on the structure of alloy and macrosegregation. ¥Xgevineental setup
could be developed for research of transverse current and axialtrodphe interaction. To avoid
the high force density in whole liquid volume, electrodes could be idjestéhe melt in specific
places close to solidification interface. Such experiments wouldaditse to perform experiments
for description of forced convection influence on solidification in general.

To precisely simulate all physical effects taking place dusalidification under magnetic
field, complex numerical models can be build based on the experimental and ahagtitts of this
work. Full problem numerical simulation would be very complex due toynpamallel physical

effects and different feedbacks among them.
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X Thermal problem

x electric problem

x liquid flow

x MHD effects due to magnetic field

X solidification of multicomponent alloy
X solute and energy transport

Effects listed above have feedbacks with each other thus all gquaridie to be
recalculated each iteration. Solution of such problem would require ¢argputing power and
specialization in numerical simulations because model has to beird@ewith fine cell size to
correctly describe all different length scales which contribute to the opésadical problem.

Results obtained by direct observation of solidification by X-rays pravesfficiency of
this method to investigate dendrite growth during solidification and to anahgtt flow near the
solidification front. In experiments described in this work, mainwbegcks of are that solidification
is done in thin sample holder, thus effects of 3D melt flow cannonhalgsed with this setup. 3D
analysis can be done by tomography by filming simultaneously framougaangles and later
combining obtained results. Better visualizing of flow at variousnetig field values should be

done to quantitatively analyse dendrite growth as a function of melt flow intensity
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9. Appendix

9.1. Publication produced by this research work

SCI Journals

1. |. Kaldre, Y. Fautrelle, J. Etay, A. Bojarevics, L. Buligins. "Invgstion of liquid
phase motion generated by the thermoelectric current and magnetit ifidraction.”
Magnetohydrodynami¢c2010: Vol. 46, No. 4, pp. 371-380.

2. |. Kaldre, Y. Fautrelle, J. Etay, A. Bojarevics, L. Buligins. "8loge thermoelectric
power of Pb-Sn alloysModern Physics letters,2011: Vol. 25, Iss. 10, pp. 731-738.

3. [J."Wand] Y. Fautrelle[Z. Rerj, XILi][H. Nguyen-TH{ N. Mangelinck-Nol, [¢.
Salloum Abou Jaoudle, Y. Zholpg, I. Kalfre, A. Bojareyics, L. Buligjns. "Maatifin of liquid/solid
interface shape in directionally solidifying Au alloys by a transverse magnetic figldournal of
materials scienge2013: Vol. 48]ss. 1 pp. 213-219.

J7

4. . Kaldre| A. Bojarevic, Y. Fautrelle, J. Efay and L. Buligins. "Cureemt magnetic
field interaction influence on liquid phase convectiddagnetohydrodynamicf012: Vol. 48, No.
2, pp. 399-406.

5. [J. " Wand] Y. Fautrelle[Z. Rer}, XILi][H. Nguyen-TH{ N. Mangelinck-Nol, [¢.
[Salloum Abou Jaoudle, Y. Zhojng, I. Kalflre, A. Bojareyics, L. Buligins.effffoelectric magnetic
force acting on the solid during directionl solidification under static mtagfield.” Applied physics
letters 2012: Vol. 101, Iss. 25, 251904.

6. |. Kaldre, Y. Fautrelle, J. Etay, A. Bojarevics, L. Buligin§h&rmoelectric current
and magnetic field interaction influence on the structure of directiosalidified Sn-10%wt.Pb
alloy." Journal of Alloys and Compound013: Vol. 571, pp. 50-55.

Conference proceedings

1. |. Kaldre, Y. Fautrelle, J. Etay, A. Bojarevics, L. Buligiihsfluence of the slowly rotating
transverse magnetic field on the solidification of metallic alloysurnal of Iron and steel
research international2012: Vol.19. pp. 373-377.

2. [3.Wand] Z. Rep, Y. Fautre]le, [Ki][H. Nguyen-TH[, N. Mangelinck-Nof¢l, G. Salloum Appu

| Jaoudé, Y. Zhorlp, I. Kaldre, A. Bojarevfics, L. Buligink-8itu analyzing the Influence of
Thermoelectromagnetic Convection on the Nucleation ahead of the Advamtertade
during Directional Solidification."Journal of Iron and steel research internation2012:
Vol. 19. pp. 381-386.
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Conference reports

1. A. Bojarevics, |I. Kaldre, Yu. Gelfgat, Y. Fautrelle. "A Sensor for Continuous
Measurements of the Absolute Thermoelectric Power of Liquid Metal ddrurgulent Non-
Isothermal Mixing or Segregation of Multi-Component Melts." PAMIFO08 conference
proceedings, Gieres, France ,September 2008.

2. |. Kaldre, Y. Fautrelle, J. Etay, A. Bojarevics, L. Buligins. "Therracglc current
and magnetic field interaction influence in the motion of liquid mMeRAMIR 2011 proceedings,
Borgo, France, September 2011.

3. I. Kaldre, Y. Fautrelle, J. Etay, A. Bojarevics, L. Buligins. "Istrgation of Liquid
Phase Motion Generated by the thermoelectric Current and Madineticinteraction.” Modelling
for materials processing. Riga, Latvia, September 2010.

4. .DOGUH $ %RMDU*YLpV / %XOLJLQV
thermoelectromagnetic convection on macrosegregation of binary all@g@#i’ conference of
University of Latvia, Riga, Latvia, February 2012.

5. I. Kaldre, Y. Fautrelle, J. Etay, A. Bojarevics, L. Buligithsfluence of the slowly
rotating transverse magnetic field on the solidification of metallioys." 7th international EPM
conference, Beijing, China, October 2012.

6. |. Kaldre, L. Buligins, $ %RMDUsYLpPV 5R W D Wiliuénhde BrDth&) H W
solidification of metallic alloys." 71st conference of University of LatRma, Latvia, January 2013.

9.2. Pictures of experimental results

In this appendix pictures of directional solidification results areseuied. All the
experiments are done with 6 mm diameter cylindrical sampleseamukerature gradient of 8 K/mm

at the solidification front. Detailed description of experimental setup is giventinrgéca.
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Figure 9.1: Directionally solidified Sn-20%wt.Bi at 5 um/s8 K/mm); a) with 0.4 T transverse
magnetic field ; b) without magnetic field

Figure 9.2: Directionally solidified Sn-20%wt.Bi at 10 um/s8 K/mm); a,b,d) with 0.4 T
transverse magnetic field ; c,e) without magnetic field
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Figure 9.3: Directionally solidified Sn-90%wt.Bi at 10 um/s8 K/mm: a) With transverse
magnetic fieldB=0.4 T; b) Without magnetic field

Figure 9.4: Directionally solidified Sn-10%wt.Pb alloy at 2 um/s: a,b) Wital amagnetic field
B=0.4 T and electric currejl A/mnt; c,d) With magnetic field but without current
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Figure 9.5: Directionally solidified Sn-10%wt.Pb alloy at 10 um/s: a,b) Withl axagnetic field
B=0.4 T and alternating electric curr¢at A/mnt, =50 Hz; c,d) With magnetic field but without
current

Figure 9.6: Directionally solidified Sn-10%wt.Pb alloy solidified/a2 pm/s under rotating
transverse magnetic fiel®€0.4 T,T=150 s)
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Figure 9.7: Directionally solidified Sn-20%wt.Bi under 0.4 T rotating magfietd: a) v=10
pum/s, T=300 s; b,cy=30 um/s,T=300 s
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Figure 9.8: Directionally solidified Sn-10%wt.Pb under 0.4 T rotating transverseetiafjeld: a)
v=2 um/s,T=600 s; bv=5um/s, T=600 s; cy=5 um/s, T=300 s

Figure 9.9: Directionally solidified Sn-10%wt.Pb alloy under rotating 0.4 T trasswveagnetic
field: a,b)v=10 um/s,T=60 s; ¢,dv=5 um/s,T=60 s
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Résumé

/IRUVTXYIXQ FKDPS PDJQpPWLTXH HVW DSSOLTXp DXOHR XD
FRQYHFWLRQ GDQV OD SKDVH OLTXLGH SHXHK (Q@UHIHYGAD)\
GTXQ JUDGLHQW I&lBngvdid fPddtpdée dlidffication peut provoquer la circulation du
courant thermoélectrique, qui interagit avec le champ magnétique appliqugrgeruun écoulement
(convection thermo électromagnétique-TEMC). Les conditions de transport de etotld I'énergie

sont affectées par cette convection, donc il y a influence surd&sspat des dendrites et la macro-

VpJUpJDWLRQ GHV FRPSRVDQWY GH OYYDOOLDJH
Dans ce travail, l'influence du champ magnétique sur la solidificatimctdinnelle d'alliages
métalliques est étudiée. Des travaux expérimentaux de lafisalidin directionnelle de Sn-Pb et
SnBi alliages sont réalisés. La solidification directionnelle dengonfiguration Bridgman est
HITHFWXpH DYHF RX VDQV FKDPS P D HQrpavsolidii¢atidn Sdb @hamk p
PDJQpWLTXH HW GITXQ FRXUDQW pOHFWUHVYXMHR X$RHIPWQ® VDE
provoquent de fortes macrd-pJUpIDWLRQV DLQVL TXITXQ PRGLIL!
interdendritiques. Les résultats expérimeftaW RQW LQWHUSUpWpV j] OD OXP|
heuristique.

/IH FDV GT1XQ FKDPS PDJQpPWLTXH WRXUQMXQWGH ©W pURXWDW
est choisie pour ralentir assez brassage électromagnétique sanstpotisapprimer les effets de
TEMC. A faible vitesse de tirage et faible vitesse de rotation fatidenp une macro-ségrégation en
forme de spirale a pu étre obtenue.

Mots clés: Convection thermoélectromagnétique, Solidification directienngnPb alliage
Champ magnétique tournant, Puissance thermoélectrique absolu

Thermoelectric current and magnetic field interaction Influence on the structure of binary
metallic alloys

Abstract

If magnetic field is applied during directional solidification, liquhase convection can be induced
by means of thermoelectromagnetic effect. Temperature gradigm solidification front can cause
thermoelectric current circulation, which then interacts with fieltd acreates convection
(Thermoelectromagnetic convection-TEMC). Solute and energy transporticogdire affected by
this convection, thus it influences dendrite spacing and macrosegregation of the alloys.

In this work magnetic field influence on the directional solidificattdrmetallic alloys is studied.
Experimental work of directional solidification of Sn-Pb and Sn-Boyal is done. Alloys are
directionally solidified in Bridgman setup without or with applied nmetgnfield. Influence on the
structure by magnetic field and applied electric current (AC and BGitudied in this work.
Analytical and experimental results are compared and interpreted.

Bridgman solidification under rotating transverse magnetic fielstudied as well, field rotation
value is chosen to be slow enough that electromagnetic gtotoes not fully suppress effects of
TEMC. At low pulling velocity and low field rotation velocity spiral glea@l component
macrosegregation can be achieved.

Keywords: Thermoelectromagnetic convection, Directional solidiboatsn-Pb alloys, Slowly
rotating magnetic field, Absolute thermoelectric power measurements
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