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Abstract

High-speed synchrotron X-ray tomography was used to investigate the growth dynamics
and mechanisms of faceted intermetallic compounds (IMCs) in aluminium alloys under
different solidification conditions (temperature gradients, cooling rates and external
magnetic field). Different IMCs in four aluminium alloys are studied including Ali3Fes
in Al-5wt%Fe alloys, Al2Cu in Al-45wt%Cu alloys, Al3Ni in Al-10wt%Ni alloy and -

IMCs in W319 (Al-Si-Cu) based alloys.

4D quantifications (3D plus time) were achieved in determining the nucleation rates,
nucleation densities, volume fractions and growth velocities of AlijzFes IMCs with various
faceted morphologies. In both Al-45wt%Cu and Al-10wt%Ni, two stages of the
formation processes were identified including the growth of the basic unit and the growth
of the faceted dendrite. The transition of various morphologies of the basic unit was
observed and the relationship between these morphologies was determined. The growth
mechanism of the faceted dendrite was proposed to be self-repeated layer-by-layer

stacking of the basic units (such as L-shaped in AloCu or V-shaped in Al3Ni).

In addition, the work studied the effect of magnetic fields on solidification in Al-
45wt%Cu and W319 alloys. A transverse magnetic field of 0.5T was used to control the
solidification processes while the sample was rotating. Highly refined Al>Cu intermetallic
compounds were obtained including the in Al-45wt%Cu alloys which were much finer
than those without the imposition of the magnetic field. Under the magnetic field, fine
a-Al dendrite with smaller primary dendrite arm spacing in W319 alloys was obtained.

The macro segregation zone was almost eliminated, while the solid/liquid interface was
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altered from tilted to flat. Gradient volume distribution of the secondary B-IMCs was

observed.

This work first reveals the growth mechanisms of different faceted IMCs with various
morphologies. It also demonstrates that rotating the sample under a transversal magnetic
field is a simple yet effective method of controlling the morphologies and volume

distribution of crystals via altering the temperature and composition profiles in the melt.

III



Acknowledgement

I would like to express my deepest appreciation to my supervisor Dr Biao Cai who guided
and extensively supported my study. Thank you for the valuable advice and suggestions
on both experiments and manuscripts. I am also thankful to my supervisors Professor
Hanshan Dong and Professor Ales Leonardis for supporting conferences and providing
valuable discussions of my project. Additionally, I would like to thank the UK-EPSRC
CDT Grant (No: EP/L016206/1) in Innovative Metal Processing for financial support for

my PhD.

I am extremely grateful to the staff from the University of Birmingham and my friends,
Dr Leonardo Stella, Dr Lei Tang, Mr Tay Sparks and Miss Wanxuan Teng, Mr Federico
Pratissoli, Dr Sheng Li, Dr Stano Imbrogno, Mrs Jie Chen and Miss Amy Jade Newell
for helping the experiments and for a cherished time spent together in the lab and social

settings.

I am also grateful for the beamtime from B16 and 112 at Diamond Light Source which is
vital for this PhD project. Dr Hongchang Wang and Dr Oxana V. Magdysyuk are great

acknowledged for their support in experiments.

Finally, I would like to offer my special thanks to my parents, my brother and my sister-

in-law for their unwavering support and belief in me.

v



Scientific contribution
Journals:

1.

Z. Song, O. V Magdysyuk, L. Tang, T. Sparks, B. Cai, Growth Dynamics of
Faceted Ali3Fes intermetallic Revealed by High-speed Synchrotron X-ray
Quantification, J. Alloys Compd. (2021) 158604.

https://doi.org/10.1016/j.jallcom.2021.158604.

Z. Song, O. V Magdysyuk, T. Sparks, Y. Chiu, B. Cai, Revealing growth
mechanisms of faceted AlLCu intermetallic compounds via high-speed
Synchrotron ~ X-ray  tomography, Acta  Mater. (2022)  117903.

https://doi.org/10.1016/j.actamat.2022.117903.

Z. Song, Elodie Boller, Alexander Rack, Peter D Lee, Biao Cai, Magnetic field-
assisted solidification of W319 Al alloy imaged by high-speed synchrotron
tomography, J. Alloys Compd. (2022), 168691

https://doi.org/10.1016/j.jallcom.2022.168691.

Zihan Song, Hongchang Wang, Tay Sparks, Wanxuan Teng, Biao Cai, the
influences of cooling rates on the growth mechanisms of Al3Ni intermetallic
compounds revealed by 4D synchrotron X-ray tomography, (In draft).

S. Li, B. Cai, R. Duan, L. Tang, Z. Song, D. White, O. V. Magdysyuk, M.M.
Attallah, Synchrotron Characterisation of Ultra-Fine Grain TiB2/Al-Cu

Composite Fabricated by Laser Powder Bed Fusion, Acta Metall. Sin. (English

Lett. 35 (2022) 78-92. https://doi.org/10.1007/s40195-021-01317-y.


https://doi.org/10.1016/j.jallcom.2021.158604
https://doi.org/10.1016/j.actamat.2022.117903
https://doi.org/10.1016/j.jallcom.2022.168691
https://doi.org/10.1007/s40195-021-01317-y

Conferences and workshops:

1.

Zihan SONG, revealing growth mechanisms of faceted AlCu intermetallic
compounds via high-speed synchrotron X-ray tomography (Presentation), MS&T,
2022, Pittsburgh, USA.

Zihan SONG, revealing growth mechanisms of faceted AlCu intermetallic
compounds via high-speed synchrotron X-ray tomography (Poster), 60
Dimensional X-ray Computed Tomography conference, 2022, Manchester, UK.
PhD Research Sandpit Workshop, 11-20 January 2021, Henry Royce Institute.
(The winning team).

Zihan SONG, synchrotron 4D X-ray study of AlsFe intermetallics in solidifying
Al-Fe alloys, National student conference in Metallic Materials, 2019, Sheffield,
UK (Awarded the best external presentation).

Zihan SONG,4D quantification of AlsFe intermetallics in solidifying Al-Fe

alloys (Presentation), Euromat 2019, Stockholm, Sweden.

VI



Table of Contents

AADSETACT. ..ttt ettt ettt ettt et e h bt et e e st e e b e et e e beesateens II
ACKNOWIEAZEMENL .....ceiiiiiieiiiiie ettt ettt st e be b e easeeneeas v
Scientific CONIIDULION ....eouviiiiiiiieiiiieeiecee et A%
Table OF CONLENLS .....ooviiiiiiiiieie ettt ettt ettt e b e VII
List of Definitions/AbBDIeVIAtiONS ........covueiriieiiieiieeiie ettt XII
| A T U (ST X1V
LSt Of TADIES ...ttt XXII
Chapter 1 : INtrodUCHION. ........eoiiieiieiii ettt et ebee e 1-1
1.1 TRESIS OVEIVIEW ....eirtiiniiiieiieiieeite sttt ettt ettt ettt et sttt et st e bt et eaeenes 1-1
1.2 TRhESIS OULIINE ..ottt ettt et et 1-3
Chapter 2 LIterature TEVIEW ......ccccvieeiiieeiieeeiiieeeieeesteeesaeeesaseeeseeessseessseeessseeenssessnssens 2-4
2.1 SOIAIFICALION . .....eiiiiiiiee ettt 2-4
2.1.1 NUCICATION ..ttt sttt st st 2-5
2.1.2 Classical crystal growth theories...........ccceeviieiiierieiiiiiieeieeeeceee e 2-9
2.1.3 Non-classical crystal growth ..........ccccceeriiiiiiiiiieiiceeeeee e 2-19

2.2 Solidification under magnetic field..........c.coecvveeriiieiiieeiiee e, 2-23
2.2.1 Physical principles of magnetic-assisted solidification..............cccceeuveenneen. 2-23
2.2.2 Under a static transverse/axial magnetic field..........ccccocvveeviiiiniinininnnen. 2-24
2.2.3 Under a rotating magnetic field...........ccoocuerriiiniieiiiniieieeeeeeee e, 2-35

VII



2.3 X-ray imaging study on SolidifiCation ............cccceevierienerienienienieneeceeee 2-37

2.3.1 Principle of X-ray tomography ........cccceeeveeriuieeriieeniieeeiee e eereeesvee e 2-37
2.3.2 Non-faceted structures-0-Al phase.........cccceeevieeciiinciieeieeee e, 2-40
2.3.3 Faceted structures-Intermetallic compounds...........ccceevevveerciieencieeenieeennen. 2-42
2.4 SUINIMATY ...ttt eitee ettt e sttt e et e e st e e st e e eateeeateeeataeesasteesnbaeesabeeesaseesnnseesnnseas 2-45

Chapter 3 : Growth Dynamics of Faceted Ali3Fes Intermetallic Revealed by High-speed

Synchrotron X-ray QUantifiCation’...............cccoovieueeeeueeeieeeeeeeeeseese e 3-48
3.1 INtrOAUCTION ..ottt sttt s 3-49
3.2 Materials and Methods.........c.c.ooiiiiiiiiiiiii e 3-51

3.2.1 SamPIe PreParation........ceeeccveeerieeeriieeerieeesieeerereesteeeereeesaeeesseeessseeessseeens 3-51
3.2.2 Tomographic data PrOCESSING.......cccvureervieeriieeriieeeirieeeireeeeeeesreeesreeenareeens 3-52
3.2.3 Deep etching and SEM characterization ............cecceeceeveenienieneenieneeneenens 3-52
3.2.4 ToposPro and KrystalShaper............cccoevieviienieniiinieciieeeceeee e 3-53
3.3 Results and DISCUSSION ...ccuuiiiiiiiiiiiiieiieiie ettt 3-53
3.3.1 Overall ODSEIrVAtION .....cccueiiiiiiiieiiecite ettt 3-53
3.3.2 Nucleation of the intermetallics .........ccccovviiiiiiiiiiiiiieeee, 3-55
3.3.3 Growth of the intermetallics..........coceriiriiniiiiiniiieecceee 3-59
3.3.4 Crystal-crystal iINteTaCtioNS........cccueeriieriieriieiieeie e eieeiee e 3-75
3.3.5 Internal defect fOrmation...........coceeveriiriiiiiiinieeeceee e 3-76
3.3.6 Potential growth hypothesis .........coccuiieiiiiiiiieeiieeeeee e 3-78
3.4 SUMIMATY ..oeiiiieeeiittee ettt e e ettt e e et e e ettt eeeeabaeeesestaeeeesnseeeeeanssaeesennsseeeennnsneens 3-80

VIII



Chapter 4 : Revealing growth mechanisms of faceted Al>Cu intermetallic compounds

via high-speed Synchrotron X-ray tomography™ ..........c.cccoeviiiiiiniiinieniieieceeee 4-82
4.1 INErOAUCTION ...ttt ettt sttt e e e 4-83
4.2 Materials and Methods..........coouiiiiiiiiiiiiiiee e 4-86

4.2.1 Sample Preparation.........c..eeecveeeeieeeiieeeiieeeieeeeieeesaeeesseeesreeesseesssseeenssens 4-86
4.2.2 In-situ synchrotron X-ray tomography...........cccceevierieenieniienienieeiee e 4-86
4.2.3 TMAZE PrOCESSING...ccuvieiiieirieiieeiieniieeiteentieeteesteeseesseeenseessaeeseessseeseessseenns 4-90
4.2.4 SEM characterization and EBSD analysis .........cccccoevveevieniieniienieeiiene, 4-92
4.3 Results and diSCUSSION ......eeuvieiiiiiiieiieeieeiie ettt 4-93
4.3.1 Overall microstructural eVOIUtION ...........cooiiiriiiiiiiiiiiieeeeee e 4-93
4.3.2 Morphologies of ApCU IMCS .......ooeciieeiiieciiieeiieeeee e 4-103
4.3.3 BASIC UNILS ..ottt ettt sttt st 4-104
4.3.4 DENAIILES ..euveeierieiiiiiienieete ettt sttt sttt sbe e 4-110
4.3.5 Coalescence and COArSENING.......cc.eeeeuvieeruiieeiiieeniieeeiieeeieeeereeesneeeneaeeenes 4-120
4.3.6 Growth mechanism of ALCU ......cooiiiiiiiiiiiieeeee 4-122
4.4 SUIMIMATY ..eeeeeiiiiieeeeiiiee e eeitte e e et eeeesteeeeestteeeeesssaeeesssseeeeessseeeessnsseeessnssseesanns 4-126

Chapter 5 : Influences of cooling rates on the growth mechanism of Al3Ni intermetallic

compounds revealed by 4D synchrotron X-ray tomography ...........ccccceevverireneenee. 5-128
5.1 INtrOAUCLION ..ottt ettt 5-128
5.2 Materials and Methods..........cocueviiiiiniiiiiiiiicieeeeeee e 5-130

5.2.1 SampPle Preparation........c..eeccveeerueeeriueeenireeeiieeereeeesreeeereeesveeesseeessreeensneas 5-130

IX



5.2.2 Bespoke medium temperature furnace design (MTF)........ccccocevveinnnne. 5-130

5.2.3 Finite element analysis of the temperature distribution via Abaqus.......... 5-131
5.2.4 Real temperature diStribUtion ..........ccceeeveeeeiieeciiecieecee e 5-136
5.2.5 IN-S1tU €XPEITMENLS ....eeeeuiieecirieeeiieesieeeiteeeireeetreeeaeeesreeesseeessseeensseeensseas 5-138
5.2.6 SEM characterization and EBSD analysis .........ccccecceeviiriiienieniieniieeene 5-138
5.2.7 Lab-based CT scanning of solidified samples...........ccccceeeurerieriieninennnnne. 5-140
5.2.8 Tomographic data ProCeSSING.......c.eevveeriierieririeniieeieerieeereeriee e esieeeeeene 5-140
5.3 Results and diSCUSSION ........eeruiiiiiiiriiiiiieiie ettt 5-141
5.3.1 Overall microstructural evolution ...........cccoecieiiiiiiiiiiniieeeeee 5-141
5.3.2 Individual patterns.......cccuveeivieeeiie et 5-144
5.3.3 Influence of cooling rates on Al3Ni IMCS ......ccccoecvierieriienieniieiieeee, 5-155
54 SUMIMATY ...eeiiiiiieiiie ettt et e s e et e ettt e ettt e sbteesabeeesabeeeenseeenseas 5-158

Chapter 6 : Magnetic field-assisted solidification of W319 Al alloy imaged by high-

speed synchrotron tomography™...........cooviiiiiiiiiiiecieceeee e 6-160
0.1 TNIrOAUCTION......eiiiiiiiiee ettt 6-161
6.2 Materials and Methods............ooiiiiiiiiiiii e 6-163
6.3 Results and diSCUSSION ......cccuevuieriiiiiiriiiiieiecieeee e 6-168

0.3.1 AL PRASE ..o e 6-168
6.3.2 B-ALSFEST IMCS ..ottt 6-172
6.3.3 Permeability eStmMatioN..........ccccveeeriieeriieeiee e eiee e e e e 6-180
0.3.4 DISCUSSION ..uviiitieiieeitieiie ettt ettt et e st e et eeebe e bt e st e e bt e ssbeebeesaeeenne 6-182



0.4 SUIMIMATY ...ceeiiiiiiiiiieeeiee ettt ee et e st ee e st eesaaeeeabeesbbeesabeeesabeeesaseesnaseas 6-185

Chapter 7 : Conclusions and future Worki...........cccoevviieiiiiieniiieiieceece e 7-187
7.1 CONCIUSIONS ...ttt ettt ettt et ettt et e et ebe e st ebee st e 7-187
7.2 FULUTE WOTK ..ottt 7-191

RETETEICES: ...ttt sttt st 7-192

XI



List of Definitions/Abbreviations

Gg"

Vst

Vm

AG homo
AT
ASF"
P
NEC))
AGheter
AF

k

the molar free energy of the liquid phase

the molar free energy of the solid phase
interfacial energy

The volume of a spherical particle

The surface area of a spherical particle

The molar volume of a spherical particle

The radius of a spherical particle

Gibbs free energy of homogeneous nucleation
Undercooling

The molar entropy of fusion

density

Shape factor

The heterogenous nucleation
Free energy

The Boltzmann’s constant
Latent heat

Melting temperature

Fraction of the total binding energy
Jackson’s factor

Intensity of X-ray

Intensity of the incoming X-ray

Electromotive force

XII



AV

AT

fs

Ax

Local velocity

The strength of the applied magnetic field
Electrical conductivity
Induced electric currents
Lorentz force

density

The dimension of the flow
Viscosity

Voltage difference
Thermoelectric power
Temperature difference
Fraction of solid

Magnetic torque

Anisotropic in the volume magnetic susceptibility

The angle between the direction of the magnetic field and the axis of

maximum x

Magnetic constant
Divergence operator

The velocity of the fluid
Dynamic viscosity of the fluid
Laplacian operator

The pressure of the fluid

XIII



List of Figures

Figure 2.1 Schematic diagram of heterogeneous nucleation, after [42]...........cccveenneee. 2-7
Figure 2.2 non-faceted and faceted morphologies, after [4].......ccccceevveevciieriieenciieenen. 2-9
Figure 2.3 (a) SEM image of faceted AI3Sc dendrite, after [48]; (b) X-ray radiography

image of faceted AI2Cu dendrite, after [49].....cooviieeiieeeeee e 2-10
Figure 2.4 Surface of a simple Kossel crystal, after [S55]. ...cccvveviieiiieiiiiieeeeee, 2-11

Figure 2.5 Schematic of step growth, effectively treating individual atoms as cubes,

ATEET [SO]. i e e e et e e et ra e e e e earaeaeans 2-12
Figure 2.6 2D nucleation growth model, after [55].....ccccoveeeiiieiiiieieeeee e, 2-13
Figure 2.7 Spiral growth model, after [S8]......cccooiieiiiriiiiieiieee e 2-13

Figure 2.8 Spiral growth with circular (a) and hexagonal (b) shapes, after [60]......... 2-14
Figure 2.9 free energy vs occupied fraction of surface sites. After [62]. .......cccc.e... 2-16
Figure 2.10 Growth of faceted crystal with one twin, after [67]. .......ccccevveerirvennenne. 2-17
Figure 2.11 Interface of succinonitrile and coumarin 152 binary alloys during
directional solidification with increasing growth rates. (a) Planar, (b) cellular, (c) deep
cells, (d) dendrites, after [70]. ..oocoviieoiieeee e e 2-18
Figure 2.12 single crystal formed by primary crystallines, after [74]. ........cccccceeeenne. 2-19

Figure 2.13 images of the attachment process(A-G) scale bars are 5nm, (H) interface

in (G) showing twin structure, after [75]. ...cccoiieeiieeeie e 2-21
Figure 2.14 Pathway of crystal growth, after [78]........cccovvveviiieiiiieieeeeeee e, 2-22
Figure 2.15 Seebeck effect, after [98]. .oooovvieeiiieeiieee e 2-26
Figure 2.16 short-circuited at the interface, after [98]........cccovveeviiiiiiiieiieee e, 2-26

Figure 2.17 Effect of the steady transverse magnetic field on the oscillations, after [99].



Figure 2.18 Thermocouple records: Magnetic field in A =0, in B, 2.5kG, in C 1.96kG,
ATEET [17] et ettt e e e aa e e ere e e reeeeareeenens 2-28

Figure 2.19 Etched crystal section, left of the arrow was growth H =0, right with H =

L1.96KG, (X44), After [17]..ccueeieiieeiieieeeet et 2-29
Figure 2.20 Sketch of the apparatus, after [100]. .......cccoveevieriieniiniieieeeeeeceeee 2-29
Figure 2.21 Early portion of the run, X135, after [100]. ......ccceeveriininiiniiniiieniene. 2-30

Figure 2.22 EBSD maps and pole figures of AI3Ni under magnetic field of (a) 0T, (b)
0.8T, (c) 0.9T, (d) 1.0T, (e) L.5T, ()12T, after [106]. ....cccervereririeriiiiiiiereieneee 2-33
Figure 2.23 Al-12 wt%Ni alloys solidified without(a) and with (b) a 12 T magnetic
field; EBSD map fo Al-12 wt%Ni alloys solidified without(c) and with (d) a 12 T
magnetic field, after [108]. .....coouiiiiiiieieee e 2-34
Figure 2.24 Microstructures of Sn-3.5%Pb alloy without a rotating magnetic field (a) 0
V and with a rotating magnetic field of (b) around 17mT (c) 30.66 mT, after [113].2-36

Figure 2.25 The schematic diagram of beamline 112, Diamond Light Source, after

[0 ettt ettt ettt et a et e nt e aeeteenteeae et e ennenes 2-37
Figure 2.26 Schematic diagram of I12 imaging camera, after [116]............cceeuee..e. 2-38
Figure 2.27 Evolution of a dendrite with solidification time, after [8]. ...................... 2-40

Figure 2.28 Evolution of tip splitting of a secondary dendrite arm at (a) 7.2s, (b) 9.0, (c)
10.8 and 14.4s (in blue), (d) multiple branches, after [52]......ccccoveveiiivciierieeieeee, 2-41
Figure 2.29 Initial growth of dendritic structure, after [83]. ......ccceevveeviiieniiieieee 2-41

Figure 2.30 Reconstructed sample volume of B-plates at temperature T=573°C, oblique

and top-down, after [30]. .....coouiriiiie e 2-43
Figure 2.31 Growth process of B-phase during solidification, after [27].................... 2-44
Figure 2.32 Intermetallic-intermetallic interaction: impingement, after [27]. ............ 2-44

XV



Figure 3.1 Schematic of the experiment apparatus............cceeeveereerieeneenieeneeneeeaeans 3-52
Figure 3.2 (a-d) 2D slices extracted from the tomography at t, t+40 s, t+100 s, t+400 s;
(e-h) 3D rendered volume of intermetallic at t ,t+40 s,t+100 s,t+400 s.; numbers 1-4

indicate four morphologies: plate-like (1), hexagonal tabular (2), stair-like (3) and V-

SNAPE (4). ettt et ettt e ettt e et et e e bt e tbeebaennre e 3-53
Figure 3.3 Volume fraction as a function of temperature.............cocceveeveerveneenennene. 3-55
Figure 3.4 (a) nucleation density as a function of temperature. ............cccceevveerveennenn. 3-56

Figure 3.5 3D rendered intermetallics to show the nucleation on oxide surface (a) side
view and (b) top view; (c1-c6) self-nucleation at t0 +20 s to t0 +70 s.......ccuveverennenn. 3-58
Figure 3.6 Growth rates of each intermetallic from t to t+200 S ......ccccoceeriineiriennenne. 3-59
Figure 3.7 Growth rates of each intermetallic from t to t+200 s, (a) plate-like; (b) V-
shaped; (c) Stair-like; (d) Hexagonal tabular. ...........cccooviieiiiiiiiiniiiiiceeeeee 3-60
Figure 3.8 Overall growth rate of intermetallics as a function of its nucleation time. 3-61
Figure 3.9 Frequency of various morphologies.........cccceeveeeriieeiiieeiieeeiieeeiee e 3-62
Figure 3.10 (a) Unit cell; (b) simulated planes of the plate-like Ali3Fes intermetallic; (c)
simulated planes of the hexagonal tabular Ali3Fes intermetallic. ..........ccccoeveeennnennne. 3-63
Figure 3.11 (al-a4) 3D rendered volume of plate-like AlizFes at tl, t1+10 s, t1+20 s,
t1+30 s, t1+ 40 s, t1+180 s; (b) Transparent image of plate-like AlizFes at t1, t1+10 s,
t1H20 8, t1H30 S, t1H 40 S oottt 3-64
Figure 3.12 Meshed plate-like intermetallic and the angles between different facets:(a)
front VIEW; (D) SIAE VIEW.....eiiiiiieiie ettt et e e 3-65
Figure 3.13 (a) Growth of plate-like particle in three dimensions; (b) Growth velocity of

the plate-11Ke PartiCle. ......coovviieiieeie e 3-66

XVI



Figure 3.14 (al-a8) 3D rendered volume of hexagonal tabular AlizFe4 at t2, t2+60 s,
t2+110 s, 12+160 s, t2+220 s, 2+ 330 s, t2+ 440 s t2+610 s; (b) Transparent images (c)
Meshed hexagonal tabular intermetallic and the angles between different facets;
(d1)Volume change of the particle as a function of time (d2) Growth velocity of the
hexagonal tabular particle..........c.ooieiiieiiiiiie e 3-68
Figure 3.15 (a) 3D rendered volume of stair-like AlisFes at t3, t3+10 s, t3+20 s, t3+60 s,
t3+100 s , t3+110 s; (b) Transparent image of stair-like Al13Fe4 t3, t3+10 s, t3+20 s,
t3+ 100 s, t3+110 s; (c) Meshed stair-like intermetallic and the angles between different
facets; (d1)Volume change of the stair-like particle as a function of time (d2) Growth
velocity of the stair-1ike PartiCle. ........coeviiiiiiiieiiieieee e 3-70
Figure 3.16 (a) 3D rendered volume of V-shaped AlisFes at t4, t4+10 s, t4+20 s, t4+30
s, t4+40 s , t4+190 s; (b) Transparent image of V-shaped AlizFes t4, t4+10 s, t4+20 s,
t4+30 s, t4+ 40 s , t4+190 s; (c) Meshed V-shaped intermetallic and the angles between
different facets; (d1)Volume change of V-shaped particle as a function of time (d2)
Growth velocity of the V-shaped particle..........cccouveeiiieiiiiieiieeeeeeee e 3-72
Figure 3.17 (a-c) Impingement growth mechanism at t5 +10 s, t5 +20 s, t5 +190 s; scale
bar:200pum (d) Enlarged VIEW ........ceeeeiiiiiiiieciieeee ettt e 3-75
Figure 3.18 (a) and (b) 2D slices of the Al13Fe4 particle; (¢) and (d) internal defects at
t6 +160 s, t6 +560 s. scale bar:100um (e-h) morphology of the crystal with internal
defects at t6+30 s, t6 +90 s, t6 +160 s, t6 +560 s; (i) Schematic diagram of the defects
TOTTNALION PIOCESS. ..veeiiriieiiiieiiiieeiiee ettt e eitteeeteeesteeeeaeeessaeeesaeeesseessaeessseeessseesnnseesnnns 3-76
Figure 3.19 (a-b) SEM images of Al13Fe4 intermetallics after deep etching; (c)
Schematic diagram of the formation mechanism of Al13Fe4, where t1-t4 are at different

stages of solidification processes; (d) V-shaped structure; (e) Stair-like structure. .... 3-78

XVII



Figure 4.1 The schematic diagram of this experiment. ............cccceveevervienieneenennenne. 4-87
Figure 4.2 The schematic diagram of measured points between two magnets (a)
perpendicular to the magnetic field, (b) parallel to the magnetic field; (c) the position of
the sample; (d) The distribution of magnetic flux density of measured points in (a); (e)
The distribution of magnetic flux density of measured points in (b). .........cceeeuvennenne. 4-88
Figure 4.3 Image processing of Al2Cu phase from synchrotron x-ray experiment (a) raw
image (b) denoised image; (c¢) segmented AI2Cu phase; (d) Gray values of the region
pointed by a red line in a; () Gray values after de-noising of the region pointed by the
1A 1INE IN(D). 1ottt e e e e e eae e e aeeeeareeea 4-91
Figure 4.4 3D rendered volume of Al2Cu phase at different timestamp under
solidification (a) conditions of A (CR=0.05°Cs, TG= 0°C/mm and B=0T); (b) condition
B (CR=0.05°C5, TG= -4 °C/mm and B=0T); (c) condition C (CR=0.05°C5s, TG=
7°C/MM aNd B=0T). .ot 4-93
Figure 4.5 3D rendered volume of A12Cu phase at different timestamp under
solidification condition D (CR=0.05 °C5,TG= 0°C/mm and B=0.5T); (b) condition E
(CR=0.02°C5,TG= 7°C/'mm and B=0.5T); (c) condition F (CR=0.05°C5,TG= 7°C/mm
ANA BZ0.5T). oottt ettt et sttt ettt enaeeneenneas 4-96
Figure 4.6 Composition distributions in SiX €Xperiments..........cccueeeeuveerereeersreeenveeennns 4-99
Figure 4.7 (al-a7) Selected L-shaped pattern from solidification condition B
(CR=0.05°C%,TG= -4 °C/mm and B=0T); (a8) angles between different facets of L-

shaped pattern; (b) Growth length according to its crystallographic directions from (a8).

Figure 4.8 SEM image of the sectioned surface; (b) EBSD map; (c¢) Inversed pole figure

(IPF); (d) acquired 3D crystal Orientation. ..........c.ceeeveeeeueeeeeieeniieeeieeeeieeeeveeenenee s 4-106

XVIII



Figure 4.9 Formation process of selected (al-a5) U-shaped pattern; (b1-b5) nearly
hollow-rectangular and (c1-c5) hollow-rectangular pattern; (a6, b6 and c6) bounding
facets and growth directions of AlLCu crystals. ........cccceviriinieniniiniecieeeee 4-108
Figure 4.10 (a) Average tip growth rates of the overall crystal array from experiments C,
E and F as a function of each growth time. ............ccccoeeieviiieiiiiiicieeceeeeee, 4-109
Figure 4.11 Selected dendrite pattern from figure 4.4-a solidification condition A
(CR=0.05°C/5,TG= 0°C/mm and B=0T); (a) Front view of faceted equiaxed-prism
structure at different time without temperature gradient; (b) Side view of faceted
€qQUIAXEA-PIISIN STIUCTUIE ...eeuvvieiiieiieeieeiieeteeeite et e ete et e eeeebeestteenbeessaeeseesnaeenseannnes 4-110
Figure 4.12 (a) SEM image of the sectioned surface; (b) phase map; (¢) EBSD map; (d)
Inversed pole figure (IPF); (e) acquired 3D crystal orientation. ...........ccceeeveennennnee. 4-112
Figure 4.13 (a) 3D volumes of the faceted dendrites (al) left side view; (a2) right side
view; (bl) calculated shape of the crystal; (b2) the measured angle between the surface
of EBSD analysis and (001) plane; (b3) the growth directions of primary and secondary
dendritic arms and its bounding planes. ............ccceeriieiiieriiienierie e 4-113
Figure 4.14 Selected columnar dendrite from Fig. 4.4-c under solidification condition C
(CR=0.05 C/s,TG =7 C/mm and B = 0T); (al-a6) Volume rendering of a single
dendrite with solidification time; (b) Transparent overlapped view of the dendrite at

t c0+270s,t c0+290s,t cO+ 340 s,t cO+ 390 s; (c) Internal defects at t c0 + 390s
front view; (d) Average and instantaneous tip growth rates of the overall crystal array
and the single dendrite of figure a. .........ccoooveeiieiieiiieee e 4-116
Figure 4.15 Selected pattern from figure 4.4-b under solidification condition B

(CR=0.05°C/5,TG= -4 °C/mm and B=0T): (al-b5) showing the growth of a symmetric

XIX



and asymmetric faceted dendrites; (al-a5) front view, (b1-b5) back view; Selected
pattern from fIZUIE 2-C....oouviriiiiiiiiiieiceee e 4-118
Figure 4.16 (a) Formation process of a selected region; (b) faceted to non-faceted
transition of Al12Cu intermetallic compounds cluster; from figure 4.5-c under
solidification condition F (CR=0.05°C/s,TG= 7°C/mm and B=0.5T)...........cc......... 4-120
Figure 4.17 (a) the schematic diagram of the formation process of basic units; (b1-b2)
Schematic diagram of self-repeating layer-by-layer growth mode of Al2Cu phase; (c1)

an equiaxed-prism structure; (c2) an asymmetric faceted dendrite; (c3) a symmetric

faceted dendrite; (c4) a faceted dendrite with a tertiary arm. ...........cccceeeveverieenennee. 4-124
Figure 5.1 Schematic diagram of MTF .........ccocoiiiiiiiiniiieee 5-130
Figure 5.2 10ading CONAItIONS .......ovueerieriiriiiiiiieriteie e 5-132
Figure 5.3 Temperature distribution of MTF after heating for 30 minutes................ 5-133

Figure 5.4 Temperature distribution of MTF after heating for 30 minutes and holding

fOr eXtra 30 MINULES. ...c.coviiiiiiiriereeieet ettt 5-134
Figure 5.5 Temperature distribution of MTF higher than 40 °C.............cccccoienennene. 5-134
Figure 5.6 Assembled furnace at B16, Diamond Light Source............cccccevveniennene 5-135
Figure 5.7 Temperature measurement SELUP..........eevvereerueerienieneenieneenieeeeseenieneenne 5-136
Figure 5.8 Temperature distribution around the sample...........c.ccecerieniiiinienennene 5-137

Figure 5.9 Growth process of AI3Ni IMC under different cooling rates of (a) 0.5°Cs5;
(b) 3°C/8; (€)12°C/8;5 (A)24°%C8. vttt 5-141
Figure 5.10 EBSD analysis of solidified sample Al(a) and A2 (b). ...c.cccveevvenennnee. 5-145
Figure 5.11 CT of faceted dendrite in the solidified sample Al: (al) front view; (a2)
back view; (a3) enlarged view. CT of zigzag-layered structure in the solidified sample

A2: (bl) front view; (D2) SIAE VIEW. ...c.eeevuiieiiieeciee ettt e e 5-147

XX



Figure 5.12 Growth process of faceted dendrite under 0.5°Cs at stage L. ................. 5-148
Figure 5.13 Growth process of a faceted dendrite under 0.5°Cs at stage II. ............. 5-151
Figure 5.14 Growth process of zigzag layered AI3Ni intermetallic compounds at the

cooling rates of 12°C/min (a); and 24°C/min (b) front view; (c) side view; (d1) enlarged
side view of (a7); (d2) enlarged side View Of (C4)....cuvvveuiieriiiieiieeeieeeee et 5-153
Figure 5.15 3D structures Al3Ni IMCs under different cooling rates. ...................... 5-155

Figure 5.16 Specific surface area as a function of temperature under different cooling

Figure 6.1 Image processing of a-Al phase in W319 alloys (a) raw image (b) denoised
image; (c) segmented a-Al phase; (d) Gray values of the region crossed by the red line
in figure s1-a; (e) Gray values of the region crossed by the red line in b.................. 6-165
Figure 6.2 Image processing of B-phase in W319 alloys (a) raw image (b) denoised
image; (c) detected edges by using Morphological Laplacian module; (d) segmented [3-
PRASE. .ttt ettt e b et e ettt e e bt et e e beeenbeenbeennbeesaeenbeenne 6-166
Figure 6.3 (a) 2D vertical slices of a-Al phase at different timestamps (B= 0T, TG=

2.5 °C/mm, CR= 0.1°C5%); (b1-b4) 3D volumes of a-Al phase at different timestamps;
(b5) a horizontal slice at the height of 1.1mm..........ccccoeiiiiiiiiiiiieeee 6-168
Figure 6.4 (a) 2D vertical slices of a-Al phase at different timestamps (B= 0.5T, TG=
2.5°C/'mm, CR= 0.1°C’s); (b1-b4) 3D volumes of a-Al phase at different timestamps;
(b5) a horizontal slice at height of 1.1mMm..........cccooeiiiiiiiiiieceeeeee e 6-170
Figure 6.5 (a) 2D vertical slices of B -phase at different timestamps (B= 0T, TG=
2.5°C/'mm, CR= 0.1 °C’s); (b) 3D volumes of B-phase at different timestamps; Cropped
region (882x 882x 882 um?) from figure 2-a at different timestamps...................... 6-172

Figure 6.6 (c) 3D volumes (d) 3D volume with transparent a-Al phase................... 6-173

XXI



Figure 6.7 (a) 2D vertical slices of B-phase at different timestamps (B=0.5T, TG=
2.5°C/mm, CR= 0.1°C’s); (b) 3D volumes of B-phase at different timestamps; Cropped
region(882x 882x 882 um?) from figure 3-a at different timestamps...................... 6-174
Figure 6.8 (¢) 3D volumes (d) 3D volume with transparent a-Al phase................... 6-175
Figure 6.9 (a) Growth orientations of B-phase (al) without magnetic field at tal+96s;
(a2) with magnetic field at tb1+96S. ......cccueeeviiieiiieeiiecece e 6-175
Figure 6.10 Overall volume fraction as a function of time ...........cccccveeveveercreeennennn. 6-177

Figure 6.11 Volume fraction of B-phase at different height when (a) B=0T; (b) B=0.5T.

Figure 6.13 Schematic diagram of the solidification process (a) without a transverse

magnetic field; (b) under a transverse magnetic field while the sample was rotating..... 6-

182

XXII



List of Tables

Table 3-1 d-spacing and interplane angles of Al13Fe4 intermetallic.......................... 3-65
Table 4-1 Solidification CONAITIONS ........eeriiiiieiiiiiieie e 4-87
Table 4-2 Crystallographic properties of the main lattice planes of Al>,Cu............... 4-105
Table 4-3 Interplanar angles .........c.ooecvieeiiiiiiiieceecee e e 4-115
Table 5-1 The properties of materials..........cccveeeiiieriiiieiiie e 5-131
Table 5-2 experimental CONAITIONS: .......cccuviieiiiieiiieeciie et ereeesaaee e 5-138
Table 5-3 Parameters for EBSD analysis: ........cccvveiiiieiiieeiiieeieecee e 5-139
Table 5-4 Scanning parameters of the Lab-based CT ..........ccccceevveveiiinciiencieeie, 5-140

XXIII



Chapter 1: Introduction

1.1 Thesis overview

Solidification is a key technique in a broad range of industrial processes including casting
[1], additive manufacturing [2], and welding in assembling structural parts [3]. The
morphologies of the solidified microstructures were classified into faceted structure or
non-faceted structures [4]. Much research has been focused on the growth behaviours of
these patterns which can influence the ultimate properties of the materials [5]. The
dendritic structure is a common morphology in hypoeutectic Al alloys, and many
characterizations including OM, SEM, in-situ radiography[6], in-situ X-ray
tomography[7,8], and numerical simulations [9] have been performed. In hypereutectic
Al alloys, intermetallic compounds are generally the primary phases, which have complex
crystal structures, presenting anisotropic faceted morphologies, for instance, faceted
plate-like Ali3Fes [10,11], L-shaped Al,Cu [12], needle-like B-AlsSiFe [13], and I-like
AI3Ni [14] in Al alloys. However, the dynamic growth mechanisms of these patterns,
especially the faceted structures, are still not clear due to the post-mortem characterization
methods used. Therefore, it is great of interest to perform in situ observation of different

intermetallics in Al alloys and reveal growth mechanisms of their growth behaviours.

On the other hand, the effects of these patterns in the context of morphologies, primary
and secondary arm spacing upon mechanical properties have attracted great interest
[15,16]. One of the key methods to control the microstructures of the phases in aluminium
alloys is the use of a magnetic field, which can drastically benefit the properties of

materials. Magnetic-assisted solidification has been studied for more than half a century
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[17,18]. Today, the use of magnetic fields has become a crucial technique in a broad range
of applications, for instance, the eliminations of iron-rich intermetallics and non-metal
inclusions [19-21], microstructure refinement [22,23] and semi-conductors[24—26].

However, there has been little quantitative analysis of its dynamic effects on solidification.

4D X-ray imaging technique (3D plus time, CT at high-speed) is a powerful tool to
investigate the solidification process of metals and has been used previously to determine
the nucleation and growth of intermetallics in Al alloys. For instance, 3D structures and
morphology of a-AlFeSi, B/6-AlsFeSi have been revealed [13,27-32]. Non-faceted
morphologies such as dendrites have been successfully investigated via in situ

synchrotron X-ray study [7,27,33].

In this project, 4D x-ray synchrotron tomography is used to study faceted crystal growth
and magnetic-assisted solidification. This work will generate fresh insight into the
dynamic growth of primary dendritic and faceted structures, and explore how the
magnetic field influences the microstructures during solidification. Therefore, this work
makes a major contribution to research on the growth mechanisms of faceted intermetallic

compounds and the physical effects of the magnetic field on solidification.
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1.2 Thesis outline

Chapter 2 reviews the relevant literature related to crystal growth including classical and
non-classical. It summarizes the applications of the magnetic field in solidification and

the research of using X-ray tomography in studying crystals.

Chapter 3 investigates the growth dynamics of faceted AlisFes IMCs with various
morphology in terms of their nucleation rates, volume fraction, and growth velocity via

in-situ X-ray tomography.

Chapter 4 uses in-situ X-ray tomography to study the growth mechanisms of faceted
dendrites such as Al,Cu IMCs. The influences of a transverse magnetic field on the

temperature distribution and morphology of Al,Cu IMCs are revealed.

Chapter 5 studies the influence of the cooling rates on the morphologies of Al3Ni IMCs

and their growth mechanisms.

Chapter 6 studies the influence of the magnetic field during the vertically upward
direction solidification of an Al-Si-Cu-based W319 alloy. It revealed the effects of the
magnetic field on primary dendrites refinement, macro-segregation elimination and

gradient distribution of B-IMCs.

Chapter 7 contains the conclusions and future work.
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Chapter 2 Literature review

2.1 Solidification

Melting and solidification are two common initial processes for most manufacturing
techniques including casting, welding, powder metallurgy and additive manufacturing.
Understanding the relationship between process, microstructure and properties is vital to
controlling the performance of end products [34]. Solidification is a transformation from
a non-crystallographic state (liquid) to a crystallographic state of metals or alloys, in
which latent heat is liberated during the transformation. From solid to liquid, the heat is
conducted through the interface, which results in forming the phase boundary along with
the interface. Nucleation, growth, and coarsening are the three main stages of
solidification [35]. The nucleation of a new phase can come from the random formation
of clusters of atoms beyond the crystal sizes. These clusters will grow in multiple ways
including the diffusional transportation of atoms. Finally, small particles can be dissolved

while the large ones continue to coarsen to reduce the overall interfacial energies [36,37].
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2.1.1 Nucleation

Driving force exits for solidification if a liquid is cooled below its melting temperature.
However, the liquid phases might not spontaneously solidify because the liquid can be
undercooled or supercooled below the melting temperature without phase transformations
occurring. Also, free energy barriers exist for nucleating new solids, until the conditions
for nucleating solids, in terms of thermodynamics and kinetics, are achieved. The
nucleation theory will be introduced briefly in two aspects including homogeneous

nucleation and heterogeneous nucleation [4].

2.1.1.1 Homogeneous nucleation

During solidification, crystalline solids form from the melt. This process starts with the
formation of clusters of atoms due to fluctuations. In the classical theory of homogeneous
nucleation, the clusters are assumed to appear in the absence of foreign particles. The
clusters contain a small number of atoms and sharp interfaces that exist to separate the
solid and liquid phases. To simplify the presentation, the clusters are considered as sphere
shapes. The sphere that contains a few atoms has a radius of R. By considering both
phases are homogenous, the molar free energy of the liquid phase is set as G;". The
molar-free energy of the solid phase is treated as GI*[38]. The interfacial energy is given
by ys;. Therefore, the Gibbs free energy difference between the system, which contains
a spherical particle with volume V" and surface area 4 in contact with the liquid, and the

liquid melt is given by equation 2-1:

GI" — G 2-1
AGh™ =V =+ Ay,
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Where V™ is the molar volume of the particle. Replacing /" and 4 by the appropriate

formula for a sphere with a radius of R, yields

4 G -G 22
AGM™ = STR® =+ ATR Y,

To consider that for a small undercooling AT, the G — G[™ is similar to —AS{"AT. AS;"

m

AS
is the molar entropy of fusion. Also pAs; = V—j; Substituting the results, yields

4 -
AGhomo — _§7TR3AszT + 47TR2)/5L >

The negative sign in the first term indicates the energy released during solidification that
is proportional to cubic R. The second term is the energy associated with the formation
of a surface area, which is quadratic in R. Therefore, the size of the particle is critical for

it to grow. More details can be found in chapters 2 and 7 of the book [38].
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2.1.1.2 Heterogeneous nucleation

However, homogeneous nucleation is rare. In practice, the solidification sites can
naturally or especially be introduced to the melt, which can ease the nucleation. In the
case that the nucleation occurs on the existing solidification sites such as mould walls,
oxides or other foreign particles is considered heterogeneous nucleation. For example,
Aluminium oxide particles were identified as nucleation sites for primary Al3Ti
intermetallic compounds in Al-0.4wt%T1i alloys [39]. AlsSc particles have a close lattice
parameter to pure Al, which has shown a great effect on grain refinement by acting as
nucleation sites before the solidification of the a-Al phase in Al alloys [40,41]. Nucleation
on the existing particles that have good chemical and structural matching with the nucleus
can reduce the interfacial energy. As shown in Figure 2.1, a shape of a sphere cap is

formed. Angle 6 is given by the interfacial tensions.
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Figure 2.1 Schematic diagram of heterogeneous nucleation,
after [42].
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AGheter — AGhomOS(g) 2.4

(2 + cos8)(1 — cosH)? 2-5
4

S(6) =

S(0) is the shape factor that is less or equal to 1. The work for heterogeneous nucleation
is less than homogeneous. No wetting or energy reduction occurs when 6§ = 180°. While
6 — 0°, complete wetting and energy tends to be zero. Some energy reduction and

wetting when 0° < 6 < 180°[42].
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2.1.2 Classical crystal growth theories

The knowledge of how crystal growth is important in metallurgy, where the properties of
end-produce are partly dependent on the morphologies of the crystal during the growth
process. A deep understanding of the effects of various factors such as cooling rates,
temperature gradient and external fields which can influence crystal growth is an
important tool to improve the properties of the materials. For instance, the primary
dendrite arm spacing is strongly refined with increasing cooling rates in Al-Cu alloys [43].
Primary AITi intermetallic compounds were refined under the imposition of
ultrasonication, in which morphologies were changed from dendrite to small tablets [44].
The microstructure of Al>Cu intermetallics in Al-40%Cu alloys can be refined under a

strong magnetic field of 12T during directional solidification [22].

The growth of crystals begins once a nucleus is formed via either homogeneous or
heterogeneous nucleation. In the classical theory of crystal growth, such growth is limited
by the atomic attachment kinetics, capillarity and the diffusion of heat and mass [4,45].

Depending on the morphologies, the crystals are categorized as non-faceted and faceted

e

10pm

a b
Figure 2.2 non-faceted and faceted morphologies, after [4].
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structures [4]. The main difference is whether the tips of the crystal have sharp solid/liquid

interfaces or not [4], as shown in Figure 2.2.

Figure 2.3 (a) SEM image of faceted Al3Sc dendrite, after [48]; (b) X-ray
radiography image of faceted Al12Cu dendrite, after [49].

Faceted dendrites can be observed in various alloy systems, such as CusSns [46], I-
AlMnBe phases [47], Al3Scin Al-2wt%Sc alloy [48], Al>Cu in Al-Cu alloys [49]. Figure
2.3 shows the faceted AlzSc dendrite and Al,Cu dendrites. Different to typical non-
faceted dendrites with parabolic tips. Here, faceted side branches are observed. However,
the origins of the macro-steps on the side branches are still known, as the 4D (3D plus
time) information of the faceted dendrites cannot be acquired by using either SEM or in-

situ X-ray radiography [49].

Morphological instability, that the solid/liquid interface develops into non-faceted
dendritic arms with branching, is considered to the growth mechanism of dendrites [50].
Its growth behaviour was intensively studied by using synchrotron X-ray tomography in
the last few years [8,51-54]. However, faceted IMCs have highly anisotropic crystal

growth kinetic, morphological instability may not be applicable. Few work has been done
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to reveal the growth process of faceted crystals in-situ. The mechanism for the growth

process of faceted dendrites has not been clearly elaborated.

2.1.2.1 Atomistic scale

The simplest model to describe the crystal growth process is known as Kossel crystal [55],

as shown in Figure 2.4. Periodic arrangements of small blocks were used to represent a

Step
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/s
|/

Figure 2.4 Surface of a simple Kossel crystal, after
[55].

crystal. The small blocks can be atoms, ions or molecules. According to the model,
depending on the number of the nearest neighbours, growth sites will have different
binding energies (attachment energies). For instance, if a unit is attached to the top of the
terrace (site 1), one bond will be formed. Likewise, the atom attached to site 3 will form
three bonds. Higher free energy is gained. The position of site 3 is considered the kink
position. The attachment of the atoms at this site is repeatable, as the surface is not

qualitatively changed.
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2.1.2.2 Step growth

According to Kossel, Stranski and Volmer’s model (KSV model), the crystal grows via
absorbing atoms layer-by-layer on the surface. During growth, the building units can
collide, diffuse, migrate and be absorbed onto the sites, where the energy becomes
minimum. The atoms can either migrate over the surface until they get absorbed or
detached from the surface. Consequently, the adatoms on the crystal surface migrate
towards a step and move along it to a kink site and get incorporated [56]. As mentioned
before, attachment at a kink position can not only gain high free energy but also its
repeatability plays a key role in crystal growth. This growth process will maintain until
the full layer is accomplished. Therefore, the density of the steps can influence the rate of

crystal growth.
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Figure 2.5 Schematic of step growth, effectively
treating individual atoms as cubes, after [56].
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2.1.2.3 2D nucleation

If there are no steps on an atomically flat surface, a two-dimensional nucleus is required
for the crystals to grow. As shown in Figure 2.6, a small monolayer-thick island is of

sufficient size for it to add new molecules and then grow into a new layer [55,57].

2D nucleus

Figure 2.6 2D nucleation growth model, after [55].

2.1.2.4 Spiral growth

In the step growth model, a step was assumed to pre-exist on a crystal surface. One of the
major issues of this model is once the available sites from steps or kinks are consumed,
no new favourable sites are provided. 2D nucleation was proposed to provide new steps.
Burton, Cabrera and Frank [58] proposed a theory, in which dislocations exist in real

solids. A single molecular layer step can be present when the screw dislocation intersects

Figure 2.7 Spiral growth model, after [58].
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with a surface as shown in Figure 2.7. The screw dislocation can provide a continuous

source of steps that become spiral; therefore, such growth is also named spiral growth.

Experimental evidence of spiral growth was reported by several researchers [57]. Griffin,
L.J. has observed the unimolecular growth steps on beryl crystals by using a microscope
[59]. To increase the contrast of the image, a thin film of silver was deposited on the
surface of the crystal. Carborundum. A. Verma [60] observed numerous growth spirals
on carborundum crystals with various shapes including circular and hexagonal, as shown

in Figure 2.8.

X72

Figure 2.8 Spiral growth with circular (a) and hexagonal
(b) shapes, after [60].

The models above have answered the question of why crystals grow at the atomic level.
However, the question of why some of the crystals are faceted while others are not on a
micro-scale has not been considered. Jackson [61] has proposed the interface morphology

theory to explain the morphological difference between various crystals.



2.1.2.5 Jackson’s factor

The number of kink sites is vital for growth kinetics. The parameters, that determine the
atomistic state of the surface, attract attention. Jackson [61] calculated the change in free
energy by adding extra molecules at the one-layer interface. The states of surface
roughness can be represented by the fraction x of the total number N of possible sites. An

expression is obtained as shown in equation 2-6:

2-6

NKT; =ax(1—x)+xinx + (1 —x)In (1 —x)

Where AF is the free energy, k is the Boltzmann’s constant, L is the latent heat, T, is the
melting temperature, ¢ is the fraction of the total binding energy, which is always less
than unity. Figure 2.9 is frequently used to represent the relationship between the
occupied fraction of surface sites and the free energy of an interface [62]. Parameter a
divides the curves into the ones ( @ <2) with lowest free energy at 0.5 (occupied fraction
of surface sites) and the ones ( @ > 2) with lowest free energy nearby 0 or 1. Therefore,

it was well used to predict the surface to be atomically smooth (faceted in macro-scale)
or rough (non-faceted in macro-scale). For instance, the entropy of fusion ASf(kiTe) of
AlzFe intermetallic compound is 4.6. Faceted structures were observed at slow cooling
rates such as 0.1 K/s or 1.2 K/s [63,64]. The dimensionless entropy of the fusion of CueSns

intermetallic compound was calculated to be 2 hence the morphologies were predicted to

be the transition between faceted and non-faceted. By increasing the cooling rate, faceted
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hexagonal rods transferred into non-faceted dendritic shapes. The increased interface
velocity limits the time for solute to diffuse, which can increase the driving force (solute
undercooling). The solid liquid interface may undergo roughening transition at atomic

level, resulting in non-faceted dendrites [46].

AFs
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a=2.0

[+ 138
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Figure 2.9 free energy vs occupied fraction of
surface sites. After [62].



2.1.2.6 Twin-related re-entrant edge

Twin-related re-entrant edge growth mechanism has been used to explain the growth of
faceted Silicon [65—67], and Germanium [68]. The schematic image of this mechanism
is shown in Figure 2.10 [67]. The crystal is formed by one twin and is bounded by planes
{111}. One re-entrant corner is formed with an angle of 141°, which allows the crystal to
grow rapidly. In this case, the rapid growth will cease once the re-entrant corner is
fulfilled. This mechanism has also been used to explain the growth process of faceted
dendrites when multiple twinning planes are formed [69]. However, the formation
process of the re-entrant corner was not observed, which is perhaps due to the limited
temporal and spatial resolution of the in-situ 2D imaging method [67].

Twin boundary
219°

Figure 2.10 Growth of faceted crystal with one twin, after [67].
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2.1.2.7 Interface instability

The evolution of non-faceted patterns such as dendrites is studied extensively, as it is the
main morphologies of solidified metals and alloys. One of the earliest experimental
studies of the growth process of the dendritic pattern was by Losert, W. et al., [70]. As
shown in Figure 2.11, when the solidification starts rapidly, the solid/liquid interface
becomes unstable. Depending on the cooling conditions, it can transfer into cellular, cells
and dendritic array. The physical origin of this instability was studied by Rutter, J. W.
and Chalmers, B. et al, [71,72]. It was considered ‘constitutional supercooling’. Because
the solubility of the elements in the melt is higher than that in the solid. The rejected

solute can accumulate ahead of the solid/liquid interface.

Figure 2.11 Interface of succinonitrile and coumarin 152 binary alloys
during directional solidification with increasing growth rates. (a) Planar,
(b) cellular, (c) deep cells, (d) dendrites, after [70].
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2.1.3 Non-classical crystal growth

2.1.3.1 Atomistic scale

In the classical crystal growth theory, the growth of crystals is due to the attachment of
new atoms from the melt to the surface. In Burton, Cabrera and Frank’s theory, screw
dislocation can provide a continuous source of steps. However, the origin of the screw
dislocation was not answered as nanocrystals are normally defect-free [73]. R. Lee Penn
et al., [74] have used high-resolution transmission electron microscopy to observe the
growth process of titania (TiO2). Chains of particles were observed. In Figure 2.12, five
nano-crystalline are attached to a crystallographic surface to form a single crystal. In this

case, the growth of crystals is proposed to be the attachment of nanocrystals rather than

atoms. An oriented particle attachment mechanism was proposed.

Figure 2.12 single crystal formed by primary crystallines, after [74].
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In-situ TEM was developed in recent years, which allows researchers to observe the
attachment behaviour of the nanocrystals during the growth process. Li et al., [75] have
reported direct observation of the oriented particle attachment growth mechanism. when
particles approached, they rotated until achieving a perfect crystallographic alignment.
In some cases, the lattice planes near the boundary are slightly mismatched, dislocations

can be generated [75-77].
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Figure 2.13 images of the attachment process(A-G) scale bars are 5nm, (H)
interface in (G) showing twin structure, after [75].

Figure 2.13 shows the direct observation of the oriented particle attachment process of
iron oxide nanoparticles under a high-resolution TEM in situ. Particles I and II have made
several contacts and transient before growing together. Starts from points 1-1, particle II
then rotated to contact with particle I at points 1-2 and 2-3. It continued to change its
orientation until two particles meet at points 3-5. They finally attached and grew together
either sharing the same crystallographic orientation or forming twinning in Figure 2.13-

H.
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Figure 2.14 [78] shows the schematic diagram of the classical (monomer-by-monomer)
and non-classical crystal growth (subunit-by-subunit). The novel non-classical crystal
growth mechanism has been widely observed in many natural and synthetic materials
under TEM. For example, amorphous precursor (dense liquid droplets) appears first in
calcium carbonate (CaCOs3)[79,80], crystalline particles grow by the accretion of primary
nano-particles in faceted magnetites [81], nearly oriented attachment of crystallites in
zeolite [82] and oriented attachment of nanocrystals in TiO2 nanowires [83] Ag [84] and
Au [85]. For example, TiO> However, the existence of the non-classical crystal growth

mechanism in solidification is rarely studied, due to the complexity of such experiments.
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Figure 2.14 Pathway of crystal growth, after [78].
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2.2 Solidification under magnetic field

2.2.1 Physical principles of magnetic-assisted solidification

Magnetic stirring has been implemented in Japan and by European steelmakers since the
1970s [86]. In continuous casting, it was reported to improve the surface quality, and
structures, and reduce inclusion content and segregation [87,88]. Today, the applications
of the magnetic field, such as electromagnetic stirring and brake, have extended to various
purposes such as the elimination of iron-intermetallics, and microstructure refinement in
Al alloys and semiconductors. Especially in manufacturing Al alloys, one of the key
methods to control the microstructures in aluminium alloys is the use of magnets, which

can drastically benefit the properties of the material [89].

Depending on the direction of the magnetic field, three categories are assigned. For
instance, the transverse magnetic field is when the direction of the magnetic field is
perpendicular to the growth direction of the crystals. For the axial magnetic field, the
directions of both the magnetic fields and the growth direction of the samples were the
same. And an alternative magnetic field is when the direction of the magnetic field is

changing while the sample is cooling.

The physical principle of this technique is based on magnetohydrodynamics, which is the
fluid dynamics of electrically conducting fluids under the magnetic field [90]. For
magnetic field-assisted solidification, the influence of a magnetic field includes
microstructure alignment [91-95], convection damping [96], and thermoelectric-

magneto-hydrodynamic (TEMHD) [97].
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2.2.2 Under a static transverse/axial magnetic field

2.2.2.1 Convection damping and thermoelectric-magneto-hydrodynamic (TEMHD)

Convection damping or named as electromagnetic braking effect uses the interaction of
flowing melts with the applied magnetic field, which can produce forces [96]. During the
solidification process of metals, when a liquid metal that is an electro-conducting fluid,
crosses magnetic field lines, the change of flux can generate local electromotive force as
shown in equation 2-8. Then induced electric currents can arise as shown in equation 2-9.
The interaction between the induced electric currents and d.c magnetic field can generate

Lorentz force as presented in equation 2-10 [96].

E=uxB 2-8
J=o0(uxB) 29
F=]xB=o(uxB)B 2-10

i 2-11
Ha = [—BH
’pv

Where u is the local velocity, B is the applied magnetic field, o is the electrical
conductivity, F is the breaking Lorentz force, p is the density, H is the dimension of the

flow, v is the viscosity.
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Hartmann number is a typical value to determine the importance of the EMD effect as
shown in equation 2-11. The impacts of electromagnetic damping are in a broad range,
for instance, it can suppress melt turbulence and braking motions. However, this induced
braking force is not able to stop the liquid flow completely, because the force is

proportional to the fluid velocity.

During solidification, the temperature gradient is almost impossible to avoid. Once the
magnetic field is positioned, temperature gradients will be coupled to produce
thermoelectric magnetohydrodynamic (TEMHD) effects including, the Peltier effect, the
Thomson effect and the Seebeck effect [97]. Peltier (temperature difference can be
created between the junctions) and Thomson effects (absorption of heat when the electric
current passes through a material with temperature difference) can be negligible at a high-
temperature solidification process. The Seebeck effect will be considered in Figure 2.15
and Figure 2.16. In the condition of solidification, if two media, such as two phases, of
different thermoelectric power are connected and if there are temperature gradients exist
between two junctions (interfaces), then a voltage can be induced [98]. As shown in
Figure 2.15. There will be a current flowing in the dendrite as shown in Figure 2.16 [98].
Assuming uniform currents exist in idealized dendrites, the electrical current density can

be summarised in equation 2-13 [98].

AV = (ns — n)AT 212
050} 2-13
Jre = mfs(ﬁs —m)AT
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Where 7 is the thermoelectric power. S refers to the solid phase. L refers to the liquid
phase. o the electrical conductivity. f; is the fraction of solid. AT is the temperature

difference.

Therefore, under the magnetic field, mutual effects between the induced thermoelectric
current and the magnetic field can generate Lorentz force /g X B, producing flows in the

melt.
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Figure 2.15 Seebeck effect, after [98].

Figure 2.16 short-circuited at the interface, after [98].
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Back in 1965, to eliminate the growth-striae in the growth of single-crystal of metals and
semiconductors due to temperature fluctuations, Hurle [99] applied a 1k Guass (0.1 T)
steady transverse magnetic field on the molten gallium under a temperature fluctuation
of 2°C. The temperature fluctuations were entirely damped out in Figure 2.17. The
magnetic field was applied from time point A and then was removed from time point B.
The results suggested that the applied transverse magnetic field can remove the growth

striae due to temperature fluctuations.
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Figure 2.17 Effect of the steady transverse magnetic field on the
oscillations, after [99].
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Figure 2.18 Thermocouple records: Magnetic field in A =0, in B,
2.5kG, in C 1.96kG, after [17].

Later, the experiment was expanded to molten tellurium-doped indium antimonide [17].
As shown in Figure 2.18, in zone A, the thermocouple recorded temperature fluctuations
of 5°C. Over-stability was considered to be the cause of the temperature oscillations.
while in zone B, the fluctuations were removed under a magnetic field of 2.5kG (0.25T).
The field was steadily decreased in zone C where the magnetic field is in the strength of
1.96kG (0.196T). The solidified sample was then etched, and no striations were observed

under the magnetic field of 2.5kG (0.25T).
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Striae were formed in the sinusoidal oscillation’s manners under the magnetic field of
1.96kG (0.196T) as shown in the right-hand side of Figure 2.19. This experiment further
confirmed that the transverse magnetic field can suppress the temperature fluctuation of

the molten metals.

Figure 2.19 Etched crystal section, left of the arrow was
growth H =0, right with H = 1.96kG, (X44), after [17].

In the same year, researchers from MIT [100] implemented a horizontal crystal growth

furnace as shown in Figure 2.20.

THERMOQCOUPLE

WATER IN
WATER OUT

BOAT FEEDROD
LiQuid

TO VACUUM AND INERT GAS

Figure 2.20 Sketch of the apparatus, after [100].
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The vertical magnetic field has the strength of 1.75 Kg (0.175T). Tellurium-doped indium
antimonide was solidified at a rate of 3 cm/h and a temperature gradient of 33 °C/cm.
Temperature fluctuations of 5°C were recorded without the magnetic field as shown in
the left side of Figure 2.21-a. Solute bands were observed in the left side of Figure 2.21-
b, due to the turbulent thermal convection ahead of the solid/liquid interface. Once the

magnetic field is on, both temperature fluctuations and the solute bands were eliminated.

Figure 2.21 Early portion of the run, X135, after [100].

In metallurgy, Youdelis et al.,[101] investigated the influence of a transverse magnetic
field of 3.4T on the directional solidification of Al-Cu (0.5 %-4.5 %) alloys. It was found
that the effective distribution coefficient was reduced by the application of the magnetic
field and the normal segregation was increased at a higher cooling rate of 0.5 inches per

hour.

Zhu et al., [102] reported the enrichment of solute Cu in front of the solid/liquid interface
and the dendrites refinement in directionally solidified Al-4.5wt%Cu alloys with the

transverse weak magnetic field (< 0.3T), also tilted solid/liquid interface was observed,
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which are attributed to the effect of TEMHD. The same phenomenon was also revealed
in Al-0.85wt%Cu hypoeutectic alloys [103]. More researchers [104,105] found that
unidirectional thermal electrical magnetic convection generates near the liquid/solid

interface in Fe-Ni and Pb-Bi alloys, which may reduce the dendrite spacing.

Wang et al., [22] observed the structure refinement of Al,Cu under an axial magnetic
field (6T and 12T) in Al-40%Cu hypereutectic alloy, in which the thermal gradient has
the same direction as an applied axial magnetic field. 3D simulations were performed to
demonstrate that torque was produced on Al,Cu due to the TEMHD effect, which may

lead to a fragmented Al,Cu column.
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2.2.2.2 Microstructure alignment

Besides convection damping and thermoelectric magnetohydrodynamic (TEMHD)
effects, a strong magnetic field also has a significant influence in aligning the
microstructures. A crystal with magneto crystalline anisotropic can be magnetized,

resulting in inducing a magnetic torque M as shown in equation 2-14 [106].
M = |Ax|B?V sin (2a)/2u, 2-14

Where M is the magnetic torque, Ax is the anisotropy in the volume magnetic

susceptibility,

B is the strength of the magnetic field, V is the crystal volume, a is the angle between the
direction of the magnetic field and the axis of maximum x, y, is the magnetic constant.
Therefore, the easy magnetization axis will rotate towards the direction of the magnetic
field. For instance, the easy magnetization axis of AI3Ni and AlCu is in the <001>
direction [106]. By increasing the strength of the magnetic field from 0T to 12T, the
preferred growth orientation of primary Al3Ni IMCs has changed from random directions
to being perpendicular to the direction of the applied magnetic field. From EBSD, it
shows <001> crystal direction of AI3Ni IMCs was oriented along the direction of the
magnetic field as presented in Figure 2.22 [106]. In this case, no obvious structure
alignment was observed when the strength of the magnetic field is weak (less than 1T).
Ref [107] has reported the tendency of the alignment behaviour of primary Al;Zr IMCs
is increased by increasing the strength of the magnetic field from OT to 12T. A noticeable
influence was observed when the applied magnetic field is higher than 2T. <110>

direction of AlzZr is oriented to the direction of the magnetic field.
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Figure 2.22 EBSD maps and pole figures of AI3Ni under magnetic field of
(a) 0T, (b) 0.8T, (c) 0.9T, (d) 1.0T, (e) 1.5T, (f)12T, after [106].
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Li et al. [108] have reported the microstructure alignment phenomenon in Al-Ni alloys
by applying a high-strength axial magnetic field up to 12T. As shown in Figure 2.23-a
and b. AI3Ni grew in the direction of <010> with the magnetic field under a cooling rate
of 5 um/s. However, As the intermetallic compound has magneto-crystalline anisotropy,
the easy magnetization axis for the AI3Ni phase is the <001> direction. Once the magnetic
field is imposed, a layer-like Al3Ni phase is formed perpendicularly to the direction of
the magnetic field. For Al,Cu intermetallic compounds, the preferred growth direction

and the easy magnetization direction are the same [108].

Figure 2.23 Al-12 wt%N:i alloys solidified without(a) and with (b) a
12 T magnetic field; EBSD map fo Al-12 wt%Ni alloys solidified
without(c) and with (d) a 12 T magnetic field, after [108].

A strong axial magnetic field of 10 T has enlarged the primary dendrite spacing in Al-
4.5wt%Cu alloys [109], The preferred growth orientation of primary a-Al dendrites was
altered from <100> direction (without magnetic field ) to its easy magnetization direction

<111> direction (under strong axial magnetic field). Consequently, the preferred growth
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direction is tilted from the directional solidification direction, resulting in larger primary

dendrite arm spacing.
2.2.3 Under a rotating magnetic field

The disadvantage of the Uni-directional magnetic field either transverse or axial is the
macro-segregation can be worse, as the generated force is also in one specific direction.
The solute may migrate from one side of the sample to the other side of the sample. Axial
macro segregation was reported under a transverse magnetic field of 0.1T and 0.5T in Al-
40 wt.%Cu, Al-12 wt.%Ni alloys and Al-21 wt.%Si alloys [110]. Under a rotating
magnetic field, the generated flows from both convection damping and thermoelectric-
magneto-hydrodynamic (TEMHD) are multi-directional. In the paper from Mikolajczak,
P.etal., [111], Al-Si-Fe alloys were directionally solidified with a temperature gradient
of 3 K/mm and a cooling rate of 0.04 mm/s. Maximum 6mT with a frequency of 50Hz
rotating magnetic field was yielded from three pairs of coils during solidification. The
length of B-AlsFeSi was reduced by 20% in the dendritic region while the number of [3-
AlsFeSi was increased. Under a rotating magnetic field up to 30.66 mT [112], the grain
size of solidified Sn-3.5%Pb alloys was reduced from 186 um without a magnetic field
to 65 pm.  Figure 2.24 shows microstructures are significantly refined with the
enhancement of the intensity of the rotating magnetic field. The effect of a rotating
magnetic field during solidifying aluminium alloys A356 has been studied [113]. It
revealed that the microstructure of the primary phase has been modified from dendritic to
globulitic structures. Primary dendritic arm spacing of the primary a-Al phase in Al-6Si-
4Cu alloy was reduced under a rotating magnetic field of 0.016T [114]. However, due to

the complexity of the apparatus and only limited information that can be acquired from
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OM and SEM, how the microstructure was altered by the imposition of a rotating

magnetic field, was rarely studied.

Figure 2.24 Microstructures of Sn-3.5%Pb alloy without a rotating magnetic
field (a) 0 V and with a rotating magnetic field of (b) around 17mT (c) 30.66
mT, after [113].
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2.3 X-ray imaging study on solidification
2.3.1 Principle of X-ray tomography

X-rays were discovered by Wilhelm Conrad Rontgen in 1895, who was awarded the
Noble Prize in Physics after 6 years. Later, William D. Coolidge invented vacuum tubes
to produce X-rays [115]. Since then, the brightness and spatial resolution of the X-rays
were marginally improved until the arrival of the synchrotron light source. In the UK, the
third-generation synchrotron source named Diamond Light Source has been used for both
academic and industrial research, which can produce high-intensity X-rays. Figure 2.25
presents the schematic diagram of the experiment hall at beamline 112, Diamond Light
Source [116]. Users can bring their laboratory instrumentation to use on the sample stage
at a restricted dimension.
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Figure 2.25 The schematic diagram of beamline 112, Diamond Light
Source, after [116].
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CCD or COMS sensors are used to record the images. X-rays first enter the optics module
either 1,2,3 or 4 depending on the required field of view and voxel size. The scintillator
will then generate a visible-light image whose path will be folded twice by mirrors.
Finally, the visible light image is recorded by sensors. The schematic diagram of the

imaging camera is shown in Figure 2.26.
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Figure 2.26 Schematic diagram of 112 imaging camera, after [116].

Absorption contrast is frequently used to distinguish different phases. According to
equation 2-15, after passing through an object with thickness d, the intensity I of the
monochromatic X-ray is characterized by the absorption coefficient u which includes
coherent Rayleigh and incoherent Compton scattering and photoelectric attenuation [117].

I, is the intensity of the incoming X-ray.
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d 2-15
1(y,z) = Iyexp (—j u(x,y, z)dx)
0

Synchrotron X-ray tomography is used to take hundreds of radiographs, while the
specimen is rotating at 180 ° for a period of time. The radiographs were then retrieved to
3D structures by using specific methods such as filtered back projection [118]. As a result,
the density or material-related absorption synchrotron X-ray tomography allows
researchers to resolve and observe different phases of an object with the spatial resolution
of a few micro-metres within a minute [119,120]. Compared with other methods, for
instance, OM, SEM, and focused ion beam tomography, it also has advantages in non-
destructive analysis and allows in-situ 3D study. Recent developments of the synchrotron
x-ray techniques provide vast improvements in the quality of X-ray imaging, which lead
to an increase in the impact of these techniques in materials research, especially in

solidification science [121-123].
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2.3.2 Non-faceted structures-a-Al phase

One of the earliest in-situ 3D tomography investigations on solidification was by
N.Limodin et al., in 2007 [51]. It focused on revealing the coarsening process of Al-
15.8wt%Cu alloys. In 2009, the same group investigated both the growth and coarsening
process of solidifying Al-10wt%Cu alloys [8] at a constant cooling rate of 3K /min. The
scan was captured every minute with a pixel size of 2.8 pum. Two coarsening mechanisms
were identified. As shown in Figure 2.27, small secondary arms were remelting to the
benefit of the larger neighbour arms. Inter-arm spacing was filled via coalescing of the
adjacent arms. However, the initial growth process of the dendrite was not captured in

this study, perhaps due to the scanning speed was not fast enough.

219s, 623°C, 0.29 275s, 620°C, 0.37 329s,618°C, 0.42

603s, 604°C, 0.60 658s, 601°C, 0.62 714s, 598°C, 0.65 1104s, 579°C, 0.77

Figure 2.27 Evolution of a dendrite with solidification time, after [§].
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With the improved both spatial and temporal resolution of the synchrotron X-ray
tomography to 0.65 pum and 1.8 seconds, respectively, Gibbs, J. W. et al from
Northwestern University, USA [52] investigated the 3D morphologies of growing
dendrites in Al-24wt% Cu alloys. Tip splitting was observed. As shown in Figure 2.28,
an initial flat secondary arm in Figure 2.28-a split into two narrower arms in Figure 2.28-
b. The edge of the secondary arms may experience morphological instability which can

lead to tip splitting.

w3

Figure 2.28 Evolution of tip splitting of a secondary dendrite arm at (a)
7.2s, (b) 9.0, (c) 10.8 and 14.4s (in blue), (d) multiple branches, after [52].

More detailed studies of dendrite growth were published by B.Cai et al, in 2016 [83]. Al-
15wt%Cu was chosen due to high absorption between the primary phase and melt. As
shown in Figure 2.29, Protrusions were observed at the corners of the cell, which then

split into two tips due to morphological interface instabilities. One of the new tips was

Figure 2.29 Initial growth of dendritic structure, after [83].
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then branched to form a primary arm, at the same time, side-branching perturbations were

also formed.
2.3.3 Faceted structures-Intermetallic compounds
2.3.3.1 TIron-rich intermetallic compounds in aluminium alloys

In the automotive industries, the demand for the average amount of aluminium alloys has
doubled [124]. For instance, in the parts of the powertrain, chassis and suspension and
car body. At the same time, the recycling of the materials has been considered by
automotive manufacturers as well, because there are several environmental benefits to
recycling aluminium alloys. For instance, 95% of greenhouse gas emissions can be
reduced by using recycled aluminium parts, since the greenhouse gases are generated in
the manufacturing process (upgrading and purification of bauxite, electricity consumption

and CO» emissions in the electrolysis process) of primary aluminium [125,126].

However, most of the recycled aluminium alloys contain a mixture of productions from
wide applications, for instance, engine cylinder heads of automotive are made from
various alloys depending on the preferences of the industries. The majority of the alloys
fall in the Al-Si, Al-Si-Mg and Al-Si-Cu-Mg systems [127]. As for casting parts, the
mixture of alloys may not be an issue; however, in the process of shredding and sorting,
it can be a challenge. Primarily, for high-performance alloys in terms of high toughness
and ductility, the compositions of alloys are strictly controlled. One of the main impurities
in recycled aluminium alloys is iron, which comes from during the manufacturing process
(melting, casting) using ferrous equipment or containers. It can form secondary phases in
the aluminium alloys, due to low solid solubility in an equilibrium state in

aluminium[ 128]. For instance, Ali3Fes, Al¢Fe, a-AlFeSi, and B-AlsFeSi, these phases are
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detrimental to the performance of recycled aluminium alloys in terms of machinability

[129], castabilities[130,131] and mechanical properties [132,133].

The evolution of faceted B-AlsFeSi IMCs in solidifying Al-Si-Cu-based alloys (Al-
8wt%Si-4wt%Cu-0.8wt%Fe) was investigated by S.Terzi et al, in 2010 [30]. It revealed
the B-AlsFeSi IMCs have plate-like shapes with complex branches and are nucleated at
the oxidized surface as shown in Figure 2.30. However, as the temporal resolution was
around 57 seconds, whether the origin of the branches come from the growth process of

the existing structure or due to impingement of different IMCs was not observed.

Figure 2.30 Reconstructed sample volume of B-plates at
temperature T=573°C, oblique and top-down, after [30].

The initial nucleation and growth stages of B-AlsFeSi IMCs are systemically investigated
by using high-speed ( temporal resolution of 12 seconds) synchrotron X-ray tomography
in 2014 [27]. Four types of nucleation sites were identified including surface oxide,
on/near primary dendrite, on existing IMCs and the skin of pores. The evolution of -
AlsFeSi IMCs with various shapes was successfully captured. As shown in Figure 2.31-

a, the B-IMCs grew rapidly in the lateral direction. In the second case, when the B-IMCs
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contact with the primary phase, they can wrap around the dendrite and create complex

shapes in Figure 2.31-b.
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Figure 2.31 Growth process of B-phase during solidification, after [27].

Furthermore, intermetallic-intermetallic interactions were observed. Two individual
IMCs grew towards and impinged into each other, resulting in the formation of complex

shapes, which perhaps can be used to explain the origin of the complex branches in Figure

2.32.

Figure 2.32 Intermetallic-intermetallic interaction: impingement, after [27].

Later, the coupled study of both synchrotron X-ray tomography and numerical simulation
was performed to study the influence of IMCs on the permeability of solidifying Al-Si-
Cu alloys [134]. However, the growth mechanisms of faceted IMCs were not investigated.

One of the main reasons perhaps is due to the limited thickness of B-AlsFeSi (around 20
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um [27] ), its faceted angles cannot be captured by synchrotron X-ray tomography. The

crystallographic orientation and its preferable growth orientations were not revealed.

2.4 Summary

In conclusion, as illustrated in the literature, high-speed X-ray tomography (recording
tomograms in seconds or less) has advanced our understanding of the dynamic nucleation,
growth and fragmentation of non-faceted dendrite [6,7,135], allowing us to verify existing
growth mechanisms of non-faceted dendritic structure in aluminium alloys. To further
explore the growth mechanisms of faceted structures such as plate-like Ali3Fes (Chapter
3), and faceted dendritic structure of AbCu and AI3Ni IMCs (Chapter 4 and Chapter 5),
it is critical to reveal and quantify the growth process of various intermetallic compounds
in Aluminium alloys by the state-of-art synchrotron X-ray tomography in 4D (3D plus

time).

Secondly, some attention has been paid to the influences of transverse and axial magnetic
fields on macro-segregation and primary dendrite spacing in binary Al alloys during
solidification. However, there is a lack of knowledge on the influence of the rotating
magnetic field in solidifying aluminium alloys, in terms of macro-segregation, primary
dendrite spacing (Chapter 4), the size distribution of secondary phase in more complex
Al alloys systems (Chapter 6). Previous research has used OM, SEM, x-ray radiography,
and computed tomography to investigate the microstructures of the solidified phases
under the magnetic field [94,102,143,144,111,136-142], which is not able to reveal the
dynamic formation process of different phases during solidification. Coupled magnetic-

assisted solidification and 4D (3D plus time) X-ray synchrotron tomography allows
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acquiring the volume distribution, morphologies transformation, growth speeds,
nucleation rates, and growth orientations during solidification processes under a rotating
magnetic field (Chapter 4 and Chapter 6), offering a deeper understanding of the

mechanisms behind magnetic field-assisted solidification.

The research starts from studying a simple binary alloy under one cooling condition
(AlizFes in Chapter 3), it was then extended into studying the IMCs under different
solidification conditions (various cooling rates, temperature gradients and external
magnetic field) (Al2Cu and Al3Ni in Chapter 4 and 5). Finally, the complex solidification

behaviour in commercial alloys was investigated (W319 in Chapter 6).

The criterion in selecting materials includes the density, size of the IMCs, melting
temperatures of the alloys and morphologies. The ideal candidates should have a large
density difference to aluminium melt, large volumes such as a few hundred micrometres,
relatively low melting temperatures (due to the limitation of the furnace) and peculiar
morphologies. Therefore, a series of binary alloys including Al-10%Mn, Al-5%Ti, Al-
45%Cu, Al-5%Fe, and Al-10%Ni were selected. However, some of the experimental
results were not successful due to the loss of the beam source during the experiments or
because the crystal was not fully melted. The results of three binary alloys (Al-5%Fe, Al-

45%Cu, Al-10%Ni1) are presented in this thesis.

The scientific concerns or industrial applications of each material will be presented in the
introduction sections of each chapter. For example, due to the difficulty of removing Fe
and its low solubility in recycled Al alloys, iron intermetallics (such as a-Al(FeMnCr)Si,
B-AlsFeSi and AlisFes) form, which are detrimental to their mechanical and corrosion

resistance performance. However, the branches of a-Al(FeMnCr)Si phase and plate-
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shaped [ intermetallics are very thin and as a result, their detailed 3D morphology has not
been resolved clearly by high-speed synchrotron X-ray tomography. Ali3Fes is known to
form various shapes with large sizes (few-hundred micrometres) during solidification.
Their faceted angles and growth processes can then potentially be captured by
synchrotron X-ray tomography. Under slow cooling rates, AlCu and AI3Ni have peculiar,
faceted dendrites, which growth mechanisms have not been studied in the literature. The
sizes of such IMCs are large enough to be revealed by using X-ray tomography. The
influences of magnetic field and cooling rates are revealed in this study. Finally, the
investigation was extended into a more complex alloy system W319 (Al-Si-Cu based), in

this case, the influence of the magnetic field has been studied in detail.
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3.1 Introduction

During the solidification of metallic alloys, intermetallic compounds can form with
complex crystal structures that commonly show anisotropic faceted morphologies, which
significantly influence the mechanical and functional properties of the materials [145—
147]. Therefore, faceted intermetallics have been extensively studied, and there is
renewed interest in developing intermetallic materials for engineering applications [148—
150]. Additionally, faceted crystals can form during a wide range of chemical and
physical processes, ranging from electrochemical reactions [151], and the freezing of
water [152,153] to the crystallization of magmas [154]. Thus, new insights into faceted
crystal growth could have significant impacts on a range of subjects encompassing

materials science, chemistry and geology.

Aluminium (Al) alloys are used in many applications ranging from mobile phones to cars
and aeroplanes. During the solidification of Al alloys, many faceted intermetallics such
as B-AlsFeSi, AlizFes (or named as AlsFe ), AleMn and AlzNi can form [10,130,155—
157]. Due to the difficulty of removing Fe from Al alloys and the low solubility of Fe in
Al, Fe-enriched intermetallics are common in many Al alloys, which are detrimental to
the mechanical and corrosion resistance performance [132,158,159]. This has become a
more serious issue in recycled Al alloys as Fe accumulates within the alloy during
recycling. Continuous research efforts have been focused on understanding Fe-rich
intermetallic formation during Al alloy solidification, such as o and  phase in Al-Si or

Al-Si-Cu based alloys [30,160] and Ali3Fes in Al-Fe alloys [92,161,162].

Many previous studies used post-mortem characterization methods (such as electron and

optical microscopies or X-ray tomography) to determine the faceted morphology of the
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intermetallic compounds (e.g. AlsMns and Ali3Fes) in Al or Mg-Al alloys [65,163,164]
which could not reveal the dynamic formation processes. In situ X-ray radiography was
used to capture the formation and evolution of a-Al(FeMnCr)Si [31,165] and B-AlsFeSi
[29] intermetallic phases in iron-containing Al-Si/Al-Si-Cu alloys, which allows the
growth dynamics to be determined, but provides limited information regarding on their
3D morphology. High-speed synchrotron tomographic imaging, which capture
tomograms in seconds or sub-seconds [166], enables time-resolved characterization of
Fe-enriched intermetallics in 3D (termed as 4D imaging [7,13,167—169]). Much research
focused on the B-AlsFeSi phase [27,30,167], as it plays an important role in the
mechanical performance of Al-Si based Al alloys. However, the plate-shaped [
intermetallics are very thin [170] and as a result of its 3D morphology has not been
resolved clearly by high-speed synchrotron X-ray tomography which usually has
relatively low spatial resolutions (a few um [32,116]). AlisFes intermetallic in Al-Fe
alloys, on the other hand, could grow into large faceted morphology [171], potentially
resolvable by high-speed synchrotron tomography. We are interested in Ali3Fes phase as
currently in situ observation of Ali;3sFes formation has not been reported and this phase is
known to form various shapes during solidification [ 172] while the exact mechanisms for
the shape variation have not been clearly understood, meaning in situ observation of

Al3Fe4 formation is of significant interest.

In the present study, high-speed synchrotron tomography was performed to investigate
the nucleation and growth dynamics of AlisFes intermetallics during Al-5wt%Fe alloy
solidification. Quantifications of the synchrotron tomography provide details of the
formation process of the intermetallic and establish a link between the morphology and

the crystal structure, yielding new insights into faceted crystal growth mechanisms.
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3.2 Materials and Methods

3.2.1 Sample preparation

An Al-5wt% Fe alloy was prepared from Al-20wt% Fe master alloys and pure (higher
than 99.9%) aluminium. The materials were melted in a graphite crucible using electrical
resistance heating and held for half an hour to ensure all materials were fully melted. The
alloys were then cast into a preheated mild-steel mould. Finally, cylindrical specimens
with 1.8 mm diameter and 100 mm length were machined from the as-cast alloy via wire

electrical discharge machining.

The in situ solidification experiment was performed at 112 beamline at the Diamond Light
Source, Oxford with 55 keV monochromatic X-ray beam [116]. Module 3 out of four
optical modules coupled with a PCO.edge camera (PCO AG, Germany) was used,
providing pixel sizes of 3.24Xx3.24 um?. Images are cropped to 1080x 1394 pixels,
resulting in a frame rate of 200 frames per second. During solidification, high-speed
tomographic scans were captured as the sample was continuously rotated. Each tomogram
required a collection time of 5 seconds and was composed of 1000 projections
(radiograph), collected over a range of 180°. Another 5 seconds waiting time was

required for downloading the tomogram between two consecutive scans.

A bespoke temperature gradient furnace [13,166] was used to perform the solidification
experiment, as shown in Figure 3.1. During the experiment, the samples were placed in a
2 mm inner diameter alumina tube. The experiment procedure includes first heating up
the specimen gradually up to 790°C and holding for 10 minutes to ensure fully

temperature homogenization. Both the top and bottom heater was run at the same
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temperature hence, no temperature difference was applied to the specimen. The specimen

was then cooled at a constant rate of 0.1°C/s until fully solidified.

Heaters  Sample Camera

X-rays Scintillator

Figure 3.1 Schematic of the experiment apparatus

3.2.2 Tomographic data processing

The collected tomograms were first reconstructed using the Savu package [118,173]. 3D
anisotropic diffusion was applied to reduce the noise [33], followed by image
segmentation in Avizo 9.2 (FEI VSG, France). To quantify the intermetallics, particle

tracking and principal component analysis methods were used [13,174].
3.2.3 Deep etching and SEM characterization

A deep etching technique was used to reveal the 3D morphology of Ali3Fes intermetallic
by eliminating the aluminium matrix. 5% NaOH solution as an etchant was used to etch
the sample for 1 hour. The sample used for deep etching was melted and cooled at a rate
of 0.1°C/s in differential scanning calorimetry (NETZSCH DSC 404C). The
microstructures of AlisFes particles were characterised by scanning electron microscopy

(SEM-HITACHI TM3030 PLUS).
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3.2.4 ToposPro and KrystalShaper

A unit cell of Ali3Fes intermetallic was created from ToposPro [175] and KrystalShaper

(JCrystalSoft, 2018) to demonstrate the crystal structure and shape.

3.3 Results and Discussion
3.3.1 Overall observation

—
500 pm

—
500 pm

Figure 3.2 (a-d) 2D slices extracted from the tomography at t, t+40 s, t+100 s, t+400
s; (e-h) 3D rendered volume of intermetallic at t ,t+40 s,t+100 s,t+400 s.; numbers
1-4 indicate four morphologies: plate-like (1), hexagonal tabular (2), stair-like (3)
and V-shape (4).

High-speed synchrotron X-ray tomography allows the in-situ observation of the

solidification process of the Ali3Fes intermetallic. A set of vertical slices are shown in

Figure 3.2a-d, which illustrates the microstructure evolution in solidifying Al-5wt.%Fe
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alloy at t, t+40 s, t+100 s, t+400 s. (where t is the time when the first Al;3Fes intermetallic
appeared in the field of view). The AlisFe4 intermetallics appeared to be much brighter
than the aluminium liquid because the iron-rich intermetallics have higher X-ray
attenuation than the liquid. This also allows the AlisFe4 to be easily segmented from the
aluminium liquid. Figure 3.2e-h represent the corresponding 3D rendered images of the
intermetallics after image segmentation (see also the supplementary movie 1). The
intermetallics are mostly plate-like shapes. The first intermetallic was observed in Figure
3.2-e, at 781 + 1°C. This solidification starting temperature was determined from the
binary Al-Fe phase diagram. Below this temperature, Ali3Fes intermetallics continued to
grow and new intermetallics nucleated rapidly. As shown in Figure 3.2-f, after a fall in
temperature of 4°C from Figure 3.2-e, many more intermetallics have nucleated. The
number and size of intermetallics increase rapidly in the first 100 s to 771°C, as shown in
Figure 3.2-g. The formation of new intermetallics ceased at 741°C, with the total number

of intermetallics formed being 62.
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3.3.2 Nucleation of the intermetallics
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Figure 3.3 Volume fraction as a function of temperature.

In addition to the qualitative observation of the overall solidification behaviour of the Al-
Swt%Fe alloy, we can also quantify the evolution of the Ali3Fe4 intermetallics. Figure 3.3
plots the volume fraction of Ali3Fes intermetallic as a function of temperature from both
experimental results and the Scheil and equilibrium solidification model. The density of
the liquid was considered between 2.42 and 2.44 g/cm3, while the density of Al;3Fes are
in the range of 3.72-3.74 g/cm3.It shows that the experimentally determined values

deviated from the both models, indicating that the cooling profile may not be linear.
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Figure 3.4 (a) nucleation density as a function of temperature.

Figure 3.4 shows a histogram of the nucleation density of the intermetallic (the number
of nucleation sites divided by the volume of the sample) as a function of nucleation
temperature. As discussed earlier, the first crystal nucleated at 781°C. The intermetallics
mainly (more than 90%) nucleated in the temperature range from 781°C to 764°C. The
curve shows the nucleation density reaches its maximum at around 775°C, followed by a
decline with the increasing of undercooling. A Gaussian distribution (3-1) can be used to
fit the nucleation density as a function of nucleation undercooling. The nucleation
density/rate is related to the number of stable nuclei and frequency of attachment. Both
factors are dependent on temperature (below the melting temperature). The number of
stable nuclei is anti-proportional to the temperature while the frequency of attachment is
proportional to the temperature. The nucleation rate is proportional to the product of both

factors, resulting in Gaussian distribution. The nucleation undercooling was
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approximated according to the difference between the predicted nucleation temperature

and the observed nucleation temperature inferred from the tomography.

ATy — ATy,)?
(AT, M>> .

N = Nyqx XD <— AT 2
o

Where n is the nucleation density at a specific nucleation undercooling, ATy is the
nucleation undercooling. AT, is the mean value of the Gaussian distribution of nucleation
undercooling (6 °C). AT, is the deviation of the Gaussian distribution (4.3°C). 1,4, 1S the
maximum nucleation density (0.637 mm™~3) with 95% confidence bounds. The decline
of the number of nucleation sites at a higher degree of nucleation undercooling can be

explained by the solute depletion in the melt due to the growth of intermetallic particles.

The nucleation sites of the intermetallic can also be identified. In a prior study [30,176],
it was found that Fe-rich intermetallics were promoted to nucleate at the surface of
inclusion and the primary phase, as well as the outer oxide layer of the specimen. In this

experiment, two different nucleation sites were identified.

As shown in Figure 3.5, most of the AlisFes intermetallics connected to the sample
surface (58 out of 62). The surface of the specimen is most likely covered with aluminium
oxide [27]. The oxide layer exhibited high potency for the nucleation of Ali3Fes phases.
Another possibility is that the surface of the sample was first undercooled, which can then
trigger heterogeneous nucleation of AlizFes in the melt near the surface. The rapid growth
of these AlizFes crystals can release a significant amount of latent heat, which may
suppress nucleation in its nearby regions. Nucleation also occurred at the tip of existing

intermetallics, as shown in Figure 3.5-cl to Figure 3.5-c6. Once nucleated, the crystal
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grew rapidly. In this case, the existing intermetallic can be considered as inclusions that

provide high potential for nucleation.

500 um 500 ym

cl c2

300pm

300pm .

Figure 3.5 3D rendered intermetallics to show the nucleation on oxide
surface (a) side view and (b) top view; (c1-c6) self-nucleation at t0
+20 s to t0 +70 s.
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3.3.3 Growth of the intermetallics
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Figure 3.6 Growth rates of each intermetallic from t to t+200 s

150 200

After nucleation, individual particles were tracked using a particle tracking method [13],

allowing the quantification of individual intermetallic growth. Figure 3.6 shows the

growth velocities of different patterns as a function of the growth time. The growth

velocities of impinged intermetallics are not included. 50 intermetallics were chosen. The

curves can be divided into two main types. The first type is that the particle growth rates

increase at the initial stage of solidification (the first 50 seconds), then slow down slightly

approaching constant values. The second type is that the particles have the highest growth

rates initially, then the rates slowed down continuously as the temperature decreasing.
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Figure 3.7 Growth rates of each intermetallic from t to t+200 s, (a) plate-like;
(b) Stair-shaped; (c) Hexagonal tabular; (d) V-shaped.

Four colours were also used to represent four types of intermetallics (plate-like, stair-like

hexagonal tabular and V-shaped), there seem no correlation between the growth velocities

and the morphologies.
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Figure 3.8 Overall growth rate of intermetallics as a function of its
nucleation time

Figure 3.8 demonstrates the overall growth rate of intermetallics as a function of its
nucleation time (tn). ta 1S the nucleation time of the particle n. As can be seen, the growth
rates of most of the intermetallics are inversely proportional to the nucleation time. The
first intermetallic has a growth rate of 3x 10* um3/s. The overall growth rate dropped
by 80% to 6000 wm?3/s in 200 s. This might be because of the depletion of solutes which

restricted the growth at the later stage of solidification [177].
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Figure 3.9 Frequency of various morphologies

The intermetallic was shown to grow into different faceted morphologies (Figure 3.2).
Here, four main shapes were observed, which are plate-like, hexagonal tabular, stair-like
and V-shaped. Figure 3.9 demonstrates the percentage of each morphology. Plate-like
patterns have a frequency of 78%. Only a few intermetallics are classified into stair-like,
hexagonal tabular and V-shaped structures in the percentage of 11%, 6% and 5%,
respectively. The formation process of those different shape of crystals are discussed in

the next section.
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3.3.3.1 Morphologies and crystal structure

The melting entropy can be used to predict the crystallisation behaviour. The
intermetallics that have high dimensionless entropy of more than 2 (entropy of fusion ASr
=3.65) can form faceted phases [65]. Otherwise, they tend to form non-faceted structures.
The entropy of fusion ASk of AlizFes is 4.6 [64]; hence the faceted structure was formed.
The morphology of a crystal strongly relates to its crystal structure. The crystal structure
of Ali3Fes particles is monoclinic C2/m (a=1.549nm, b=0.808nm, c= 1.248nm, a=y=90°,
f=107.7°) [163,178]. A unit cell and the simulated shape of the Ali3Fes are shown in
Figure 3.10-a to Figure 3.10-c. According to the crystal growth theory [4], the high-index
planes have higher rates of accepting atoms and grow faster. These planes will disappear,
and the crystal will be bounded by low-index planes that grow slowly. The low index
planes of Alj3Fes include (100), (001), (201) and (110). The corresponding d-spacing and
interplane angles are listed in Table 1. Previous studies have shown that the preferred
extension direction of AlisFes was suggested to be <010> or <011> [162]. The
morphology evolution and growth rate quantification of each pattern from the four groups

are demonstrated in Figure 3.11-10.

Figure 3.10 (a) Unit cell; (b) simulated planes of the plate-like Ali3Fes intermetallic;
(c) simulated planes of the hexagonal tabular Ali3Fes intermetallic.

3-63



al

.

a4
z
Y‘\T/§ .
Hoo 5 o
{9/;/

Figure 3.11 (al-a4) 3D rendered volume of plate-like AlisFes at tl, t1+10 s, t1+20 s,
t1+30 s, tI1+40 s, t1+180 s; (b) Transparent image of plate-like AlisFes at t1, t1+10 s,
t1+20 s, t1+30 s, t1+ 40 s.

The majority of the observed particles are plate-like. One example (number 1 marked in
Figure 3.2) is shown in Figure 3.11 al-a6 at ti, t;+10 s, t;+20 s, t1+30 s, t1+40 s, t;1+180 s,
clearly showing the growth anisotropy. ti is the first time when the plate-like pattern
appears in the selected field of view. Figure 3.11-b presents the evolution of the plate-like
pattern in the first 40 seconds overlapped together. The first particle is in the shape of a
thin plate in Figure 3.11-al. A series of re-entrant corners were formed along the edges
of the plate, as pointed out by the black arrows in Figure 3.11-b. This repeated formation
of re-entrant corners may contribute to the anisotropic growth and results in plate-like
intermetallics with high aspect ratios. This growth behaviour of AlisFes was also

observed by an in-situ radiographic observation [10].
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Figure 3.12 Meshed plate-like intermetallic and the angles between
different facets:(a) front view; (b) side view.

Table 3-1 d-spacing and interplane angles of Al13Fe4 intermetallic

Planes (001) (201) (110) (110) d-spacing(nm)
(100) 107.69° 143.89° 118.7° - 1.476
(001) - 108.42° 98.39° - 1.188
(201) - - 112.82° - 0.735
(110) - - - 122.62° 0.709

Figure 3.12 shows the meshed intermetallics and the angles between different facets were
measured. Figure 3.12-a shows the front view of one plate-like crystal. All of the six
proximal angles of this crystal are around 120°. According to Table 3-1, the angles
between (100) and (110) planes, between (110) and (110) planes are both around 120°.
This allows us to index the bounding facets to be (100), (110) and (110) as shown in
Figure 3.12-a. The extension direction of this crystal is <001> as shown in Figure 3.12-
b. The simulated crystal shape (Figure 3.10-b) bounded by those planes is similar to

Figure 3.12-b.
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Figure 3.13 (a) Growth of plate-like particle in three dimensions;
(b) Growth velocity of the plate-like particle.

We then used the principal component analysis [13,174] to calculate the dimensions of
the plate-like particles. The length, width and thickness of plate-shaped particles are the
first, second and third principal components. Figure 3.13-a presents the size evolution of
one plate-like intermetallic in three directions as a function of temperature. Red, blue and
black arrows indicate the measured direction of length, width and thickness, respectively.

At ty, the plate-like structure has 388 um in length, 91 pm in width and 14 pm in thickness.
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It appears that the crystal grew rapidly at the early stage of crystallization especially at
the length and width directions in the first 60 seconds. Then the growth rate slows down
but continued to grow to 710 um in length, 286 um in width, and 49 pm in thickness in
180 s. This demonstrates the growth anisotropy of the Ali3Fes crystal. It grew much faster
in length and width than in thickness, which is most likely caused by the slow attachment
of atoms on the flat faceted plane [179]. The quantified 3D dimensions of plate-like

patterns can be used to verify the numerical modelling.

The average growth velocities of the plate-like intermetallics are presented in Figure 3.13-
b. The average growth rate is the particle volume divided by its solidification time, while
the instantaneous growth rate is the increased volume over 10 s divided by the interval
(10 s). The selected plate-like particle has a growth rate of 1.4 X 10* um3 /s in the first
10 s, it then increased until a maximum value of 3.9 X 10* um3/s in 60 s. Finally, it

approached to a constant average growth rate of around 3 X 10* um3/s in 190 s.
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Figure 3.14 (al-a8) 3D rendered volume of hexagonal tabular AlizFe4 at t2, t2+60 s,
t2+110 s, t2+160 s, t2+220 s, t2+ 330 s, t2+ 440 s t2+610 s; (b) Transparent images (c)
Meshed hexagonal tabular intermetallic and the angles between different facets;
(d1)Volume change of the particle as a function of time (d2) Growth velocity of the

hexagonal tabular particle.
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Figure 3.14-a presents the growth process of hexagonal tabular (number 2 marked in
Figure 3.2) AlisFes intermetallics. The intersection angles between the facets are
different from the crystal in Figure 3.13. Figure 3.14-b shows the front view of the
corresponding transparent images from Figure 3.14-a, which provide a clear formation
process of the crystal pattern. The first particle in Figure 3.14-al has a hexagonal tabular
shape rather than a thin plate as in Figure 3.13-a. It first extended in y-direction towards
liquid. It then coarsened in z-direction while the shape of the crystal was maintained. The
crystal grew into a hexagon with almost equal edge length, different from the one in
Figure 3.13. The measured angles between facets are about 110° and 140°, as shown in
Figure 3.14-cl. According to Table 1, the angle between (100) and (001) planes is 107°,
while the angle between (100) and (201) is 143°. Hence, we can index the bounding facets
to be (100), (001) and (201) as shown in Figure 3.14-c1. The extension direction for this
crystal was subsequently identified to be <010>. The simulated crystal shape bounded by
these planes is shown in Figure 3.10-c, which closely resembles the shape of the
hexagonal tabular crystal in Figure 3.14-c. The volume change of the particle during
growth was quantified as shown in Figure 3.14-d1, the first pattern that was observed by
tomography has the volume of 1.8 X 10°um3 . After 150 seconds, the volume is
increased to 10.8 X 10°um3. Figure 3.14-d2 present the average growth velocities. The
particle has the highest average growth rate of 1.8 um3 /s in the beginning, it then slowed
down to a value of 0.7 um3/s. This growth behaviour may be due to slow atom

attachment on all highly ordered faceted planes.
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Figure 3.15 (a) 3D rendered volume of stair-like Ali3Fes at t3, t3+10 s, t3+20 s, t3+60
s,t3+100 s , t3+110 s; (b) Transparent image of stair-like Al13Fe4 t3, t3+10 s, t3+20
s,t3+ 100 s, t3+110 s; (c) Meshed stair-like intermetallic and the angles between
different facets; (d1)Volume change of the stair-like particle as a function of time (d2)
Growth velocity of the stair-like particle.
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Another morphology is stair-like (number 3 marked in Figure 3.2), as shown in Figure
3.15-a and Figure 3.15-b. It can be seen that initially, a plate-like crystal form (Figure
3.15-a; and az). Multiple re-entrants were also observed in Figure 3.15-b. Later, part of
the crystal on the flat surface started to thicken at a faster rate than the rest of the plate,
forming a stair (Figure 3.15-a3 to ag). Figure 3.15-c1 and Figure 3.15-c2 show the facets
of the meshed stepped intermetallic. Similarly, we first measured the angles between
different facets as shown in Figure 3.15-cl. Then according to Table 3-1, we indexed the
bounding planes. Stairs were frequently observed on the (001) facet of B-AlFeSi
intermetallics in solidified Al-Si-Mg-Fe alloys, which were caused by the presences of
lattice faults [179]. A similar mechanism can be used to explain the stair-like AlizFes
intermetallic formation: during Ali3Fes growth, a fault could form on the (100) plane,
resulting in low energy sites for atoms to deposit, forming a stair on top of the (100) facet.
The volume of this pattern increased to 2.05 X 10°um3 in 110 s from 1.7 X 10°um3 in
Figure 3.15-d1. The quantification of the average growth velocities is presented in Figure
3.15-d2. The average growth velocity increased from 1.7 X 10* um3/s to

2.5 x 10* um3/s in the first 40 s, it then reduced to 1.7 X 10* um3/s.
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Figure 3.16 (a) 3D rendered volume of V-shaped AlisFes at t4, t4+10 s, t4+20 s, t4+30
s, t4+40 s, t4+190 s; (b) Transparent image of V-shaped AlisFes t4, t4+10 s, t4+20 s,
t4+30 s, t4+ 40 s , t4+190 s; (c) Meshed V-shaped intermetallic and the angles between
different facets; (d1)Volume change of V-shaped particle as a function of time (d2)
Growth velocity of the V-shaped particle.
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The last morphology is V-shaped (number 4 marked in Figure 3.2) in Figure 3.16-a and
b, which have the lowest quantities. Only three intermetallics out of 62 were V-shaped.
Figure 3.16-cl and Figure 3.16-c2 show the front view and side view of a V-shaped
particle. Li et al [162] observed a AlisFes particle by SEM with similar morphology
(called as bended particle in their study), and suggested that it is a twinned particle. For
Ali3Fe4 crystal, (001) plane was proposed to be the possible twinning plane [10,162,180].
Here, the V-like structure can be considered as twins connected by two plate-like patterns
which share a common plane. Here to identify and index the facets of the bended crystal,
we also measured the angles between different facets, as shown in Figure 3.16-cl. We
started with two angles around 140° in Figure 3.16-c1. Since the interplane angle between
(100) and (201) is 143.9°, the bound facets of the angles were indexed to be (100) and
(201). According to the shape of the crystal, we can identify a twinning plane marked by
a red line. The measured angle between the red line and the top flat facet is about 109°.
From Table 3-1, We know the angle between (100) and (001) is 107.7°. Hence, the

twinning plane in the red line is highly likely to be (001) as suggested by Li et al [162].

The growth mechanism of the V-shaped intermetallic is proposed to be as follows. First,
an Ali3Fes intermetallic was nucleated and grew into a small plate-like particle extending
in <010> direction. This compound has a tendency to twin, and so a stacking fault relates
to (001) plane may occur. The intermetallic was then extended in the reflected direction
of the (001) twinning plane. Finally, the V-shaped intermetallic was bound by low index

faces (100), (001) and (201).

The intermetallic grew to 6.18 X 10°um3 in 190s in Figure 3.16-d1 continually. The

average growth rate first increased then decreased. As shown in Figure 3.16-d2, it has a
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growth velocity of 1.5 X 10* um3/s in the first 10 seconds, it then increased until a
maximum value of 4.2 X 10* um3/s in 70 seconds. Finally, the average growth rate

reduced to around 3 X 10% um3/s.
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3.3.4 Crystal-crystal interactions

Figure 3.17 (a-c) Impingement growth mechanism at t5

+.10 s, t5 +20 s, t5 +190 s; scale bar:200um (d) Enlarged

view
Interactions between intermetallics during growth, mainly impingement, have also been
observed, as depicted in Figure 3.17-a to d. When two or more intermetallics grow
towards each other, they will impinge and insert into one another. Before impingement
(Figure 3.17-a), the two crystals are both platelet-like. Figure 3.17-b and Figure 3.17-c
show that the two crystals grew into each other at an angle. One of the crystals on the
right-hand side, after impingement, became stair-like crystal (Figure 3.17-c and Figure
3.17-d), indicating that crystal-crystal interactions may alter the shape of the

intermetallics, for instance, from plate-like to stairs. However, even faster tomographic

scans are required to reveal this phenomenon in more detail.
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3.3.5 Internal defect formation

A/Defects

. rooves

1 > - N
Figure 3.18 (a) and (b) 2D slices of the Al13Fe4 particle; (c)
and (d) internal defects at t6 +160 s, t6 +560 s. scale bar:100pum
(e-h) morphology of the crystal with internal defects at t6+30 s,
t6 +90 s, t6 +160 s, t6 +560 s; (i) Schematic diagram of the
defects formation process.

>

An orthogonal cross-section slice extracted from the tomography shows internal defects
(dark region, pointed by a red arrow) in the Alis3Fes crystals (bright region) as displayed
in Figure 3.18-a. This kind of defects was also confirmed by SEM characterization (in
Figure 3.18-b). Figure 3.18-c and Figure 3.18-d show the morphology of the internal
defects in 3D (red coloured), which were connected to the crystal surface and appears to
be hole-like. The shape of the crystal was rendered as transparent. The hole-like defects

were not porosities but filled with aluminium melt since they have the same image
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contrast as the melt. in Figure 3.18-e¢ to in Figure 3.18-h demonstrate the surface
morphology of a crystal with internal defects in 3D at ts+30 s, ts+90 s, ts+160 s and ts+560
s. At the early stage of crystal formation, some irregularities appeared on the supposedly
flat surface, which became grooves as shown in in Figure 3.18-f. The grooves appear to
be engulfed later on during solidification, leading to the formation of internal
defects/holes. The process was schematically shown in in Figure 3.18-i. Similar defects
or holes in faceted Ge crystals were also observed by Shahani et al.,[181] in Al-Ge alloys,
and their formation was attributed twinning and plate branching. The surface defects of
faceted AlsFeSi intermetallics observed in Al-Si alloys [30] was attributed to the physical

interaction of the intermetallics with aluminium dendrites.
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3.3.6 Potential growth hypothesis
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Figure 3.19 (a-b) SEM images of Al13Fe4 intermetallics after deep
etching; (c¢) Schematic diagram of the formation mechanism of Al13Fe4,
where t1-t4 are at different stages of solidification processes; (d) V-shaped
structure; (e) Stair-like structure.

Figure 3.19-a and Figure 3.19-b reveal the SEM images of deeply etched AlizFes particles.
During the etching process, aluminium acts as an anode, and the AlizFe4 particles act as
a cathode [182]. After deep etching, the aluminium matrix surrounding the iron
intermetallics were dissolved, revealing AlizFes blocks. The hexagonal tabular (Figure
3.19-a) and plate-shaped particles (Figure 3.19-b) were observed. There are also many
cracks on the surface of the deep-etched particles and a large hole, although we cannot

confirm whether the cracks and hole were formed during crystal growth or as a result of
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deep-etching. On the side facets, the cracks seem to be organized (pointed by red arrows),

dividing the crystal facets into many sub-units.

Here, we propose a hypothesis that the growth behaviour of Ali3Fes intermetallic may be
the oriented particle attachment [45]. There also is more widespread acceptance that
crystals form through the assembly of building subunits/blocks [81,82], an alternative
pathway for crystallisation. During the nucleation stage, precursors nucleated and grew
into small crystal subunits (Figure 3.19 c-t1). As the temperature reduced, new subunits
could form in the nearby region and attached together (The directed covalent bonding
may tend to rotate the subunits towards the same crystallographic direction as the existing
structure) to form a large crystal. Then this large one will coarsen as more subunits are
attached (Figure 3.19 c-t2 and t3). Some faults might form during this process, leading to
a change of the attached order and the formation of internal defects (Figure 3.19 c- t4)
and various shapes (Figure 3.19 -d and 13-e). Similar mechanisms were proposed to
describe the formation of faceted Al,Cu intermetallics in Al-Cu alloy [183]. However,
we do not have direct evidence to confirm this hypothesis in this study except that the
SEM images (Figure 3.19 -a and Figure 3.19 -b) of deep etched samples shows that the
crystals are cracked into regular subunits. A recent study by in situ X-ray radiography
shows that the growth of AlisFesis by repeated attachment of AlisFes sub-platelets to its
corners [10], which could be understood as oriented particle attachment. To prove or
disprove this hypothesis, we need to carry out extensively more research, including (1)
nano-scale in situ TEM [80] or X-ray tomography [184] to observe the nucleation process
of intermetallics which the aim to identify the subunits; and (2) even fast micro-scale

tomography (sub-second) [135] to visualize the particle attachment process if it happens.
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3.4 Summary

In summary, the formation of Alj3Fes intermetallic in a solidifying Al-5wt% Fe alloy was

quantified via 4D synchrotron X-ray imaging. The in-situ solidification under a slow

cooling rate (0.1°C/s) was performed at scan intervals of 10 s, which allows us to observe

the rapid nucleation and growth of faceted AlisFe4 intermetallic. The work demonstrates

that high-speed synchrotron X-ray tomography can be a useful tool to reveal the dynamic

of faceted crystal growth. The following conclusions can be made:

1.

Regarding the nucleation of AlisFes, the intermetallics (more than 95%)
prevalently nucleated near the melt surface and the rest nucleated on the
intermetallics formed earlier. The number of nucleation sites or nucleation
density as a function of the temperature follows a Gaussian distribution,
providing a sufficient equation for numerical modelling of intermetallic
growth.

Individually faceted intermetallics were classified and quantitated. Four types
of intermetallics were found based on different morphologies, which are plate-
like, hexagonal tabular , stair-like and V-shaped. The variation in
morphologies was explained by the crystal structure and twinning of the
particle. Both volume change and growth velocity of the formation processes
were provided.

The processes by which hole-like defects form, on the surface and inside the
faceted AlisFes intermetallic, were observed.

A potential hypothesis of oriented particle attachment was proposed to

describe the faceted crystal growth and internal defect formation. However,
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even faster tomography with higher resolution is required to observe the

attachment process in solidifying Ali3Fe4 intermetallics.
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4.1 Introduction

Understanding microstructure formation is key in a broad range of solidification
processes ranging from casting to welding [3,50,185]. The morphologies of solidified
microstructures were classified into faceted and non-faceted patterns [186]. Growth
mechanisms of non-faceted patterns, including cellular and dendrites, have been
extensively advanced thanks to our new capabilities in experimental techniques (e.g. in
situ X-ray radiography [187] and tomography [7,8,188]) and numerical simulations [189].
However, faceted patterns, which many intermetallic compounds (IMCs) grow into, have
received much less attention. Regardless, faceted IMCs are of significance, impacting
both the mechanical and functional properties of materials. For instance, in aluminium
alloys, many faceted particles including plate-like Ali3Fe4[10,190], I-shaped AI3Ni[191],
polyhedron AlgMn [156] and Al>Cu [192], could form, all of which play an important

role on the mechanical and corrosion properties of Al alloys [193,194].

One interesting phenomenon regarding faceted crystals is the formation of faceted
dendrites observed in various alloy systems, such as CusSns in Sn-4.2Cu alloy [46], I-
AlMnBe phases in Al-6Mn-2.5Be alloy [47] and AlzSc in Al-2wt%Sc alloy [48].
Regarding the dendritic growth mechanism, the classic view is a morphological instability
of the solid-liquid interface that develops into dendritic shapes with branches along
preferred crystallographic directions [50]. However, these mechanisms may not be
applicable to faceted crystals due to their highly anisotropic crystal growth kinetics.
Previous studies proposed a twin-related re-entrant edge mechanism to explain the growth
of faceted Silicon [65,66], Germanium [68] and Al3Fes intermetallic [10], all with plate-
lets morphologies. However, whether this mechanism can be applied to faceted dendrites

is still unknown and many crystals do not form twins during formation. Al>Cu is a typical
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intermetallic formed in Al-Cu based alloys. It has body centre tetragonal crystal structures
(a=b=0.6063nm, ¢ = 0.4872nm) [195]. Previous studies have shown that it can grow
into L-shape, hollow-rectangular and dendritic shape [49,110,183,196]. We also observed
L-shape, and dendritic Al>Cu patterns in an Al-45wt%Cu sample melt and solidified in a
differential scanning calorimetry (see the supplementary figure s1). However, not much
work has been done to understand the transitions between these growth patterns, and the

mechanism for the formation of dendritic Al>Cu has not been clearly elaborated.

The morphologies of IMCs are influenced by external growth conditions [197], including
temperature gradients, cooling profiles and magnetic fields. In recent decades, magnetic
fields have been proposed as an efficient method to alter the solidification microstructures.
The mechanisms are mainly based on magneto-hydrodynamics (MHD), which includes
magnetic damping, magnetic stirring and thermoelectric magnetohydrodynamics. Under
a static magnetic field, magnetic damping is the interaction between the applied magnetic
field and fluid flows, which can generate Lorentz force to slow down the fluid flows [96].
The interaction between the thermoelectric currents (due to Seebeck effect) and applied
magnetic field can also produce Lorentz force but generate flows [22,98,198,199]. This
effect is contrary to magnetic damping. For an alternating magnetic fields, magnetic
stirring [200] can be induced that may cause temperature and concentration fluctuation in
the melt. Recent work shows that MHD effects can be controlled in various solidification
settings, from driving solute segregation via thermoelectric effect, to solute mixing and
microstructure refinement via magnetic stirring [201]. Magnetic fields have also been
shown to influence the growth morphology of Al>Cu intermetallic. Under a high axial
magnetic field (up to 12 T), Li et al. demonstrated that the Al,Cu crystals were oriented

with the <001>-crystal direction along the magnetic field [202]. Wang et al. revealed the
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structure refinement of AI,Cu phase during directional solidification under a high (12T)
magnetic field [22]. Li et al.[110] shows that a significant axial macro segregation of the
primary AloCu was formed under a static transverse magnetic field during directional
solidification. However, the effect of sample rotation under magnetic fields on Al,Cu

crystal formation has rarely been studied.

High-speed X-ray tomography (recording tomograms in seconds or less) has advanced
our understanding of nucleation, growth and coarsening of non-faceted crystals during
alloy solidification [7,135,203], and recently, it has been applied to study faceted Si [204]
and AlizFes particles [190] in Al alloys. Here we used high-speed synchrotron X-ray
tomography to study the growth of faceted Al>Cu crystals under various solidification
conditions including upwards and downwards solidification, and rotational solidification
under magnetic fields. This work generates fresh insights into the growth mechanisms of
faceted crystals, also discusses how the thermo-solute flow, including magnet field-driven

flow, influences the microstructures during solidification.
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4.2 Materials and Methods

4.2.1 Sample preparation

The Al-45wt% Cu master alloy was used in this study. Cylindrical specimens with a
diameter of 1.8 mm and length of 100 mm were machined via a wire electrical discharge

machining.
4.2.2 In-situ synchrotron x-ray tomography

A bespoke temperature gradient stage [201] in Figure 4.1 was used to control the melting
and solidification of the Al-45wt%Cu sample, which can be coupled with high-speed
synchrotron tomography to capture solidification processes in situ and in real-time. As
shown in ref [201], two heaters were used to allow a temperature gradient applied to the
sample, allowing directional solidification. The samples were heated up until fully melted
under an applied vertical temperature gradient, then held for another 10 min to achieve a
steady state condition. The solidification experiments were carried out via cooling both
heaters at a constant predefined cooling rate (CR) while keeping the temperature gradient
(TG). A transverse static magnetic field with a strength of B=0.5 T using a permanent
magnetic yoke can also be applied to the sample [201]. The distribution of the magnetic
flux density surrounding the sample is in around 0.5 T (supplementary figure s3). Six
experiments were performed with different solidification conditions as shown in Table
4-1. A positive temperature gradient (TG) means that the top furnace is hotter than the
bottom one, which allows upwards solidification, whereas a negative TG means the

bottom furnace is hotter, allowing downwards solidification.
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Detector

X-ray

Figure 4.1 The schematic diagram of this experiment.

Table 4-1 Solidification conditions

Sample CR TG B=0.5T
A 0.05°C/s  0°C/mm No

B 0.05°C/s  -4°C/mm No

C 0.05°C/s  7°C/mm No

D 0.05°C/s  0°C/mm Yes

E 0.02°C/s  7°C/mm Yes

F 0.05°C/s  7°C/mm Yes
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The in situ solidification experiment was performed at 112 beamline, Diamond Light

Source[116] using a 53 keV monochromatic X-ray beam. During the solidification

process, a high-speed camera (PCO.edge) was set to obtain the tomograms in 5 seconds

over 180° every 10 seconds, while the sample was rotating continuously. The images

were cropped to 1600x1600 pixels. Each tomography consisted of 1000 projections.

Savu system [205] was used to reconstruct the tomograms. The reconstructed volume has

a voxel size of 3.24 um3.
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Figure 4.2 The schematic diagram of measured points between two magnets (a)
perpendicular to the magnetic field, (b) parallel to the magnetic field; (c) the
position of the sample; (d) The distribution of magnetic flux density of
measured points in (a); (e) The distribution of magnetic flux density of
measured points in (b).
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Figure 4.2 shows the measured points and the distribution of magnetic flux density. A
piece of paper was placed in the middle of the magnets that is perpendicular to the
magnetic field as shown in Figure 4.2-a, 11 points were drawn in each row and column
with an interval distance of 10mm. A handheld magnetic field gauss meter (GMO04, Hirst
Magnetics) was used to measure the magnetic flux density of the 121 points. The
corresponding values are shown in Figure 4.2-d. Similarly, another piece of paper was
placed in the middle of the magnets that is parallel to the magnetic field. 6 points in each
row and 11 points in each column were drawn and measured, whose values are shown in
Figure 4.2-e. Figure 4.2-c¢ shows the position of the sample during tomographic scans.
The surrounding magnetic flux density of the sample that was scanned is in the range of

0.48-0.50T.
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4.2.3 Image processing

The 3D images were analysed by Avizo 2020.1 (ThermoFisher Scientific, USA). To
segment the AlLCu crystals, a 3D anisotropic diffusion filter, followed by interactive
thresholding was used. The thresholding values were chosen based on the Otsu's method

[206] from Image J.

Figure 4.3 demonstrates the 2D images at sequences of image treatment, which are raw
data (a), after de-noising (b), after thresholding process(c). Thanks to the large density
difference between the Al matrix and Al>Cu, the raw data has a good contrast difference
between the two phases, providing a sharp interface. Figure 4.3-d plots the distribution of

grey values between the Al matrix and Al>Cu, indicating a large contrast difference. After

de-noising, the contrast between the two phases is more diverse as presented in Figure
4.3-e. Finally, Thresholding values, which are based on Ostu’s method from ImagelJ, was

chosen, as a result, the Al,Cu phase was effectively segmented (Figure 4.3-c).
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Figure 4.3 Image processing of AlCu phase from synchrotron x-ray
experiment (a) raw image (b) denoised image; (c) segmented Al2Cu phase;
(d) Gray values of the region pointed by a red line in a; (e) Gray values after
de-noising of the region pointed by the red line in(b).
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4.2.4 SEM characterization and EBSD analysis

A sample of Al-45%Cu alloy (30 mm long, 1.8 mm diameter) was solidified inside a
ceramic tube at a cooling rate of 0.05 °C/s without temperature gradients and magnetic
fields. The solidified specimen was then sectioned parallel to its longitudinal direction,
which was ground using SiC papers in the sequences of #1200, #2500, #4000 on Struers
Labopol-5. It was then polished using ‘MD-Dac’ cloth (Struers) with 3 pm liquid
diamond suspension and finally using ‘MD-chem’ cloth with 0.04pum OPU (colloidal

silica suspension).

The microstructural observation was carried out by using Tescan MIRA 3 SEM, equipped
with an Oxford Instruments EBSD detector controlled by the AZtec software. The EBSD
data was acquired at an accelerating voltage of 20 kV, a working distance of 15.8 mm, a
tilt angle of 70 ° and a step size of 1.6um in a square scan area of 1270 um X 507 pm.
The obtained data were interpreted by HKL Channel-5 Tango software to index the grain

orientations.

After EBSD analysis, the sample was scanned by Synchrotron X-ray tomography at 112
beamline, Diamond Light Source, Oxford, to reveal the angles between the sectioned
surface and the growth orientation of the dendrites. The raw images have
2560x2560%2150 pixels with a voxel size of 1.3um?3. The 3D images were analysed by

Avizo 2020.1 (ThermoFisher Scientific, USA).
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4.3 Results and discussion

4.3.1 Overall microstructural evolution
4.3.1.1 Solidification without magnetic fields
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Figure 4.4 3D rendered volume of Al2Cu phase at different timestamp under
solidification (a) conditions of A (CR=0.05°C%s, TG= 0°C/mm and B=0T); (b)
condition B (CR=0.05°Cs, TG= -4 °Cmm and B=0T); (c) condition C
(CR=0.05°C5, TG= 7°C/'mm and B=0T).
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Figure 4.4-a shows the volume rendered AloCu phase after segmentation at different
timestamps solidified under condition A (CR=0.05 °C/s, TG= 0°C/mm, B= 0T). tao is the
first time when the IMCs appeared in the field of view (FOV). The IMCs nucleated at the
sample surface (Figure 4.4-al). It grew horizontally towards the other side of the sample,
then into a dendritic shape (Figure 4.4-a2). Later, more crystals formed and grew in
different directions to fill the space (from Figure 4.4-a3 to a5). A few different
morphologies were identified. One is the equiaxed-prism, which has a quasi-equiaxed
cross-section plane while a prism structure in the through-thickness direction (marked by
the red circle in Figure 4.4-a3). L-shaped patterns were formed near the edge of the
sample (indicated by black arrows in Figure 4.4-a5). L-shaped particles refer to the long
rod-like particle whose cross-section perpendicular to the growth direction is L-shaped.
A hollow-rectangular pattern (marked by the red arrow) was observed which impinged
into the equiaxed-prism structure in Figure 4.4-a5. The hollow-rectangular particles refer

to the elongated particle whose cross-section is hollow-rectangular.

The downwardly solidifying microstructure under condition B (CR=0.05 °C/s, TG= -
4°C/mm, B=0T) is shown in Figure 4.4-b. Here, multiple highly ordered L-shaped Al,Cu
were formed on the upper side of the FOV (Figure 4.4-b1), which then grew downwards,
into faceted dendritic structures with secondary arms (pointed by orange arrows in Figure
4.4-b2 and b3). Another two new dendrites with the same orientation were formed in the
middle region (marked by the red circle). Most of the primary dendrites tilted by about
40° from the vertical direction. However, in the left region of the sample, at the later stage
of solidification, a cluster of L-shaped patterns grew downwards almost parallel to the

vertical direction.
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Figure 4.4-c shows the upward growth (growth rate of 7.7+0.3 pm/s) of Al2Cu from the
experiment C (CR=0.05 °C/s, TG= 7°C/mm, B= 0T). The growth rate was calculated
based on stabilized overall growth rates of Al>Cu intermetallic compounds in the vertical
direction (see the supplementary note). Two distinctive morphologies were observed: L-
shaped (within the red circle in Figure 4.4-c5) and dendrites. The columnar faceted
dendritic patterns (e.g. marked by the black arrows) have plate-shaped primary stems and
small secondary arms with faceted planes and sharp corners. Around 11 dendrites, parallel
to each other, tilted by about 30° from the vertical direction, were found. The dendrites
observed are asymmetric. One side of the dendrite has multiple secondary branches, while

the other side is almost flat.
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4.3.1.2 Solidification under magnetic fields
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Figure 4.5 3D rendered volume of A12Cu phase at different timestamp under solidification
condition D (CR=0.05 °C5,TG= 0°C/mm and B=0.5T); (b) condition E (CR=0.02°C5,TG=
7°C/mm and B=0.5T); (c¢) condition F (CR=0.05°C%,TG= 7°C/mm and B=0.5T).
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Three more experiments were performed to study the influence of the 0.5 T magnetic
field on the morphology of Al>Cu IMCs. A static transverse magnetic field (B=0.5T) was

imposed while the sample was rotating for recording X-ray tomograms.

The formation of Al,Cu under condition D (CR=0.05 °C/s, TG= 0°C/mm, B= 0.5T) is
shown in Figure 4.5-a. The AloCu compounds appeared first at the top region of the FOV
(Figure 4.5-al), leading to the formation of a cluster of faceted dendrites Figure 4.5--a2).
The growth direction of L-shaped patterns was no longer orientated to the transverse
direction (Figure 4.5-a3), different from condition A under similar solidification

condition but without the imposed magnetic field.

Figure 4.5-b shows the upwards growth of AlCu under solidification condition E
(CR=0.02 °C/s, TG= 7°C/mm, B= 0.5T). Multiple L-shape, U shape and hollow-
rectangular patterns (Figure 4.5-b2 to 3-b3) grew almost parallel to the vertical direction
(z). The stabilized growth rate is about 3.5+0.2 um/s. No faceted dendritic patterns were
observed. The well-aligned growth of the IMCs along the vertical direction (z), which
were different from sample C, indicates the heat flow in the melt had been modulated
because of the imposition of the magnetic field. This also indicates there was no longer a
horizontal temperature distribution under condition E. Furthermore, the size of the
intermetallic of sample E (9.5 x 10° £ 650 um? in area was 20 times smaller than that of
sample C (2.07x 10° + 34000 pm?), and the primary pattern spacing was reduced. To

calculate the primary dendrite arm spacing [207], we used:

A=c

==

(1
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Where 4 is the distance between each pattern, c is the coefficient that depends on its
microstructure, 0.5 is chosen for a random array of points, and A is the selected area, and
N is the number of patterns in the selected area. The primary pattern spacing is calculated

to be 142.7 um.

The growth process of AlbCu under solidification condition F (CR=0.05 °C/s, TG=
7°C/mm, B= 0.5T) is displayed in Figure 4.5-c. Many fine L or U shape Al,Cu
intermetallic compounds grew upwards at a rate of about 9.9 + 0.1 pm/s figure 3-cl),
well-aligned along the z-direction with a slight tilt. A few non-faceted long cylinder-like
intermetallic compounds were observed as well (Figure 4.5-c5) at the later stage of the
solidification. Levelled solid/liquid front can be observed as shown in Figure 4.5-c2 and
c3. The primary pattern spacing reduced from 142.7um (sample E) to 88.4 um (sample
F), as the number of IMCs increased from 99 to 224. A spherical pore was also observed
(purple coloured in Figure 4.5-c1, c2 and c3). Due to phase-contrast effect [208], the
fringes at the edges of the pore were bright and have similar contrast as Al>Cu. The pore
was formed during the cooling process in the melt, which highly likely came from
hydrogen [209] that tended to escape from the solution and form bubbles during

solidification.
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4.3.1.3 Heat flows and the effects of the magnetic field
It is known that the heat flow has a strong influence on the growth orientations of Al,Cu
intermetallic [12]. Hence the growth direction of Al,Cu observed allows us to determine

the heat flow direction of the sample during the experiments.
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Figure 4.6 Composition distributions in six experiments.
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Under solidification condition A, B and C, the orientation of the faceted dendrites is
controlled by a heat flow resulted from the combination of vertical and horizontal
temperature gradients. For sample A, which did not apply vertical temperature gradient
but has a horizontal temperature gradient, a prism with an equiaxed shape formed,
elongated along the horizontal temperature gradient, as shown in Figure 4.6-a. There were
a few randomly oriented crystals, indicating that the heat flow is rather complicated and
non-directional. For sample B, which has a vertical temperature gradient of -4°C/mm, the
crystals grew downwards, titled about 40° from the vertical direction, as shown in Figure
4.6-b. For sample C, when applying a vertical temperature gradient of 7°C/mm, the
crystals grew upwards, tilted about 30° respecting to the vertical direction in Figure 4.6-
c. The tilted growth of crystals suggests that the heat flow deviated from the vertical
direction. Possible heat flow directions are indicated by the red arrows in Figure 4.6-b

and Figure 4.6-c for the two samples.

It is also noted that sample A, B and C were rotated. Here, we used the grey values of the
tomograms to indicate and map the composition distribution as shown in Figure 4.6 a-c.
No macro-segregation was observed, which suggests that sample rotation did not cause
solute segregation in the melt during solidification. A previous study [210] shows that
when using the accelerated crucible rotation technique to spin up the melt from static to
a high rotation speed such as 2m rad/s, the flows were stirred by produced a shearing of
the solution. In our experiments, after the sample was accelerated from static to a slower
rotation speed of w = m/5 rad/s, it was held and rotating at this speed for another 10
minutes to achieve a steady-state condition before cooling. Therefore, the accelerated

effect can be neglected.
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The temperature gradient and cooling rate between sample C (CR=0.05°C/s ,TG=
7°C/mm and B=0T) and F (CR=0.05°C/s,TG= 7°C/mm and B=0.5T) are the same. But
sample F was rotated in a magnetic field of 0.5 T during solidification, while sample C
was not. Al,Cu crystals formed in sample F were all basic unit shapes — fine, elongated
and aligned well along the vertical direction, significant different from sample C (tilted,
coarse plate-like columnar dendrites). This indicates that the heat flow direction in sample
F was along the vertical direction (indicated by the red arrow in Figure 4.6-f) and there
was no horizontal heat flow. It is likely that when rotating the melted Al-45wt%Cu in a
static transversal magnetic field, a rotational flow on the horizontal plane could have been
induced that homogenized the horizontal temperature gradient. A rotational flow or even
swirling flow has already been proven to be induced under similar conditions numerically

in our previous work [201].

The elimination of horizontal temperature gradients shows that an additional rotational
flow might be induced in the transverse plane that homogenized the temperature. The
question is what drives the flow. Our previous work [201] have shown that when rotating
the directional solidifying samples inside a magnetic field, it can cause both
electromagnetic stirring (EMS) and thermoelectric (TE) magnetic convection, both of
which can induce flows in the mushy zone and the liquid zone. The strength of EMS is
mainly determined by the sample rotation speed and magnetic field strength, both of
which are the same for samples D, E and F. Therefore, if EMS was the controlling
mechanism that drove the flow, the microstructure modification would be the same for D,
E, and F samples. However, in our experiments, the substantial refinement of Al,Cu was
only observed in sample E and F when a temperature gradient was applied, but not in

sample D. TE magnetic convection, on the other hand, is strongly related to the
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temperature gradient as TE currents=SVT (where S is the Seebeck coefficient and VT is
the temperature gradient). This indicates that TE magnetic convection might prevail in
the sample E and F as the controlling mechanism that drives the flow. This peculiar flow
might also push the solute out of the mushy zone, likely resulting in a homogenised solute
layer above the solid-liquid interface absent of segregation [201]. Li et al. [110] carried
out directional solidification experiments on Al-40wt%Cu alloys under a static transverse
magnetic field of 0.5 T (noted their samples were not rotated). They found out that an
axial macro segregation zone was formed, attributed to the TE magnetic convection [110].
Their work shows that TE magnetic convection can cause the redistribution of solutes. In
Figure 4.6-e and f, macro-segregation was absent suggesting that rotating the sample

within the 0.5 T magnetic field did not cause solute segregation.

It is less clear about what has caused the significant structure refinement. Wang et al. [22]
showed that dislocations formed in Al>Cu in directionally solidified Al-40wt%Cu under
a 12 T magnetic field. They suggested that TEMF in solid Al,Cu led to the dislocation
multiplication and dendrite fragmentation during solidification, which is the main
mechanism they proposed for the refinement of the structures. However, the effect of
solute redistribution due to the very strong magnetic field on Al,Cu refinement was not
discussed. Cai et al. [201] showed that via simulation, on an Al-Si-Cu alloy, EMS and
TEMHD combined flows in the melt can be controlled in a way to significantly refine
microstructures during direction solidification. In this study, we suspect that the stirring
flow caused by rotating the sample under a transversal magnetic field drive the solute
from the mushy region, leading to the depletion of solute there and a decrease of the
dendrite spacing. The next step would be to perform numerical simulations on

hypereutectic Al-Cu alloys as in ref [201] to determine the flow conditions.
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Experimentally, it would be necessary to develop methods to measure the magnetic field-

driven flow as well.
4.3.2 Morphologies of ApCu IMCs

From the six experiments, it can be shown that most of Al.Cu crystals have a rod-like
shape with L, U and hollow-rectangular cross-section, which we categorized as basic
units. A few crystals have faceted dendritic patterns. To further investigate the
development of these morphologies during solidification, we obtained some

representatives of the compounds, as shown from Figure 4.7 to Figure 4.16.
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4.3.3 Basic units
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Figure 4.7 (al-a7) Selected L-shaped pattern from solidification condition
B (CR=0.05°C5%,TG= -4 °C/mm and B=0T); (a8) angles between different
facets of L-shaped pattern; (b) Growth length according to its
crystallographic directions from (a8).

Figure 4.7 presents the growth of one L-shaped pattern from tyo +250s to two +370s
extracted from sample B. A small rod-like pattern (Figure 4.7-al) first appeared. Then it
grew longer and formed two branches perpendicular to each other within 10 s (and Figure
4.7-a2). The growth directions of the branches are marked by the black arrows. After

another 10 s, the rod became longer, and the branches grew thick too ( Figure 4.7-a3).
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The branches extended further in Figure 4.7-a4 and Figure 4.7-a5, forming the L-shaped

pattern. It continued to thicken at the later stage of solidification while the overall L shape

was maintained. A fin (pointed by the red arrow in Figure 4.7-a7) formed on one of the

branches, oriented perpendicular to that branch.

Table 4-2 Crystallographic properties of the main lattice planes of AbCu

Plane dnkt (nm) Al2Cu molecular Angle with
attachment <001> direction
energy x10'% ]

110 0.429 0.579 0’

020 0.303 0.803 0’

002 0.244 0.993 90°

211 0.237 0.964 29.098°

112 0.212 1.090 60.395°

130 0.192 1.133 0’

022 0.190 1.153 51.216°

The bounding facets of AlbCu intermetallic in an Al-Cu alloy are {110} planes, as these

planes require the lowest attachment energy (Table 4-2)[12,183]. Al>Cu phase also has a

strong crystalline anisotropy and a preferred growth direction along <001> [183].
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Figure 4.8 SEM image of the sectioned surface; (b) EBSD map; (c) Inversed pole figure
(IPF); (d) acquired 3D crystal orientation.

EBSD analysis of the basic unit was also performed which reveals the preferred growth
direction is <001> (Figure 4.7-a8). A sample of Al-45%Cu alloy was solidified at a
cooling rate of 0.5 °C/min without temperature gradient magnetic fields applied. The
obtained specimen was then sectioned parallel to the transverse direction of the ceramic
tube, which was ground and polished following the same steps as the previous sample.
EBSD analysis was performed by the same machine (accelerating voltage of 20 kV, a
working distance of 16.58 mm, a tilt angle of 70 ° and a step size of 1.6um in a square
scan area of 219.2 um X 811.2 um). The microstructure of the solidified sample is shown
in Figure 4.8-a, which is in the shape of U-shaped (the basic-unit). EBSD map of Al,Cu
intermetallic compounds is shown Figure 4.8-b (inversed pole figure map). The IPF and
acquired crystal orientation (Euler] = 3.7°, Euler2 = 1.1°, Euler3 =45.0° [HKL] =[001])
are presented in Figure 4.8-c and d, respectively. It reveals that the analysed surface of

the U-shaped Al>,Cu intermetallic is on plane (001).
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The angle between the adjacent facets of the bounding wall of the basic L unit patterns
was measured to be 90°+2°. This suggests that the facets are {110} of Al.Cu. Hence the
bounding planes {110} and growth direction <001> of the selected L shaped crystal can
be indexed (Figure 4.7-a8). The growth length as a function of time according to its
crystallographic direction are quantified and plotted in Figure 4.8-b. In <001> direction,
the intermetallic reached a high growth rate of 39.2 um/s in the first 20 seconds, while
the branches grew slowly at a rate of 3.0 um/s in the direction of <-110> and 1.9
um/s in the direction of <110> in the first 30 seconds. They then barely grew once the

L-shaped was formed.
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Figure 4.9 Formation process of selected (al-a5) U-shaped pattern; (b1-b5) nearly
hollow-rectangular and (c1-c5) hollow-rectangular pattern; (a6, b6 and c6) bounding
facets and growth directions of Al,Cu crystals.

The growth process of U-shaped AlLCu intermetallic compound, extracted from
experiment E is shown in Figure 4.9-a. This crystal grew to be very long, so only a part
of the crystals was cropped to show in the figures. The crystal had cuspidal growth fronts
(Figure 4.9-al and a2). The gap between the side walls became smaller due to the
thickening of the side walls Figure 4.9-a4 and Figure 4.9-a5). The bounding facets of this

crystal are also {110} planes and indexed as shown in Figure 4.9-a6.
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The growth processes of two hollow-rectangular Al,Cu IMCs are shown in Figure 4.9-b
and Figure 4.9-c. The crystals grew along <001> at a growth rate of about 3.3 um/s to
an elongated rectangular shape with a central rectangular hole The growth fronts of both
crystals were also cuspidal (Figure 4.9-b2 to b5 and Figure 4.9-c2), with bounding facets
forming an angle of 33°+£3° with the <001> growth direction (Figure 4.9-b6). The crystal
in Figure 4.9-b grew into a nearly hollow-rectangular shape but still had a gap on one of
its walls. The crystal in figure 6-c transited from an L-shaped pattern (Figure 4.9-c2) to
U-shaped (Figure 4.9-c3) and finally a hollow-rectangular structure (Figure 4.9-c5). The
closure of the gap on the wall (Figure 4.9-c3 to c5) led to the final hollow rectangular
shape. The intermetallic compounds have a higher average tip growth rate (9.9 + 0.1 pm/s)
in experiment F under the same cooling rate and temperature gradient than when the
magnetic field is absent in sample C. The average growth rate in sample E (lower cooling

rate of 0.02°C/s ) is around 3.5+0.2 um/s.
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Figure 4.10 (a) Average tip growth rates of the overall crystal array from
experiments C, E and F as a function of each growth time.
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4.3.4 Dendrites
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Figure 4.11 Selected dendrite pattern from figure 4.4-a solidification condition A
(CR=0.05°C/5,TG= 0°C/'mm and B=0T); (a) Front view of faceted equiaxed-prism
structure at different time without temperature gradient; (b) Side view of faceted
equiaxed-prism structure

Figure 4.11 shows the growth process of the equiaxed-prism Al,Cu IMC, extracted from
sample A (Figure 4.4-a). The crystal grew into equiaxed-like shape in the x-z plane
(Figure 4.11-a), whereas it grew as a prism in y-direction (Figure 4.11-b). This is different
from typical equiaxed patterns that proceed equally in all directions [211]. Here, a

rectangular-shape basic unit first appeared (Figure 4.11-b1). Then it extended along its
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four corners (Figure 4.11-a2), forming four arms around the core, three of which were
dendritic shape. The growth of the left and bottom arms was constrained (Figure 4.11-c)
due to the limited space available for growth. Only the top and right tips were able to
grow into large size as shown in Figure 4.11-a3 to a5. The meshed 3D volume of the
equiaxed-prism structure (Figure 4.11-c) shows that the angles between bounding
adjacent faceted planes are all around 90°. Different from the dendrite arms in typical
non-faceted dendrites, which form parabolic tips [5,7,8], the arm of the Al,Cu dendrite is
flat with sharp corners (Figure 4.11-c). Figure 4.11-d presents the length of the four
dendrite arms as a function of time. The length of the crystal arms increased almost
linearly in the first 70 seconds. The growth speed slows down afterwards. The bottom tip
almost stopped to grow as there was no more available space nearby. The other three arms
continued to grow and the left-arm reached a length of 500pm, while the right and top

arms have the greatest dimensions of around 750pum.

EBSD analysis was implemented to determine the crystallographic planes of the faceted
dendritic structure of one post-solidification sample which shows the tip growth planes

are {100} or {010}.
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Figure 4.12 (a) SEM image of the sectioned surface; (b) phase map; (c)
EBSD map; (d) Inversed pole figure (IPF); (e) acquired 3D crystal
orientation.

The microstructural observation was carried out by Tescan MIRA 3 SEM, equipped with
an Oxford Instruments EBSD detector controlled by the AZtec software. The EBSD data
was acquired at an accelerating voltage of 20 kV, a working distance of 15.8 mm, a tilt
angle of 70 ° and a step size of 1.6 um in a square scan area of 1270 um X 507 um. The
obtained data were interpreted by HKL Channel-5 Tango software to index the grain
orientations. The microstructure of the solidified sample is shown in Figure 4.12-a. EBSD
map of Al,Cu intermetallic compounds (including fine eutectic Al,Cu and faceted Al,Cu
dendrites) is shown in Figure 4.12--b (phase map) and Figure 4.12--c¢ (inversed pole
figure-IPF map). The IPF and acquired crystal orientation (Eulerl = 99.0°, Euler2 =
107.3°, Euler3 = 15.8°% [HKL] =[131]) are presented in Figure 4.12--d and e, respectively.

It reveals that the analysed surface of the Al,Cu is on (131) plane.
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Figure 4.13 (a) 3D volumes of the faceted dendrites (al) left side view; (a2) right side
view; (bl) calculated shape of the crystal; (b2) the measured angle between the surface
of EBSD analysis and (001) plane; (b3) the growth directions of primary and secondary
dendritic arms and its bounding planes.

After EBSD analysis, the sample was scanned by Synchrotron X-ray tomography at 112
beamline, Diamond Light Source, Oxford, to reveal the angles between the sectioned

surface and the growth orientation of the dendrites. The raw images have
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2560%2560x2150 pixels with a voxel size of 1.3um3. The 3D images were analysed by

Avizo 2020.1 (ThermoFisher Scientific, USA).

The mapped 2D Al,Cu dendrites in the SEM image (Figure 4.12-a) were part of the
secondary arms of a large dendritic structure, which were not parallel to its growth
direction. Layered basic units can also be observed (pointed by black arrows). The 3D
structures were then meshed and imported into Solidworks (Dassault Systemes, France)
to measure various interplanar angles. Based on the known crystallographic planes of the
basic units of AlCu (grow in <001> direction and bounded by {110} planes), the
bounding planes and growth direction of the layers of the dendrite were identified and

indexed as shown in Figure 4.13-al and a2.

According to KrystalShaper (JCrystalSoft), the bounding planes around (131) plane are
(110), (110), and (001) as shown in Figure 4.13-bl.Angles between the surface of EBSD
analysis ((131) plane) and these planes ((110), (110), and (001) were calculated. The
values were then compared with measured angles from the 3D dendrite structures. As
shown in Table 4-3, the differences between all the calculated and measured angles are
less than 3°. One example of the measurement is shown in Figure 4.13-b2. Additionally,
we also measured the angles between the growth plane of the primary dendrite arm and
plane (131), which is 74+2°. This is very close to the calculated angle (72.9°) between
planes (100) and (131). The measured angle between the growth plane of the secondary
arm and (131) is 26+2°, similar to the calculated angle (28.0°) between plane (010) and
(131). Therefore, for faceted Al,Cu dendritic structure, the tip growth orientation of the
layers (the basic units) is in <001> direction, which then grew layer-by-layer in the
direction of <100> or <010> to form the faceted dendritic arms, while the surfaces are

bounded by planes {110} as shown in Figure 4.13-b3.
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Table 4-3 Interplanar angles

Planes

Surface
for
EBSD
analysis

(13-1)

(001) (110) (110) Growth plane (100)
(primary arm)
Measured ~ 734+2°  31£2° 66+2° T7442° -
interplanar

angles

Calculated 68.5° 33.7° 654° - 72.9°
interplanar

angles

Growth  plane
(Secondary arm)

26+2°

(010)

28.0°
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Figure 4.14 Selected columnar dendrite from Fig. 4.4-c under solidification condition C
(CR=0.05C/s,TG =7 C/mm and B = 0T); (al-a6) Volume rendering of a single
dendrite with solidification time; (b) Transparent overlapped view of the dendrite at

t c0+270s,t cO+290s,t cO+340s,t cO+ 390 s; (c) Internal defects at t cO + 390s
front view; (d) Average and instantaneous tip growth rates of the overall crystal array
and the single dendrite of figure a.

Figure 4.14-al to a6 show the growth of a single large columnar dendrite from teo+230s
to too+340s, extracted from sample C (Figure 4.4-c). Figure 8-b shows the overlapped
images of the same dendrite at different time points. The growth started from a faceted
crystal tip (Figure 4.14-al), which grew in horizontal y-direction until it reached the
sample surface. It then extended in z-direction (Figure 4.14-a2), while secondary arms
appeared in x-direction (Figure 4.14-a3). Additionally, gaps and internal holes (which are
filled with melt during solidification) occurred at the interfaces between neighbouring
secondary arms (Figure 4.14-c, red colour). Figure 4.14-d shows the instantaneous and

average growth rates of the whole sample C (Figure 4.14-c) and the selected asymmetric
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dendrite. The positions of the dendrite tips were first measured in all tomograms. The
instantaneous growth rate is the difference of dendrite tip positions between two
consecutive tomograms divided by the time interval (10 s). The average rate is the tip
position of the dendrites divided by the total solidification time. The instantaneous tip
growth rate of the whole sample is fluctuating in a periodical manner, whereas the average
growth rate kept at around 7.7+0.3 um/s, which is because a constant temperature
gradient and cooling rate were applied. The instantaneous growth rate of the selected
dendrite is also fluctuating. The average growth rate of the dendrite increased from about
2.2 pm/s to a plateau of 7.2 um/s within 100 s, indicating that there is a change of growth
conditions locally as the dendrite grew. The average tip growth rates of Al,Cu IMC from

experiment E and F are also quantified and shown in supplementary note figure s6.
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Figure 4.15 Selected pattern from figure 4.4-b under solidification condition B
(CR=0.05°C/5,TG= -4 °C/mm and B=0T): (al-b5) showing the growth of a
symmetric and asymmetric faceted dendrites; (al-a5) front view, (b1-b5) back view;
Selected pattern from figure 2-c

The formation of a symmetric dendrite (I) and an asymmetric dendrite (II) from sample
B are shown in Figure 4.15-a (front view) and Figure 4.15-b (rear view). Dendrite |
appeared before the dendrite II. The secondary arms of the dendrite I were branching in
both directions perpendicular to the primary arm, forming a symmetric dendrite. Tertiary
arms can also be found at later stage of solidification. However, the secondary arms of
the dendrite II branched only on one side, forming an asymmetric dendrite. The formation
of asymmetric dendrites is common when two or multiple dendrites grow together and

compete for space and solute to grow. This has also been observed in non-faceted
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dendrites [7]. What is also noticeable is that it seems both dendrites were composed of
many L-shaped elongated basic units, which is clearly demonstrated in the rear view
(Figure 4.15-b). We also observed a tertiary arm grew into a new primary dendrite (Figure
4.14-c). As shown in figure Figure 4.15-c1, a secondary branch formed first (marked by
the purple arrow). Then a tertiary arm formed on the top of the secondary branch (Figure
4.15-c2 and c3), growing upwards into a well-developed asymmetric dendrite (Figure

4.15-c5).

4-119



4.3.5 Coalescence and coarsening
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Figure 4.16 (a) Formation process of a selected region; (b) faceted to non-faceted transition
of AI2Cu intermetallic compounds cluster; from figure 4.5-c under solidification condition
F (CR=0.05°C / 5,TG=7°C / mm and B=0.5T).
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The coalescing behaviours of nearby IMCs can be observed in Figure 4.16-a. As
highlighted by the red circle in Figure 4.16-al, two L-shape patterns were initially
separated. As the solidification proceeded, the walls of the two crystals coarsened and
coalesced to form a thicker single wall as shown in Figure 4.16-a2 to a6, highly likely

sharing a common crystallographic plane.

Figure 4.16-a also shows that several IMCs transformed from faceted shapes to non-
faceted rod-like structures, one of which was extracted and shown in Figure 4.16-b. Here,
the transition is related to the processes of growth and coarsening or Ostwald ripening of
Al>Cu at the later stage of solidification. A faceted L-shaped pattern was first formed,
similar to the one in figure 5. However, the concave of the L-shaped pattern, as pointed
by black arrows from Figure 4.16-b4 to b5, was further filled during the coarsening stage.

The driving force of this process is to reduce the total surface free energy [212].
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4.3.6 Growth mechanism of ALLCu

Jackson [62] proposed a model for the prediction of faceted or non-faceted morphologies

based on the interface roughness on an atomic scale as given in equation (1):

__L (1)
“=gr. ¢

where «a is the Jackson roughing factor, L is the latent heat or enthalpy of fusion, K is the
Boltzmann’s constant ( 8.31 JK 1mol™1), and Ty, is the melting temperature. & is the
orientation factor that is close to unity for the most closely packed plane[62]. The surface
of the crystal will be smooth if the a value is higher than 2 and grow into faceted structure,
while a rough interface and non-faceted structure are expected if it is smaller than 2 [213]
[62,213]. A CALPHAD method is used to calculate the melting point and the latent heat
of Al>,Cu intermetallic compounds. The calculation is performed by Thermo-Calc [46],
which gives the latent heat of 15188 J /mol and the melting point of 865K .As the faceted
structures are expected to be bounded by the slowest growing planes which are the most
closely packed, ¢ is treated as closing to unity. Jackson roughing factor for AlCu is

around 2.11.

hence faceted patterns are expected for Al,Cu. Governed by the interface attachment
kinetics, stepwise lateral growth, where the solid/liquid front advances by lateral motion
of the growth steps has been proposed to be the growth mechanism of faceted IMCs such
as Al3Sc [48] and CueSns [46] at small undercooling. Rough interfaces have been
observed from the early growth stages of Al,Cu, such as figure 5 a-1 to a-4 and in figure

6 (marked by purple rectangles), which might be evidence of lateral steps.
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According to the classic theory of crystallization, the growth of crystal proceeds due to
the attachment of atoms from the melt to the surface [45]. Recently, oriented particle
attachment via nano-precursor attachment has been proposed as an alternative pathway
for crystallization [45,78]. The reduction of total energy is the driving force for crystal
growth via oriented particle attachment [214], which comes from the interatomic
interactions in the attaching particles, as well as the surface energy of the attaching
surfaces [214]. Oriented particle attachment mechanism was proposed in ref [183] to
describe the growth mechanism of AloCu. The bonding of Al>Cu includes Al-Al and Al-
Cu covalent bonds [215], which is different from the less directional metallic bonds in a-
Al. Hence ALCu intermetallic might grow via oriented particle attachment, rather than
classic crystallization. Our work did not provide direct evidence to support this hypothesis.
This is because the resolution of the tomography (3.24 um?3 voxel size) used does not
allow us to observe the attachment of precursors which are usually in nano-size. Hence
nano-scale imaging techniques such as in situ TEM [80,216] would be a useful tool to be

applied to confirm this hypothesis.

Various final morphologies of Al,Cu (L-shaped, E-shaped, and rectangle) have already
been observed in previous studies [12,108,196]. However, the relationship and transitions
between these growth patterns have not been experimentally identified. Here, we have
shown a clear transition from an L-shaped pattern to U-shaped, and finally to a hollow-
rectangular pattern (figure 6-b and 6-c). This suggests that L-shapes and U-shapes might
be intermediate stages for AlCu growth, whereas the hollow rectangular shapes are the
final stage. The transition stages for the basic unit patterns of the Al:Cu phase is

schematically shown in Figure 4.17-a.
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Figure 4.17 (a) the schematic diagram of the formation process of basic units; (b1-
b2) Schematic diagram of self-repeating layer-by-layer growth mode of Al2Cu
phase; (cl) an equiaxed-prism structure; (c2) an asymmetric faceted dendrite; (c3)
a symmetric faceted dendrite; (c4) a faceted dendrite with a tertiary arm.

Two types of faceted dendrites were observed, namely prism-equiaxed and columnar
plate shaped. As shown in Figure 4.14, the growth of the faceted dendrites seems to be
through a self-repeated stacking of L-shaped patterns layer-by-layer. The process is
schematically shown in Figure 4.17-b. An elongated L shaped particle formed possibly
along <001> direction first due to a horizontal temperature gradient, then new L shaped
particles stacked on top of it. As the process repeated and more particles stacked layer-
by-layer, a columnar dendrite arm grew upwards. Figure 4.14 and Figure 4.15 show this
process clearly, especially in Figure 4.15-b. The fact that the concave side of the ‘L’

always stacked on the convex side indicates that the process is controlled by the
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crystallographic anisotropy of the Al,Cu crystal, which minimizes the formation energy
and occupies the least space. For the formation of the prism-equiaxed dendrite (Figure
4.11-b), an elongated rectangular-shape core (Figure 4.11-bl) formed first. L-shaped
patterns then attached on the four tips of the core layer-by-layer repeatedly, forming four
secondary arms. The final shape of the equiaxed-prism structure is also controlled by
space and solute contents available for growth. The classical growth mechanism for
dendrites formation states that a morphological instability of the planar solid-liquid
interface [4,7], resulted into tip splitting, side-branch protrusions and parabolic tips,
which is usually applied to non-faceted dendrites [7] as well as some faceted dendrites
[19]. However, this mechanism is not suitable to explain the formation of the faceted
dendritic structures of AlLCu according to our experimental observation (e.g. no
protrusions were observed during dendrite growth, the tip shape is not parabolic, and the
growth direction of the dendrite tip is not the preferred <001> direction). Self-repeated
stacking of basic units that leads to faceted dendrite formation could be widely applicable
for a range of faceted crystals, such as CusSns [46], [-AIMnBe [47] and Al3;Sc [48]. But
more experimental work and simulation are needed to further validate and confirm this

faceted dendrite formation mechanism.
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4.4 Summary

In this study, the growth dynamics and mechanisms of the faceted AlCu intermetallic

compounds were investigated using high-speed synchrotron X-ray tomography during

solidification of Al-45wt%Cu alloy. This work offers a new perspective to understand

intermetallic growth during solidification and open the windows for developing new

approaches to control, and new models to predict, intermetallic compounds for a wide

range of alloys. The following key conclusions can be made.

1.

A variety of faceted patterns were found, which can be classified into two
distinctive categories: basic unit shapes and dendrites.

The basic unit growth patterns of AloCu are elongated rod-like with an L-shaped,
U-shaped, or hollow-rectangular cross-section. A transition process from L-shape
to U-shape, and finally to hollow-rectangular shape was observed.

Faceted dendritic patterns of AlCu include equiaxed-prism and columnar
dendrites (symmetric and asymmetric). The 4D visualization of the growth
process of the faceted dendrites suggests that the growth mechanism of the Al>Cu
faceted dendrites is self-repeated layer-by-layer stacking of faceted basic units
(such as L-shaped or hollow rectangular patterns), which is different from the
interface instability induced dendrite formation.

For upward directional solidification of Al-45wt%Cu, when rotating the
solidifying sample in a transversal 0.5 T magnetic field, fine and regulated crystal
arrays were obtained, much finer than that solidified without the magnetic field.
This is attributed to a rotational stirring flow that regulated the heat flow and
homogenized the solute distribution. The morphology of faceted ALLCu was

directly influenced by the thermal profile in the sample. The applied static
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magnetic field has an indirect impact via promoting fluid flows to change the

temperature gradients while the sample was rotating.
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Chapter 5: Influences of cooling rates on the growth
mechanism of Al;Ni intermetallic compounds revealed
by 4D synchrotron X-ray tomography

5.1 Introduction

The mass of automobiles is one of the main factors that influence the vehicle’s fuel
consumption. A 100kg mass reduction can save fuel up to 10%. Therefore, lightweight
materials become popular in the automotive industry [124]. Al alloys and Mg alloys are
widely used in automotive and aerospace industries thanks to their good strength, and
corrosion resistance with low density. The combination of these two alloys can

significantly reduce the weight of automobiles.

To eliminate or reduce the Mg-Al intermetallic reaction layer [217], recently, the Ni
interlayer has been introduced in various welding techniques including diffusion bonding
[218-220], resistance spot welding [221,222], hybrid laser-friction stir welding [223] and
laser-arc-adhesive hybrid welding [224]. Less brittle intermetallics such as Al3Ni can be
formed. However, its growth behaviour and morphologies can influence the bonding
strength of the Al-Ni interface. For instance, previous studies have shown that the faceted
Al3Ni with sharp edges can reduce the fracture toughness of the Al-Ni interface, while
the AI3Ni IMCs with rough and cellular may improve it. Therefore, it is vital to investigate
the growth mechanisms of the AI3Ni IMCs with various morphologies under different

solidification conditions.

Previous studies have used in-situ X-ray radiography to reveal the growth process of
ABNi IMCs [191,225-227]. However, the formation process of the complex

morphologies of the Al;Ni IMCs such as faceted hollow-prism structure, layered-
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structure were not captured. The proposed growth mechanisms may not accurately

explain the growth behaviours, based on interpreting the results from solidified samples.

Here we have used in-situ synchrotron X-ray tomography to investigate the growth
dynamics of Al3Ni intermetallic compounds and the influences of the cooling rates
(ranging from extremely slow (0.5°C/min) to high (24°C/min)). The growth
mechanisms of AINi IMCs with different morphologies were discussed in the
combination of 4D imaging results and EBSD analysis. This work provides direct

evidence of the correlation between the cooling rates and the growth mechanisms of Al3Ni

IMC:s.
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5.2 Materials and Methods

5.2.1 Sample preparation

Cylindrical specimens with 2.0 mm diameter and 100 mm length were machined from an

Al-10wt% Ni master alloy via wire electrical discharge machining.
5.2.2 Bespoke medium temperature furnace design (MTF)

Each beamline in synchrotron facilities has its dedicated layout. For instance, the position
of the beam, the height of the rotating stage and the available spacing for integrating users’
equipment are designative in different beamlines. To perform experiments at B16,
Diamond light source, Oxford, a new bespoke medium temperature furnace (MTF) was
designed and manufactured as shown in Figure 5.1. The furnace includes three parts. A
heating core that is made from ceramics and is surrounded by resistance heating wire (80%
Nickel/ 20% Chromium alloys from OMEGA) will provide a heating source for the
samples. Thermal insulation is used to minimise heat loss. An aluminium cover case

(printed by selective laser melting) is used to assemble and integrate all parts.

Heating core

Aluminium cover

Thermal insolation

Figure 5.1 Schematic diagram of MTF
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5.2.3 Finite element analysis of the temperature distribution via
Abaqus

To ensure the surface temperature stays in a safe range (less than 40°C ) for surrounding
equipment while the central core has a high temperature to melt the sample (up to 900°C),
a heat transfer simulation is performed via Abaqus (Dassault Systemes). Table 5-1 shows

the properties of the materials used in the simulation.

Table 5-1 The properties of materials

Parts Materials Density Thermal Specific heat
(g -mm™3) conductivity
/s gt )
mm~1-°C)
Heating 80% Nickel/ 8.3E-3 12 880
core 20% Chromium
Thermal MONOLUX 9.5E-4 0.23 1003
insolation
Aluminium  Aluminium 2.7E-3 205 910
shell
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5.2.3.1 Loading and boundary conditions

Figure 5.2 loading conditions

The internal channels of the heating cores are covered by the resistance heating wires,
which are connected to a temperature controller (Control Unit CU2319 from Severn
Thermal Solutions). The surfaces that are contacted with the heating wires are pointed by
the green arrows in Figure 5.2. Three steps are considered to simulate the heating process.
First, the initial temperatures for all parts and the environment were set at room
temperature of 25°C. The heating core was then heated up by the surface heat flux in the
magnitude of 24 mW /mm? for 1800 seconds, which will be the same heating parameters
as in the experiment. Mesh element shape Quad and Technique Free is selected. A 4-
node linear heat transfer quadrilateral (DC2D4) in Family Heat Transfer is chosen. The
temperature distribution is shown in Figure 5.3. At this stage, only thermal conduction
from the heating core to the aluminium shell is considered. It shows the maximum

temperature is 893°C and the surface temperature of the outer shell is 25°C.
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Figure 5.3 Temperature distribution of MTF after heating
for 30 minutes.

In the second step, the holding period is simulated. During the experiment, samples will
be held at a constant temperature for another 600-1800 seconds to ensure the samples are
fully melting. Therefore, it is necessary to lower the surface heat flux in the simulation.
In the next step, the heating flux is modified to 21 mw/mm? for another 1800 seconds.
The modified heat distribution is shown in Figure 5.4. The central temperature is around
909°C. The surface temperature is lower than 40°C in Figure 5.5, which is safe for the
participants to change the samples during the experiment. The assembled furnace system

at B16 beamline, the Dimond Light Source is shown in Figure 5.6.
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Figure 5.4 Temperature distribution of MTF after heating for
30 minutes and holding for extra 30 minutes.

Figure 5.5 Temperature distribution of MTF higher than
40 °C.
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Figure 5.6 Assembled furnace at B16, Diamond Light Source.

During the experiment, the samples were placed in an alumina tube with an inner diameter
of 2 mm. The experiment procedure includes first heating up the specimen gradually up
to the melting temperature and holding it for 10 minutes to ensure full-temperature
homogenization. The specimen was then cooled at different cooling rates as shown in

Table 5-2 until fully solidified.
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5.2.4 Real temperature distribution

Due to the inherent structure of the heating core, the top side of the heating core has less
amount of resistance heating wires. Vertical temperature gradients cannot be avoided.
Temperature distribution around the sample was measured by using a thermal camera
(thermoIMAGER TIM 160, Micro-epsilon, USA) that has a temperature measuring range
from -20°C to 900 °C. The camera was set at the same horizon as the window of the
furnace as shown in Figure 5.7 The distance between the camera and the furnace was

adjusted until the focus was on the ceramic tube.

Figure 5.7 Temperature measurement setup.
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Figure 5.8 Temperature distribution around the sample.

Two type-N thermocouples were inserted nearby the surface of the ceramic tubes, which
were then used to calibrate the temperatures by altering the values of emissivity of the
materials in the camera system. The tips of the thermocouples are points a and b as shown
in Figure 5.8. The vertical distance between these two points is 14.8 mm. The temperature
difference is 8.6 °C. Therefore, the vertical temperature gradient around the surface of the

ceramic tube is about 0.6 °C /mm.
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5.2.5 In-situ experiments

The in-situ X-ray tomography experiments were performed at the B16 beamline at the
Diamond Light Source, Oxford. 35 keV white X-ray beam was used. High-Resolution
X-ray Microscope with a PCO4000 CCD camera was used, providing a voxel size of 1.9
pum? (experiment A) and 2.5 pm® (experiment B). During solidification, high-speed
tomographic scans were performed as the sample was continuously rotated. The

collection time of each tomogram and the number of tomograms is presented in Table 5-2.

Table 5-2 experimental conditions:

Cooling rates Voxel  Field of view  No. projections Scanning No. Scan

size speeds
Al 05°C/min  1.9um3 1350x1350 600 12s 210
Bl 3°C/min  2.5um® 1600x1600 1000 20s 50
A2 12°C/min  1.9um3 1350x1350 600 12s 30
B2 24°C/min  2.5um® 1600x1600 1000 10s 50

5.2.6 SEM characterization and EBSD analysis

Solidified samples Al (0.5°C/min) and A2 ( 12°C/min) were analysed by using
EBSD. The solidified samples were then sectioned and ground using SiC papers in the
sequences of #1200, #2500, and #4000 on Struers Labopol-5. The samples were then
polished using ‘MD-Dac’ cloth (Struers) with 3 pm liquid diamond suspension and finally
using ‘MD-chem’ cloth with 0.04pm OPU (colloidal silica suspension). The parameters

were tested successfully in polishing Al,Cu IMCs in ref [228] .
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The microstructural observations were carried out by Tescan MIRA 3 SEM, equipped
with an Oxford Instruments EBSD detector controlled by the Aztec software. The
parameters are shown in Table 5-3. Crystal orientations of AI3Ni IMCs were indexed by

using HKL Channel-5 Tango software.

Table 5-3 Parameters for EBSD analysis:

Working distance (um)  Step size (um) Scan area (um?)
Al 15.441 4.0 452 x 56
A2 16.085 2.5 295 x 477.5
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5.2.7 Lab-based CT scanning of solidified samples

After EBSD analysis, the sample was scanned by using a lab-based CT (SkyScan2211,
Bruker), to reveal the angles between the sectioned surface and the preferred growth
orientation of the Al3Ni crystals. The raw images have 4032x 4032 X2361 pixels with a
voxel size of 3.2 um3 for sample Al, which were then cropped into a sub-volume of
515% 451 x905 pixels. The 3D images were analysed by Avizo 2021.2 (ThermoFisher

Scientific, USA). The parameters of the CT scan are shown in Table 5-4.

Table 5-4 Scanning parameters of the Lab-based CT

Source of voltage 110 kV
Current 200 pA
CCD Filter 0.5 mm Al
Voxel size 3.2um

5.2.8 Tomographic data processing

The collected tomograms from B16, Diamond Light Source were reconstructed using the
Savu package [118,173]. 3D anisotropic diffusion was applied to reduce the noise [33],

followed by image segmentation using Avizo 2021.2 (Thermo Fisher, US) [190].

5-140



5.3 Results and discussion
5.3.1 Overall microstructural evolution
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Figure 5.9 Growth process of AI3Ni IMC under different cooling rates of (a)
0.5°Cs; (b) 3°C; (€)12°Cr; (d)24°Css.
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Figure 5.9 presents the growth process of Al3Ni intermetallic compounds under four
different cooling rates, ranging from a very slow cooling rate of 0.5°C/min and up to a
fat cooling rate of 24°C/min. The light blue cylinder is the shape of the sample. Figure
5.9-a shows the 3D morphologies of Al3Ni IMCs under a slow cooling rate of 0.5°C/min.
The tomographic images were captured every 12 seconds. The intermetallic compounds
first nucleated and grew on the oxidized surface of the sample [190]. After 264 seconds
in Figure 5.9 -a2, the second intermetallic compound appeared in the field of view with a
needle-like tip, which grew downwards with a slightly tilted angle. One of the reasons
that the IMCs grew towards the bottom of the sample is perhaps due to the temperature
inhomogeneity of the furnace. A vertical temperature gradient exists as verified from both
numerical simulation in Figure 5.4-a and real temperature distribution measurement in
Figure 5.5. The vertical temperature gradient next the surface of the ceramic tube is
around 0.6 °C /mm. Lower temperature exists at the top region of the sample before and
during solidification. Two more intermetallic compounds nucleated at the surface of the
sample (circled in red) and then coalesced into a single dendrite from Figure 5.9 -a6 to

a7. Finally, large trucks of faceted dendrites were formed.

In Figure 5.9-b, the cooling rate was increased from 0.5 to 3°C/min. Faceted IMCs also
nucleated and grew from both the top regions and side walls of the sample. The increased
cooling rate has promoted the nucleation of IMCs. The total number of IMCs increased
from 4 to 49. Rhomboid structures were observed at the bottom of the sample, such
morphology was reported in refs [137,225] whereas faceted dendrites can be observed at
the top of the field of view. Different to typical dendrites that have parabolic tips, the

growth tips of both faceted dendrites and rhomboid structures clearly show V-shaped.
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By further increasing the cooling rate to 12 °C/min and 24 °C/min. A peculiar
morphology is observed in Figure 5.9-c and d. Rod-like IMCs first appeared in the field
of view, which then grew rapidly towards to bottom of the sample. Instead of forming
large, faceted dendrites under the slow cooling rate. Protrusions are formed at the side
plane of the primary stem (pointed by the red arrow), which then became multiple parallel
branches (secondary). Finally, fine tertiary branches are formed from the secondary
branch, forming a thin zigzag layered structure. Three main morphologies of Al3Ni IMCs
are categorized from the experiments including rhomboid, faceted dendrites, and zigzag

layered structures. Representatives of each morphology are shown in the next sections.
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5.3.2 Individual patterns

5.3.2.1 EBSD and CT of AI3Ni IMCs from sample Al and A2.

X-ray tomographic analysis can inform us the growth orientation of crystals if the
bounding planes and interplanar angles of the crystal morphology can be easily identified
as demonstrated in AlizFes [190]. In this work, Al3Ni formed complicated morphologies
as shown in Figure 5.9, making it difficult to identify its preferred growth direction. A
combined EBSD, and X-ray tomography approach developed in a previous work on
AI2Cu was adopted [228]. Solidified samples from the synchrotron experiments were
sectioned and EBSD was used to determine the orientation of the exposed plane of the
Al3Ni crystals. The sectioned specimens were scanned afterwards with lab-based CT
scanner to obtain the 3D morphology of the AI3Ni crystals. The EBSD image was

matched with the 3D CT images.

EBSD maps of one region of the A1(0.5°C/min) and A2(120.5°C/min) sample are shown
in Figure 5.10-a and b, respectively. AI3Ni IMCs has an orthogonal crystal structure (a =
0.6598nm, b = 0.7352nm, ¢ = 0.4801nm) [137]. One AIzNi IMC with dendritic shape is
captured. Figure 5.10-a present the acquired crystal orientation of the faceted dendritic
Al3Ni (Euler]l = 62.1°, Euler2 = 88.2°, Euler3 = 50.3°; [HKL] = [652]). It reveals that the
analysed surface of the Al3Ni is on the (652) plane. Similarly, the IPF and acquired crystal
orientation of the zigzag-layered structure of AI3Ni is shown in Figure 5.10-b (Eulerl =
62.1°, Euler2 = 88.2°, Euler3 = 50.3° [HKL] = [430]). The analysed surface of the Al3Ni

is on the (430) plane.
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Figure 5.10 EBSD analysis of solidified sample Al(a) and A2 (b).

However, as the EBSD analysis is based on a 2D section from a complicated 3D dendritic
structure, results from EBSD cannot accurately determine the preferable growth
orientation of the faceted dendrites. The sectioned sample was then removed from
Bakelite and scanned by a lab-based CT. The full 3D structure of the solidified faceted
dendrite and zigzag-layered structure are shown in Figure 5.11. We were able to identify
the dendrite and the sectioned plane, and then match the EBSD map onto the plane. It
shows that the sectioned surface for the EBSD of the Al3Ni dendrites was not parallel to
its growth direction. As shown in literature, Al3Ni crystals grow in <010> direction and
bounded by {101} planes [14,106,108,229-232]. The angle between the sectioned
surface and the preferable growth direction (red arrow) was found to be 138°+ 2°. The
angle between the sectioned surface and the preferable growth plane (perpendicular to

red arrow) was found to be 48°+ 2°. The angle between the (652) plane and plane (010)
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or (010) is 124° or 56°, which shows that the preferable growth direction is highly likely
in the direction of <010>. The calculated interplanar angle of plane (101) and (101) is
72°, which is consistent with the measured interplanar angle 734+2° in Figure 5.11-a. Based
on this, we were able to identify and index the bounding planes (101). By using the same
method to analysis sample A2, it confirmed that the multiple parallel branches of Al3Ni
share the same crystallographic orientation. The measured angles between the interplane
of the faceted structure are around 74°, indicating the bounding planes are also{101}. The
measured angle between the preferred growth direction (in black arrow) of the zigzag-
layered structure and the sectioned EBSD plane is 40°+ 2°. The measured angle between
the preferred growth plane (perpendicular to the black arrow) and the sectioned EBSD
plane is 50°+ 2°. The calculated interplanar between (430) and (010) is 56°. Therefore,
the preferred growth orientation is found to be <010> directions as shown in Figure 5.11-

b.
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Figure 5.11 CT of faceted dendrite in the solidified sample Al: (al) front view;
(a2) back view; (a3) enlarged view. CT of zigzag-layered structure in the solidified
sample A2: (bl) front view; (b2) side view.
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5.3.2.2 Stage I- hollow rhomboid
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Figure 5.12 Growth process of faceted dendrite under 0.5°C/s at stage I.

By the particle tracking method developed at [190], a single-faceted Al3Ni dendrite was
extracted from the forest of Al3Ni crystals in sample A1 (CR =0.5°C/min ), which clearly
shows a two stage growth process (Stage [-Figure 5.12, showing the formation of a hollow
rhomboid structure, whereas stage II — Figure 5.13, showing the growth of the dendrite).
In the beginning, a small tip with two side walls was formed in Figure 5.12-al. The inter-
planer angles between the side walls are in the range of 74° to 76 °. In the cross-section

area viewed from the top, it has a V-shape. A third wall appeared in the field of view in
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the next 12 seconds in Figure 5.12-a2, which has inclined solid/liquid interface as
indicated by the red dash lines. The same growth behaviour was also observed in the
fourth sidewalls from Figure 5.12-a4 to a5. Once all side walls were fully grown, a central

hole was formed.

In stage I, the average tip growth speed in the direction of <010> was 6.5 pm/s in the
first 12 seconds, which then decreased to 3.1 um/s in 96 seconds. Finally, it has a stable
average growth rate of around 1.5 pm/s until reaching the surface of the sample. In the
direction of {101}, the average growth speeds are much slower. For side A, the average
growth rate is reduced from 0.8 pm/s to 0.3 um/s in 420 seconds, while it was reduced
from 0.7 um/s to 0.2 pm/s for side B. Two more sharp tips were formed at the edge of
the side walls, which grew upwards until reaching the surface of the sample. Its cross-

section area has a rhombus shape with a central hole.

The growth mechanism of faceted hollow rhomboid AlzNi IMCs was considered based
on the classic Burton-Cabrera-Frank (BCF) theory [137,191], in which the crystal grows
along the screw-dislocation line and is governed by the step-growth mechanism. The
hollow core was developed perhaps because the strain energy exceeds the surface energy
required to create a new face [137,191]. In BCF theory, the crystal continues to grow
perpetually ‘up a spiral staircase’[58]. However, from our results, the crystal starts to
grow from a rod-like tip in the direction of <010> at the rate of 3.1 wm/s, which then
branches in the direction of <101> at a slower rate of 0.2-0.3 pm/s. Such growth
behaviour is significantly different to spiral growth in that crystal grows along a

dislocation core.
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Furthermore, holes due to dislocation were observed in nano-materials at the scale of
nano-metres [233,234]. In Al3Ni IMCs, the diameter of the central hole is up to a few
hundred micrometres in Figure 5.12-a. The required surface energy to create a new inner
surface with a diameter of hundreds of micrometres is highly unlikely to be overcome by
the dislocation strain energy from the nanoscale. The origin of the hole is more likely due
to the anisotropic growth of different planes. The anisotropic growth rate and direction
are related to its atomic structures, and covalent bonding [235,236]. The size of the hollow
rhomboid can be influenced by the available solute and cooling rate. New tips were
observed during the growth of the sidewall pointed by blue arrows in Figure 5.12, perhaps
due to the local temperature fluctuation at the solid/liquid interface that promotes their

growth velocities. Such growth behaviour was also observed in Al>Cu basic units [237].
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5.3.2.3 Stage II-faceted dendrite
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Figure 5.13 Growth process of a faceted dendrite under 0.5°C/s at stage II.

Once the front tips reached the surface of the sample, stage Il is initiated. The IMCs begin
to grow in the diagonal directions of the thomboid shape. Here they are named as the
secondary growth directions. The secondary growth directions are orthogonal to each
other. According to its crystallographic relationship, the secondary growth is in the
directions of <100> and <001>. New layers (the basic unit in V-shaped) were formed on
the side planes in the direction of <100> and <001> layer-by-layer. Finally, a faceted
dendrite with a central hole was formed. The diagonal direction A of the bounding plane
with the smaller inter-planer angle (74°) is in the direction of <100>, the other diagonal
direction B is in <001>. The average growth speed in <100> direction is 0.43 pym/s
which is almost as double in the other direction 0.21pm/s in 1032 seconds. Various final
morphologies of AI3Ni (V-shaped, hollow rhomboid and faceted dendrite) have already
been observed in previous studies from CT of solidified sample or in-situ radiography
[14,191,225]. However, the relationship and transitions between these growth patterns

have not been experimentally identified. Here, a clear transition from a V-shaped pattern

5-151



to hollow-rhomboid, and finally to a faceted dendrites is observed. This suggests that V-

shaped and hollow-rhomboid might be intermediate stages for AI3Ni growth.
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5.3.2.4 Zigzag-layered structure
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Figure 5.14 Growth process of zigzag layered AI3Ni intermetallic compounds at the

cooling rates of 12°C/min (a); and 24°C/min (b) front view; (c) side view; (d1) enlarged

side view of (a7); (d2) enlarged side view of (c4).
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Figure 5.14-a shows the chosen representative of Al3Ni IMCs at a high cooling rate of 12
°C/min. New morphologies and growth behaviours were observed. Rod-like patterns
were first presented in the selected field of view, which grow towards the bottom of the
sample as shown in Figure 5.14-al (in the direction of the red arrows) which formed the
primary stem. Protrusions can already be found at the left side of the stem in Figure 5.14-
a2 and the protrusions grew into secondary arms (in the direction of the orange arrows)
in Figure 5.14-a3. Later, new protrusions forms on the side plane of the secondary arm,
which then grew into the tertiary arms (in green arrows). Finally, by repeating the same
protrusion formation and branching behaviours, a zigzag layered structure is formed. The
direction of the branches (3™ and 5™ branching) either share almost the same growth
orientation as the main stem in the direction of <010> or they form an obtuse angle in the

range of 9°-14° (2" and 4" branching) with the growth direction of the main stem (<010>).

Figure 5.14-b presents the growth process of the zigzag-layered structure at the cooling
rate of 24 °C/min. Two rod-like patterns appeared in the selected field of view, which
grow towards the bottom of the sample. Different to Figure 5.14-a2 that protrusions only
form on one side of the main stem, in Figure 5.14-b2, protrusions formed in both side of
the primary stem. At the left side of the stem, branches grew towards the bottom of the
sample (in the direction of orange arrows), while at the other side of the stem, they grew
towards the opposite direction forming multiple parallel branches as the secondary arms
sample (in the direction of yellow arrows). The angles between the main stem and the
secondary arms are in the range of 14° - 18°. By self-repeating the same growth
behaviours, a zigzag layered structure was formed. This morphology has been reported

in ref [108,137] via 2D in situ radiography.
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5.3.3 Influence of cooling rates on Alz;Ni IMCs
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Figure 5.15 3D structures AlsNi IMCs under different cooling rates.

Under the slow cooling rates of 0.5°C/min and 3°C/min , the morphology of Al3Ni
IMCs is mainly influenced by their crystal structure and thermodynamic properties [63].
Under sufficient time, it first grew into basic units with a V-shape or hollow-rhombus
shape with a preferred growth orientation of <010> and bounding planes of {101}. It then
grows layer-by-layer in the direction of <100> and <001> to form a faceted dendrite. This
growth mechanism of the faceted dendrites has been observed and proposed in faceted
ADCu dendrites [228]. At high cooling rates, Al3Ni IMCs started with a long stem with a
rod-like shape in a preferred growth direction of <010>. Some of the tips of the stem are
in a V-shape, which shows a similar growth mode to the basic unit but with a much thinner
sidewall. Different to layer-by-layer growth mode the faceted dendrites, and protrusions
were formed at the edge of the sidewalls. Jackson’s factor for AlzNi is 2.1 [238]
suggesting it is close to the transition between an atomically smooth (faceted) and rough

(non-faceted) interface. Increasing the cooling rate, it can trigger interface or kinetic
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roughening [46,239]. High cooling rates can influence the process of heat removal from
the front of the solidified structure. It can also reduce the time for the solute to redistribute
ahead of the solid/liquid interface resulting in large solute undercooling [63]. For instance,
Bdcherud [240,241] studied the undercooling of Al-Cu binary alloys under different
cooling rates. It shows the undercooling has been increased from 1 K to almost 5 K in Al-
5wt%Cu alloys by increasing the cooling rate from around 0.3 to 4.8 K/s. The increased
undercooling can result in an unstable interface. Interface instability was observed in
Al3Sc and AlgMn IMCs under high cooling rates and non-faceted dendrites were formed
[156,242]. This promotes the formation of protrusions on the existing structure and
subsequently grows towards the solute-rich regions to form multiple well-aligned
secondary arms. The edges of the secondary arms can also be the initiation sites of the
protrusions, which results in ternary arms. By repeating the same growth behaviour, a
zigzag layered structure is formed. The tips of the zig-zag structure are in the shapes of
both faceted (V-shaped) and non-faceted in Figure 5.14-d1. Under the high cooling rates,
no holes or only small holes were observed in the main stem of the zigzag layered
structures as expected, because the formation of the central hole was considered due to
the anisotropic growth in <010> and <101> directions during stage I (the formation of
hollow rhomboid structures). Under the high cooling rate, the time was perhaps not
sufficient for the basic units (V-shaped) to grow into faceted rhomboid shapes, thus a
central hole was not observed. Non-faceted tips were also observed under the high
cooling rates in Figure 5.14-d. It suggests the solid/liquid interface undergoes kinetic
roughing that governed by diffusion and curvature as the driving force is increased

[46,243].
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Figure 5.16 Specific surface area as a function of temperature under
different cooling rates.

The specific surface areas (surface areas divided by volumes) of the IMCs under different
cooling rates were quantified as shown in Figure 5.16. Each sample has the largest
specific surface area at the beginning of the crystal growth. It is then reduced rapidly until
reaching a steady-state during the growth process [54]. During solidification, the specific
surface area can be increased when new nucleation occurs as pointed out by black arrows
in Figure 5.16. Sample Al (CR = 0.5 °C/min) has the lowest specific area of 0.0478
um™at the steady state with large trunk of faceted dendritic structures. By increasing the
cooling rate from 0.5 °C/min to 3 °C/min, around 680°C, the specific surface area was

increased to 0.109 um™!

, as the number of IMCs was increased from 4 to 49. In this
sample (A2), we have observed mostly hollow-rhombus and faceted dendritic structures.

With further increased cooling rates in sample A2 (CR = 12 °C/min) and B2 (CR = 24

°C/min), higher specific surface areas of 0.124 ym~1 and 0.187 um~! were achieved,
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respectively. The morphologies of Al3Ni IMCs were changed from faceted dendrites to

zigzag-layered structures. The growth mechanisms were altered from self-repeated layer-

by-layer growth mode to zig-zag branching.

5.4 Summary

High-speed synchrotron X-ray tomography has been used to investigate the growth

dynamics of AI3Ni IMCs and the influences of cooling rates on the morphologies of Al3Ni

IMCs. The growth mechanisms of the Al3Ni IMCs with various morphologies have been

studied. The following key points can be made:

A bespoke medium temperature furnace (MTF) was designed, simulated, and
made for the in-situ synchrotron X-ray tomographic experiments at beamline B16,
Diamond Light Source.

Four samples were solidified under different cooling rates from 0.5°C/min up to
24°C/min. Under slowing cooling rates of 0.5°C/min and 3°C/min, V-shaped,
hollow-rhomboid and faceted dendrites were observed. Zigzag-layered structures
were observed under high cooling rate of 12°C/min and 24°C/min.

The V-shaped and hollow rhomboid structure are the intermediate stage of the
faceted AI3Ni IMCs, which can continue to grow into faceted dendritic structures.
The anisotropic tip growth rates in the direction <010> and <101> can be the
cause of central holes in hollow-rhomboid or faceted dendrites.

Layer-by-layer growth mechanism that was observed in faceted Al,Cu dendrites
is still applicable to the faceted AlsNi dendrites with different preferable growth

directions and bounding planes.
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The zigzag branching growth mechanism was proposed to be the growth of a
zigzag layered structure of Al3Ni IMCs at high cooling rates of 12°C/min and
24°C/min.

By increasing the cooling rate from 0.5°C/min up to 24°C/min, the morphology
of the IMCs has been changed from faceted dendrite to zigzag-layered structures
while the specific surface area has been increased from 0.0478 um~1to 0.187

um™1,
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6.1 Introduction

Compared with the primary aluminium production from bauxite core, secondary
aluminium ingots produced from recycled aluminium scrap, including end-of-life
automotive and used beverage cans, can save up to 95% of the energy [244]. However,
impurities such as Iron and Silicon accumulate during the recycling process [245]. Iron
is expensive to remove. Further, iron has a very low solid solubility (max 0.05 wt%) in
aluminium [246] and can form hard and brittle Fe-rich intermetallic compounds (IMCs)
such as Al13Fes[10,247] and B-AlsFeSi [248]. Their morphologies, sizes and distribution,
if not controlled, can negatively impact alloy castability [130] and reduce the final
component’s mechanical and corrosion properties [132,249]. IMCs in aluminium alloys
can be controlled by both their crystal structures and solidification conditions such as
cooling rates, temperature gradients and external fields (e.g. mechanical shearing,

ultrasonic processing, or magnetic stirring) [89,237,250-252].

Synchrotron X-ray radiography has been widely used to reveal the growth process of
various IMCs in Al alloys during solidification, for instance, a-Al(FeMnCr)Si in Al-Si-
Cu alloys [31] and AlizFes in Al-3%Fe alloys [10,11]. Recently, high-speed synchrotron
X-ray tomography has been developed allowing us to unravel the microstructures in 4D
(3D plus time) [7,13,30,134,190,253], and the approach was applied to study Fe-rich
intermetallics in Al alloys. Terzi et al. [30] reported the growth of irregular a-Al/B-
AlsFeSi eutectic. Cai et al. [13] studied the coupled growth of primary a-Al and
secondary B-phase in W319 alloy, which found that the growth rates and sizes of B-phase
were restricted by the available inter-primary dendritic space. Puncreobutr et al. [134]
illustrated the secondary B-phase has great effects on blocking liquid flows and decreasing

the permeability of the semi-solid Al-Si-Cu alloys. Cao et al. [253] have revealed the
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growth process of the primary Fe-rich IMCs with and without a weak magnetic field

(0.07 T) of Al-Si-Fe alloy.

Magnetic fields have been widely used in altering the fluid flows during solidification
processes [110,142,201,254-256], making use of physical effects including
electromagnetic damping [257,258], electromagnetic stirring [23,259] and thermoelectric
magnetohydrodynamic [199,260]. Previous studies showed that when applying a rotating
magnetic field, both the temperature and solute distribution can be homogenized during
solidification, leading to structure refinement of the primary o-Al phase [114,201].
However, several questions remain unanswered. In Al-Si-Cu based alloys, as the B-
intermetallic is the secondary phase following the primary a-Al phase [13], will the
growth behaviours of B-IMCs be influenced by the application of magnetic fields? Will
the modified morphologies of the solidification microstructure influence the permeability
in the mushy zone? In view of these questions, the present study aims to reveal the growth
dynamics of both the primary a-Al phase and secondary B-IMC during solidification of
W319 (Al-Si-Cu based) alloys under a constant transversal magnetic field of 0.5 T while
the sample is rotating via high-speed synchrotron tomography. Then we calculated the
absolute permeability of the solidified structures using image-based simulation with and
without the presence of the P-intermetallic compounds under different solidification
conditions. The results can be used to validate simulation models, especially the growth
behaviours of secondary IMCs during the casting of aluminium alloys. It also
demonstrates that a magnetic field can be used to control the distribution of iron-rich

intermetallics.
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6.2 Materials and Methods

The Al-Si-Cu alloy W319 (Al-5.50Si1-3.40Cu-0.87Fe-0.27Mg, in weight per cent) was
provided by Ford Motor Company. The alloy is frequently used such as in engine blocks
and cylinder heads [261]. Cylindrical specimens with diameters of 1.8 mm and lengths of
100 mm were cut via wire electrical discharge machining. Each sample was placed into
an alumina tube with a 2 mm inner diameter and 3 mm outer diameter. A bespoke
temperature gradient furnace (MagDS) [13,166] was used to perform the solidification
experiment. MagDS furnace consists of a small bespoke temperature gradient stage and
amagnet yoke, which was used to control the solidification conditions (cooling rates (CR),
temperature gradients (TG) and the strength of the magnetic field (B)). Two experiments
were performed. In the first experiment, the sample was heated up until melting. The
specimen was then held at the melting state for 20 minutes before it was cooled at a
constant rate (CR) of 0.1°C/s until fully solidified [201]. A temperature gradient (TG)
2.5°C/mm was applied to the specimen (the top part was set at a higher temperature). In
the second experiment, the magnet yoke was installed to the furnace, which was able to
produce a transverse magnetic field of B = 0.5T. The solidification experiment was
carried out using the same heating and cooling conditions. Thereby, solidification
condition I is B=0 T, CR = 0.1°C/s, TG=2.5°C/mm, whereas solidification condition
IIis B=0.5T, CR =0.1°C/s, TG=2.5°C/mm. In both conditions, the samples were

rotating continuously during cooling for tomography.

The in situ solidification experiment was performed at ID19 beamline of the European
Synchrotron Radiation Facility (ESRF), with a 31 keV pink X-ray beam [116]. A high-

resolution high-speed detector (PCO.dimax) was used, achieving a pixel size of 2.2 pum,
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and a field of view (FOV) of 2.2 x 2.2 mm?. During solidification, rapid tomographic
images were acquired when the sample was rotating at a speed of « (rad/s) continuously.
Each tomogram required a collection time of 1 second and was composed of 1000
projections (radiography), collected over 180°. Another 15 seconds of waiting time were

consumed for downloading the tomograms between two consecutive scans.

For absorption contrast-based synchrotron X-ray tomography, the phases with higher
density (higher absorption coefficients) have higher grey values [27,119], allowing the
distributions of density/composition before and during solidification to be mapped. Using
this concept, 2D vertical slices with an artificial colour map based on 16-bit unit images
were ploted. In this work, the regions with low attenuation values are shown in blue and
green (e.g. in Fig.1-a), which normally mean a higher concentration of light elements
such as Al and Si in this experiment. Conversely, yellow to red regions should contain

heavier elements such as Fe and Cu, which strongly attenuate the X-rays.

Avizo 2020.1 (Thermo Fisher, U.S.) was used to segment and quantify the phases and
perform the absolute permeability simulation. For the primary a-Al phase, 3D anisotropic
diffusion was chosen to reduce the noises [33], followed by the function of interactive
thresholding whose values were based on the Ostu method implemented in ImagelJ [206].
To segment the secondary B-AlsFeSi IMCs, 3D anisotropic diffusion and morphological

Laplacian filters were employed.
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Figure 6.1 shows the 2D images at sequences

of image processing, including a raw image

(a), after de-noising (b) and after the thresholding process(c). Figure 6.1-d plots the

distribution of grey values between the liquid and a-Al phase, indicating a good contrast

difference. After de-noising, the contrast between the two phases is more diverse as

presented in Figure 6.1-¢. Finally, the thresholding values that are based on Otsu's method

from ImageJ were chosen. The a-Al phase was effectively segmented (Figure 6.1-c).
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Figure 6.1 Image processing of a-Al phase in W319 alloys (a) raw image (b) denoised
image; (c) segmented a-Al phase; (d) Gray values of the region crossed by the red line
in figure s1-a; (e) Gray values of the region crossed by the red line in b.
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Figure 6.2 demonstrates the 2D images at sequences of image processing. There are three
main steps. Figure 6.2-a shows the raw image, which was then de-noised as shown in
Figure 6.2 -b. B-phase intermetallic compounds present in bright needle shapes in 2D.
The edges of the needle shapes were detected by using the Morphological Laplacian
module in Figure 6.2 -c. A good contrast difference between the B-phase and the other
regions was achieved. Finally, the intermetallic compounds were segmented (Figure 6.2
-d). In calculating the volume fraction of B-IMCs, we have altered the segmentation
values ( £ 10 from the target value) between Figure 6.2 -c and Figure 6.2 -d. The volume
fraction of B-IMCs under the magnetic field at T =272 seconds is in the range of 0.0228-
0.246. Its calculated volume fraction is 0.238 based on the target value. Therefore, an

uncertainty of £0.001 is considered.

500 um SUD um

Figure 6.2 Image processing of B-phase in W319 alloys (a) raw image
(b) denoised image; (c) detected edges by using Morphological
Laplacian module; (d) segmented B-phase.
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Absolute permeability was calculated by solving the Stokes equations as shown below

using the Avizo XlabSuite Extension toolbox [262].

V.V, =0 6-1

6-2

Il
ol

HLVZVL - VPL

Where VL is the velocity of the fluid, p;, is the dynamic viscosity of the fluid, V.is the

divergence operator, V is the gradient operator, V? is the Laplacian operator and P is

the pressure of the fluid.

8 groups of tomographic data from each experiment were chosen. Sub-volumes of 882X
882x 882 um? from the botton centre of the FOV were cropped out for the simulation.
Inlet flow along the vertical direction provided the permeability of fluid to flow parallel
to the primary dendritic arms as the dendrites were aligned with the vertical direction of
the samples. The flow simulations were set with the input pressure of 1.3 bar and the
output pressure of atmospheric pressure by default. The fluid viscosity was set to be

0.001 Pa.s [134,248].
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6.3 Results and discussion
6.3.1 a-Al phase
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Figure 6.3 (a) 2D vertical slices of a-Al phase at different timestamps (B= 0T, TG=
2.5 °C/mm, CR= 0.1°C5%); (b1-b4) 3D volumes of a-Al phase at different
timestamps; (b5) a horizontal slice at the height of 1.1mm.

Figure 6.3 shows the growth process of the primary a-Al phase without a magnetic field
in the first 80 seconds. Figure 6.3-al is the slice captured 16 seconds before the dendrites
were observed within the FOV. The periphery of the sample shows higher image contrast,
indicating heavier elements were driven to the periphery to form the macro-segregation
zone, possibly due to the centripetal force resulting from the sample rotation during the
holding period (20 minutes). As a positive vertical temperature gradient (TG)
of 2.5°C/mm was applied during cooling (a lower temperature at the bottom of the FOV),

columnar dendrites appeared at the bottom of the FOV and grew upwards. The dendrites
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grew from the left side of the sample first (Figure 6.3-a2 and Figure 6.3-b1). 16 seconds
later, a few more dendrites appeared on the bottom right side. These dendrites then
branched toward the centre region of the FOV (Figure 6.3-a3 and b2). Well-developed
large dendritic trunks with both secondary and tertiary arms formed after 80 s (Figure 6.3-
a5 and Figure 6.3-b4). As shown in Figure 6.3-a5, there is a large region (27.8% cross-
section area fraction based on Figure 6.3-b5) free of dendrite in the middle of the sample,
resulting in a very uneven, concave solid-liquid interface and macro-segregation of Cu,
reducing the solidification temperature in this region. The angle between the solid/liquid

interface and the horizontal direction is around 70°.

During solidification, solute elements such as Cu, Fe and Si would be ejected into the
melt. Due to the gravity effect [166], heavy elements (Cu and Fe) accumulated in the free
space in the middle and bottom of the sample, leading to a macro-segregation zone that
shows in yellow and red (high grey values) in Figure 6.3-a5. This solute accumulation
restricted dendrites from growing into this region, as observed in Figure 6.3-a3 and Figure
6.3-b2, leading to the formation of a curved solid/liquid interface. This curved interface
became more severe as more Cu and Fe atoms are ejected into the central region of the
sample (Figure 6.3-a4 and a5). The secondary arms of existing dendrites branch into this
zone at the later stage of solidification after the temperature has decreased further,

forming well-developed dendritic structures (Figure 6.3-b4 and b5).
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Figure 6.4 (a) 2D vertical slices of a-Al phase at different timestamps (B=
0.5T, TG=2.5°C / mm, CR=0.1°C / s); (b1-b4) 3D volumes of a-Al phase at
different timestamps; (b5) a horizontal slice at height of 1.1mm.

For solidification condition II with the application of a transversal 0.5 T magnetic field,
Cu and Fe elements were shown to be concentrated at the bottom centre of the FOV before
solidification (Figure 6.4--al, red circle). This segregation was eased, as solidification
progressed (Figure 6.4-a2 to a4). The solid/liquid interface (black dashed line) was
initially a curved one (Figure 6.4-a2) but gradually transitioned to be flat within 64 s as
the solidification continued. Multiple dendrites were formed peripherally as shown in
Figure 6.4-b1l. They grew upwards slightly tilted from the vertical direction. For the
dendrites formed around the surface of the sample, their growth orientation was tilted in
the range of 0°-20° from the vertical direction. However, the dendrites in the central zone

tend to grow in a clockwise direction with tilted angles ranging from 30° to 40°. This
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might be due to the re-distribution of the solute from the macro-segregation zone to the
outer layers of the sample, forming a small horizontal solute/temperature gradient. The
combination of vertical and horizontal temperature gradients promotes dendrites to grow

upwards with tilted angles.

The horizontal cross-sections (Figure 6.3-b5 and Figure 6.3-b5) show a significant
difference in dendrite sizes formed between the two different solidification conditions.

Quantification of the primary dendritic arm spacing can be obtained by equation 6-3

[207]:

6-3

Where c is 0.5 for a random array of points, A is the cross-section area, which is 4.54
mm? (Figure 6.3-b5) and 4.72 mm? (Figure 6.4-b5), respectively; n is the number of
dendrites, which are 6 (Figure 6.3-b5) and 60 (Figure 6.4-b5) for the two conditions.
Therefore, the primary dendrite arm spacing (PDAS) solidified without and with a

magnetic field is 435 pm and 140 pm, respectively.
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6.3.2 B-AlSFeSi IMCs

Soum

Figure 6.5 (a) 2D vertical slices of f -phase at different timestamps (B= 0T, TG=
2.5°C/mm, CR= 0.1 °C’%); (b) 3D volumes of B-phase at different timestamps; Cropped
region (882x 882x 882 um?) from figure 2-a at different timestamps.

Figure 6.5-a shows the growth process of the B-AlsFeSi IMCs at different timestamps
under solidification condition L. ta1 is the time when B-AlsFeSi IMCs first appeared in the
FOV. The bright and thin-plate structure in Figure 6.5-a2 is B-AlsFeSi, which is the
secondary phase after the primary a-Al phase formed in W319 alloys [13]. The light grey
regions between the primary a-Al dendrites are liquid, whereas the dark grey is the a-Al
phase. 3D volume rendering of IMCs after segmentation is shown in Fig.3-b and video 3
at each corresponding time. The plate-shaped IMCs nucleated and grew first within the
bottom of the FOV in Figure 6.5-al and Figure 6.5-bl. More IMCs nucleated at the top

region (from Figure 6.5-b2 to b4) at the later stage of the solidification. A small volume
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(882x 882x 882 um?) was cropped out at the bottom of the FOV (red square in Figure
6.5-al) to provide better visualization of IMCs, as presented in Figure 6.6. The IMCs (in
red) nucleated at the inter-dendritic space of primary a-Al phases (in green). B-AlsFeSi
has very high lateral growth rates and low thickening rates, leading to impingement at the
later stage of solidification. It also shows that the intermetallic compounds grew within
the available spacing between the arms of the dendrites. Figure 6.6-b presents the 3D
volume of B-AlsFeSi while the primary a-Al phase is transparent. The IMCs grew
vertically towards the direction of the applied temperature gradient. Few IMCs grew

horizontally.

Figure 6.6 (¢) 3D volumes (d) 3D volume with transparent a-Al phase.
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Tb1+0s Tb1+16s Tb1+48s Tb1+96s

300pm

Figure 6.7 (a) 2D vertical slices of B-phase at different timestamps (B= 0.5T, TG=
2.5°C/mm, CR= 0.1°Cs%s); (b) 3D volumes of B-phase at different timestamps; Cropped
region(882x 882x 882 um?) from figure 3-a at different timestamps.

2D vertical slices and 3D rendered volumes of B-AlsFeSi at different timestamps under
the magnetic field (solidification condition II) are shown in Figure 6.7. tp; is the time
when B-AlsFeSi IMCs first appeared in the FOV. Under the magnetic field, IMCs also
nucleated at the bottom of the FOV and grew upwards (from Figure 6.7-b1 to Figure 6.7-
b4). A small region was also cropped with the same volume as Figure 6.6-c for clearer

visualisation, shown in Figure 6.8. Most of the IMCs grew vertically.
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Figure 6.8 (¢) 3D volumes (d) 3D volume with transparent a-Al phase.
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Figure 6.9 (a) Growth orientations of B-phase (al) without magnetic
field at tal+96s; (a2) with magnetic field at tb1+96s.
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The growth orientation of IMCs was quantified based on the principal component analysis
[13]. The angle 6 was defined as the difference between the through-thickness direction
of the plate-let intermetallics and the vertical direction of the sample (schematic diagram
is shown in Figure 6.9-a, the z-axis is the vertical direction of the sample). Without the
magnetic field, the growth orientation of B-AlsFeSi shows a preference towards the
vertical direction of the sample (65% of the IMCs grew in between 60° and 90° in Figure
6.9-al). The preferable growth direction towards the temperature gradient can be further
influenced under a higher temperature gradient of 10°C/mm in ref [13]. When the
magnetic field is on, higher percentage of B-AlsFeSi IMCs (around 79%) grew between
60° to 90° in Figure 6.9-a2. These indicate that the application of magnetic field might

affect the growth orientation of IMCs.
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Volume fraction

The volume fractions of B-phase versus time are plotted in Figure 6.10. Without the
magnetic field, the volume fraction of the [B-phase gradually increased during
solidification, with an average growth rate of about 0.7% per second. In 272s, the volume
fractions of B-phase achieved 1.9 % which is consistent with a previous study [13]. The
volume fraction of IMCs during solidification with the magnetic field grew at a rate of

about 0.88% per second, slightly higher than the sample solidified without a magnetic
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Figure 6.10 Overall volume fraction as a function of time

field. The volume fraction increased to 2.4% in 272s.
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Figure 6.11 Volume fraction of B-phase at different height
when (a) B=0T; (b) B=0.5T.
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Under the magnetic field, we noticed, in Figure 6.5-b4, that the number of IMCs which
grew at the bottom region of the FOV is lower than that at the top. We then quantified the
volume fractions of the IMCs at the bottom (0-0.554mm) and the top (1.662-2.216mm)
of the FOV as a function of time, as shown in Figure 6.11-a and b. Figure 6.11-a presents
that the average growth rates of the IMCs of the bottom and top regions are very close
(about 0.0020% per second and 0.0018% per second, respectively). However, with the
application of the magnetic field, the average growth rate (the tendency of the curves) of
IMCs at the bottom region is 0.0013% per second, much slower than that at the top
(0.0024% per second). The top region achieved a higher volume fraction (0.64%) than
the bottom one (0.34%). The gradient volume distribution of the B-phase formed along
the vertical direction of the FOV, suggesting the concentration of the Fe element might
be higher at the top region than at the bottom. This behaviour is different from the sample

solidified without the application of the magnetic field.
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6.3.3 Permeability estimation
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Figure 6.12 Simulated absolute permeability as a
function of the solid volume fraction.

Figure 6.12 presents the simulated absolute permeabilities of the semi-solid W319 alloys
during solidification without and with the magnetic field, based on solving the Stokes
equations. Without the magnetic field, the solid volume fraction of a-Al dendrites
increased from 39.6% to 41.6% within the chosen 8 tomographic scans. The absolute
permeabilities reduced from 77.6 pm? to 41.6 um?. The permeability decreased
monotonically with the increase of solid volume fraction of a-Al dendrites as expected.
The permeabilities are significantly lower in the presence of intermetallics. At a solid
volume fraction of a-Al dendrites of 41.6%, the absolute permeability was reduced by
34% from 41.6 pm? to 27.3um? by the intermetallics. As the intermetallics nucleate and
grow at the inter-dendritic spacing [13,30,263], they can block the liquid flow through

the channels.
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Under the magnetic field, the permeability shows the same tendency. It was decreased
from 63.6um? to 32.5um? while the solid volume fraction increased from 36.5% to
41.2%. Permeabilities loss due to the presence of intermetallics also occurred. At a solid
volume fraction of a-Al dendrites of 41.2%, the absolute permeability due to IMCs was

reduced from 32.5 um? to 25.6 um?.

However, at the same solid volume fraction of a-Al phase around 40.6% without and with
magnetic field, the permeability has decreased from 60.5 pm? to 36.0 um?. The
permeability is not only monotonically related to volume fraction but can also be
influenced by the inter-dendrite-arm spacing. Under the magnetic field, much finer
dendrites were formed, resulting in narrower liquid channels. This can block melt to flow
through the solidified structures, leading to poorer absolute permeability. Under the
magnetic field, the fine dendritic structure of the a-Al phase has a higher negative impact
than the blocking effect from the intermetallics, on the reduction of the absolute

permeability.
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6.3.4 Discussion
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Figure 6.13 Schematic diagram of the solidification process (a) without a transverse
magnetic field; (b) under a transverse magnetic field while the sample was rotating.

Figure 6.13 shows the schematic diagram of the solidification process under both
conditions without and with the magnetic field. The presence of a magnetic field has
changed the morphologies of the primary a-Al phase from coarse to fine dendritic

structures. The distribution of the B-AlsFeSi IMCs was also altered.

Under solidification condition I without the magnetic field, initially, the primary a-Al
was formed near the surface of the sample (Figure 6.13-al). Solute elements such as Cu,
Fe and Si were ejected into the melt. Due to the gravity effect, heavy elements such as Cu
and Fe settled down to the bottom of the FOV, forming a macro-segregation zone, which

retards the upwards growth of the primary a-Al into this region. Therefore, a concavely
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curved solid/liquid interface was formed. The curved interface due to solute accumulation
has been observed in Al-Cu alloys [264] by examining the solidified sample. In-situ X-
ray radiography has been used by A. Bogno et al. [265] to reveal the initial transient of
the solid/liquid interface due to solute segregation. The primary dendrite arms continued
to grow upwards, while the secondary arms branched into the central region during
cooling. The macro-segregation became more serious, which is because more Cu and Fe
were ejected and accumulated into this region during solidification. The solid/liquid
interface becomes more concave in Figure 6.13-a2. As the solidification process
proceeded, the secondary B-IMCs started to nucleate and grew at the inter-dendritic
spacing of the primary a-Al dendrites in Figure 6.13-a3. The size of the secondary f-
IMCs is constrained by the available spacing [13]. Its growth orientation is strongly

controlled by the temperature gradient.

Under the magnetic field, initially, during solidification, the segregated heavy elements
of Cu and Fe also accumulated at the centre region of the sample to form a curved
solid/liquid interface in Figure 6.4-a2 and schematically shown in Figure 6.13-b1l. A
rotating magnetic field can induce a strong azimuthal flow that came from the convection
damping effect [111,266]). Similarly, the sample is rotating under a transverse magnetic
field. During solidification, the liquid flow was impeded due to the convection damping
effect, while the solid a-Al dendrites are still rotating at angular velocity of n/s. Due to
the speed difference between the liquid and solid part (a-Al dendrite), a rotational flow
can be generated (in the red circle) in the mushy zone (Figure 6.13-bl) in the direction

of rotation.

Furthermore, due to the different electrical conductivities of the primary a-Al phase and

the melt, current loops at the solid/liquid interface can be generated as shown in Figure
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6.13-b1 (in green), which is known as the Seebeck effect [198,199,253]. The interaction
between the Seebeck current loops and the rotating magnetic field can induce Lorenz
forces acting on both dendrites and the melt in the mushy zone. This can produce
meridional flow ahead of the solid/liquid interface [267]. The changed interface from
tilted to flat in Al-Cu alloys under a transverse magnetic field was observed by Wang et
al.[268] by using in-situ radiography, and a corresponding 3D simulation was also
performed to confirm the changed interface was attributed to the induced thermoelectric
magnetohydrodynamic flows(TEMHD) [269]. In their work, the sample was static,
TEMHD alone was attributed to being the main mechanism for changing the solid/liquid
interface. In our experiment, the sample was rotating. The combination of these two
forces from the convection damping effect and TEMHD might homogenise the
temperature distribution via mixing of the solute [201] and ease the macro-segregation,
which allows more primary dendrites to grow into this region (Figure 6.13-b2). The

solid/liquid interface transformed from curved to flat during solidification.

As a result of these combined magnetohydrodynamic effects, the number of dendrites
was increased, and PDAS was reduced. Smaller PDAS led to narrower liquid channels,
which can reduce the absolute permeability [134]. The refined primary dendrites led to
the growth orientation of the IMCs towards the vertical direction of the sample. Finally,
segregated solute was pushed above the solidified structures in Figure 6.13-b3. This leads
to a higher solute concentration at the top region of the sample, which promotes more -
AlsFeSi IMCs to form at the top region, resulting in a gradient volume distribution of
IMCs [267]. This study demonstrates that applying a static magnetic field to a rotating
sample can not only successfully reduce the PDAS but also alter the distribution of the

AlsFeSi IMCs. It provides a cost-effective method for controlling or eliminating the iron-
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rich intermetallic in recycled aluminium alloys and thus improving mechanical properties

and corrosion resistance.

6.4 Summary

High-speed synchrotron X-ray tomography has been used to reveal the growth dynamic

of both the primary a-Al phase and secondary B-AlsFeSi IMCs in W319 alloys

directionally solidified without and with a magnetic field. This work reveals that the

application of a transverse magnetic field during solidification processes can effectively

change the morphology of the primary a-Al phase and subsequently alter the distribution

of the secondary B-AlsFeSi IMCs. The following conclusions can be drawn from this

study:

1.

Without the magnetic field, a high concentration of heavy elements such as Cu
and Fe at the periphery of the sample was revealed by mapping the solute
distribution. Under the magnetic field, the peripheral macro-segregation was
removed. Concavely curved solid/liquid interfaces were observed in the initial
stage of solidification under both conditions. However, it was transferred from a
curved to flat solid/liquid interface when the magnetic field is on.

Without the magnetic field, the primary a-Al phase has coarse and well-developed
dendritic structures with large primary dendritic arm spacing of 434.9 um. Under
the magnetic field, the primary a-Al phase becomes fine dendritic structures with

smaller dendritic arm spacing of 140.2 um.

. Absolute permeabilities were simulated based on tomographic data. It shows the

presence of B-AlsFeSi IMCs can reduce the absolute permeability of the semi-

solid structure by blocking flows in both solidification conditions. However,
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under the magnetic field, fine dendritic structures have a negative influence on
reducing the permeability due to narrower liquid channels.

. Without a magnetic field, the volume fraction and growth rate of B-AlsFeSi IMCs
have almost the same values in different regions of the sample. However, under
the magnetic field, at the top region of the sample, the B-AlsFeSi IMCs have

higher growth rates and volume fractions than the bottom.
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Chapter 7: Conclusions and future work

7.1 Conclusions

In-situ synchrotron X-ray tomography has been used to investigate the growth dynamics
and mechanisms of intermetallic compounds in four types of aluminium alloys (Al-
Swt%Fe, Al-45wt%Cu, Al-10wt%Ni and W319 alloys) under various solidification

conditions. The investigation can be summarized as follows:

1. The growth dynamics of faceted AlizFes intermetallic compounds were revealed,
which grew into various morphology including plate-like, hexagonal tabular, stair-like
and V-shaped under a slow cooling rate of 0.1°C/min. Crystal structure and twinning of
the particle can cause variation in morphologies. The growth velocities and volume
changes of each representative morphology were quantified, which provide experimental
data to verify the simulation results of faceted IMCs. Oriented particle attachment was
proposed to be a potential hypothesis, to describe the faceted growth of AlisFes IMCs and
its internal defect formation.

2. Under slow cooling rates, AloCu IMCs are identified including basic units and
faceted dendrites. The basic units include various IMCs that are elongated with different
cross-section shapes such as L-shaped, U-shaped, or even hollow-rectangular. The
growth process of the basic units was revealed from the 4D tomographic results. The
morphologies of the basic units were related to their solidification time. For example, L-
shaped and U-shaped IMCs were the intermediate stage, while the hollow-rectangular
was the final stage. Layer-by-layer growth mode was proposed to be the main growth

mechanism of the faceted dendrite structure. Imposition of the magnetic field of 0.5T

7-187



while the sample was rotating, fine and regulated IMCs were observed, which is much
smaller than the sample without the magnetic field. A rotational stirring flow that was
induced by the magnetic field can regulate and homogenize the temperature and solute
distribution.

3. Four samples of Al-10wt%Ni were solidified under different cooling rates from
0.5°C/min up to 24°C/min. Under slowing cooling rates of 0.5°C/min and 3°C/min,
V-shaped, hollow-rhomboid and faceted dendrites were observed. Zigzag-layered
structures were observed under a high cooling rate of 12°C/min and 24°C/min. Faceted
dendritic patterns AlsNi IMCs include different shapes in the cross-section area (V-
shaped and hollow- rhomboid). The V-shaped and hollow rhomboid structures are the
intermediate stage of the faceted AI3Ni IMCs, which can continue to grow into faceted
dendritic structures. The anisotropic growth rates in the direction <010> and <101> can
be the cause of central holes in hollow-rhomboid or faceted dendrites. The Layer-by-layer
growth mechanism is still applicable to the faceted AlzNi dendrites with a preferable
growth direction of <010> and bounding planes of {101}. The zigzag-layered branching
growth mechanism was proposed to be the growth of a zigzag-layered structure of Al3Ni
IMCs at high cooling rates of 12°C/min and 24°C/min. By increasing the cooling rate
from 0.5°C/min to 24°C/min, the morphology of the IMCs has been changed from
faceted dendrite to zigzag-layered structures while the specific surface area has been
increased from 0.0478 um~'to 0.187 um™1.

4. In W319 alloys, without the magnetic field, a high concentration of heavy
elements such as Cu and Fe at the periphery of the sample was revealed by mapping the
solute distribution. Under the magnetic field, the peripheral macro-segregation was

removed. Concavely curved solid/liquid interfaces were observed in the initial stage of
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solidification under both conditions. However, it was transferred from a curved to flat
solid/liquid interface when the magnetic field is on. Without the magnetic field, the
primary a-Al phase has coarse and well-developed dendritic structures with large primary
dendritic arm spacing of 434.9 pm. Under the magnetic field, the primary a-Al phase
becomes fine dendritic structures with smaller dendritic arm spacing of 140.2 pum.
Absolute permeabilities were simulated based on tomographic data. It shows the presence
of B-AlsFeSi IMCs can reduce the absolute permeability of the semi-solid structure by
blocking flows in both solidification conditions. However, under the magnetic field, fine
dendritic structures have a negative influence on reducing permeability due to narrower
liquid channels. Without a magnetic field, the volume fraction and growth rate of (-
AlsFeSi IMCs have almost the same values in different regions of the sample. However,
under the magnetic field, at the top region of the sample, the f-AlsFeSi IMCs have higher
growth rates and volume fractions than the bottom.

5. Under slow cooling rates, two categories of both AlbCu and AIzNi IMCs are
identified including basic units and faceted dendrites. The basic units of Al,Cu IMCs
include various IMCs that are elongated with different cross-section shapes such as L-
shaped, U-shaped, or even hollow-rectangular. The transition process from L-shape to U-
shape, and finally to a hollow-rectangular shape was observed. The Al3Ni IMCs have V-
shaped or hollow rhomboid cross-sections. The transition from V-shaped to hollow-
rhomboid shape was observed. Due to the difference in crystal structure and preferable
growth orientation of AlCu and AIzNi IMC:s, its basic units have different cross-section
shapes.

6. Faceted dendritic patterns of Al,Cu and Al3Ni IMCs include different shapes in

the cross-section area (hollow-rectangular for AlCu and hollow-rhombus for Al3Ni
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IMCs). The 4D visualization of the formation of both types of faceted dendrites suggests
that the self-repeated layer-by-layer stacking of faceted basic units (such as L-shaped in
Al>Cu IMCs or V-shaped in AI3Ni IMCs) is the growth mechanism.

7. When rotating the solidifying sample in a transversal 0.5 T magnetic field in both
Al-45wt% alloys and W319 (Al-Si-Cu based alloys), fine and regulated crystals were
observed. The combination of two forces from the convection damping effect and induced
thermoelectric magnetohydrodynamic flows (TEMHD) might homogenise the

temperature and solute distribution via mixing of the melt.
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7.2 Future work

In this PhD project, the growth dynamics, and mechanisms of four types of IMCs are
quantified and revealed by using in-situ synchrotron X-ray tomography under different
cooling conditions. Experimental studies of the influence of magnetic field in
solidification in terms of their morphologies, primary dendrite arm spacing and solute
distribution in the melt were also performed. However, further investigations are

recommended as follows:

1. In-situ X-ray nanotomography [270] or transmission electron microscopy (TEM)
[78,81,271,272] is recommended to investigate the formation process of faceted
intermetallic compounds, aiming to discover the evidence of the non-classical crystal
growth such as oriented particle attachment and to acquire its process on a nanoscale.

2. To further investigate how the magnetic field influences the fluid flows during
solidification, it is recommended to perform in-situ radiography experiments to reveal the
high resolution of solute distribution during magnetic field-assisted solidification. 3D
numerical simulations from COMSOL Multiphysics are recommended to reveal the
magnetic field-induced convection in the melt [22,104].

3. It is suggested to extend the applications of the magnetic fields from directional
solidification to welding and additive manufacturing. For instance, the magnetic fields
can be coupled with the welding process [273], to study the influence of the magnetic
field on the morphologies of IMCs at the bonding interface and correlate to its mechanical
properties. It can also combine additive manufacturing with in-situ X-ray radiography or
tomography [274,275] to study how the melting pool is altered during additive

manufacturing by the use of the magnetic field.
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