Soli di fircati onm i B
| nt er met al |l 1 ¢ C
AL mi niAulmoy s

A thesis submittetb Brunel Universityfor

the degree oboctor of Philosophy

Yipeng Zhou

BCAST (Brunel Centre for Advanced Solidification Technology)
Brunel University, Uxbridge, UB8 3PH
United Kingdom

February, 2018



Supervision: Professor Zhongyun Fan



Abstract

The ndustrial use of recycled alumium is greatly limited bythe degraded
mechaical propertiesdue to theincreasedimpurities. Fe one of the commm
impurity contentin Al alloys, is difficult to eliminate ace ntroduced mto
aluminium during primary prodution or recyclng processs Due to the lowsolid
solubility of Fe n Al, the formatim of Ferich intermetalliccompounds FeIMCSs) is
inevitable, which is pe of the man causes forthe deterioratiom of mechaical
properties in various cast Al alloys. h order to obtan desirable mechecal
propertes of recycledAl alloys, modification and refinement of the Fe-IMCs are
urgently requiredasthe compact ad refined morphologes of suchintermetallics are
generally non detrimentdb Al alloyd s p encd. ldowexer, maipulating the
solidification behaviour of thé=e-IMCs phasesincluding nucleation and growth,is
very challenging because of thenherently more difficult heterogeeousnucleatian
of theFe-IMCs compaedwith that of a pure metal or a sokolution; and the strong
growth anisotropyLimited understading on mechaisms ofnucleation andgrowth

of themulticompment Fe-IMCsis available m the literature

The aim of this study is to gaia deegr understading on the heterogeneous
nucleation and growth behaviour oFe-IMCs in variousAl alloys. The nucleation
and growth of both primary and eutectic-lIMCs have been investigatatliring
various solidification conditions includinga number of differentooling rate and
casting temperatuse Basel on the experimental results of the solidification of
several ternary and quaternary alloys, eftéd¥ig on the solidfication behaviour of
FeIMCs wasinvestigatedFurther thesurface modified TiB particles were used to
enhance the heterogeneous natten of FeIMCs in order to refine thé&eIMCs

particles.

The dominant FMC in AI-5Mg-2Si1.2Fe0.7Mn alloy is identified using
transmission electron microscopy (TEM) s -AlEEMnSi with a body centred cubic

(BCC) lattice structure and lattice parameter of 1.25@nrthe current alloy system,

the nucleation of primar{}AlIFeMnSioccur at | ower cooling
required nucleation undercooling is reachesthe slower cooling rée allows longer

diffusion timefor the soluteo form a stablaucleation embryowhencasting with



20K super heat, t he -AFeMn8i inoréase graduaftya fro;m U
24898 £M87(K/s) t0 2517 BeN3( 0. 02K/ s) andlFeMmSe si ze
eutecticincreased gradually frorh02.& m87(K/s) t0623.Z m ( 0. 02Re/ s ) . T
and Mn con c-AReMnSa appears to ieduaeith the increagd cooling

ratedueto the relatively insufficient solute supply when solute concentration is low
(1.2wt.% Fe and @wt.% Mn).Mi cr ostructure observation

pl ane, e s<p &toir d lelny a tpretered growtso rtiheent ati on of
pri maAlyFeMn&sul ting in r hoBndT fce udtoedtetciach e d
Al FeMnSi , prefer 9r it mdAiykFie MimSadditionotmthe t h e

substantial nucleation undercoolingethesearch revealed that the nucleation of
pr i maAlFgMnSJ also rey on the local solute concentration atite solute
diffusion. Compaedwi t-Al U t he ¢\FawWnSi Isless sensitlve to the
cooling rate changedue to the complexitiei® multi-components interaction and

different diffusionefficiency of different elements.

The additiom of Mg to Al-1.2Fe0.7Mn and Al-2Si1.2Fe0.7Mn alloyswas found to
lead toa morphology chage of FeIMCs. Alg(Fe,Mn), the predommant Fe-IMC in
the Al-1.2Fe0.7Mn-xMg alloy, changedfrom needle morphologyo intercanected
lamellar morphology wheMg compositionincreased fron®.004wt.%to 6.04wt%.
A Mg-rich layerat about5-20nm in thicknesswas commonlyobserved o the Fe-
IMC/ 48l interface i the alloys withMg content The eutecticlamellar spacig for
Alg(Fe,Mn) increases from 1#.3x mto 4.5+0.8 mwhen Mg content increade
from 0.004wt.% to 6.04wt.%n the case otFA | § F en);vithe predomiant Fe-
IMC in Al-2Si1.2Fe0.7Mn-yMg alloys, its lamellar spacing ofthe eutectic
increasd from 1.4+0.& mto 3.25:0.8 mwhen Mg increasedfrom 0.04wt.% to
5.41wt.%.0wing to thestrang anisotropy ofthe Fe-IMC crystals, the segregatiof
solute Mg on prefered growth orientation is higher causng greater growth
restricticn on this orietation. Consequetly, the growth velocity o other

orientations becomeselativelymore sigificant.

To optimisethe morphology of FéMCs in Al alloys a nTo-B(lee) grain |

refiner for FeIMCs ha been developed enhane the heterogeneous nucleation of
FeIMCs. The addition of the novel grain refiner to an5Mg-2Si1.2Fe0.7Mn

alloy urder controlled solidificatiorronditionresultsin a considerable refinement of

the primary FAMCsfrom2 5 17 BeRN30110.94 5e & and fM3&mm127. 3



to 76.3\18.2 mat cooling rates of 0.02K/@nd 0.15K/s respectively TEM
investigatios on the refiner reveal a Faich adsorption monolayer in a zigzag
fashion on the prismatic planes on ti@ide particles. This surface modificatios
beneficial for the heterogeneous nucleation of théMrés. Further investigationfo
the Al alloy with this grain refiner addition revealed that there existed specific
orientation relationships (ORs) between Fa@hd FelIMCs: (001)[020h e, // (11-
20)[10-10]riB,, and (001)[1204I,Fe, 6 . O 5-20)[(0-11FriB,; (0-11)[100FAIFeMnsS:

// (0001)F2110FiB,, and (0-11)[111]pAIFemnsi“ 4 . 5 ¢  ( A@T8,1Thge Fe&
adsorption on substrate partictee observed ORs between 7i&d FelMCs, and

t he r ef i ne meAReMn&ifwithghe additeonr of mddified TiB provide
evidence of structure templating and casiion templating required by

heterogeneous nucleation of-Fé¢Cs.

This researclhas deliveredontribution to theunderstandingndnew approaclior

optimizing the morphology of FéMCs in the Fe-containingAl alloys. Using the
slowcooling rate ( O0 . 1,5 K/hse) f or mat i o PAIFeMnSN paa bet prin
considerably encouragellvVith a lower casting temperature, the size and volume

fraction of large Chinese ¢ r i-AFeMn&i can be significantly reducedVith

addition of reasonabl&lg content themorphology of FAMC can be modified.
Particularly, with the addition of the ATi-B(Fe) grain refiner in weltontrolled

condi tion, AlRedInSipaan tvea significadtly refined. Thusdyy
implementing these approachgsthe optimized FelIMC morpholoy in the
microstructureof Fe-containing Al alloy is able to offer promisingmechanical

performance
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Nommec | at ur e

A list of symbols is give with a brief descriptio

Symbol
1-Al

a, G

Kjax %

r~ ()

L;

Definition and Units

U-Aluminium phase

Solute cantent in theliquid and the solid, respectively

Heat capacity of the melt (J/¢K))

Chemical compositio (wt.%)

Diffusion coefficient (m?/s)

Meangrans i ze ( € m)

Diameter ofnucleation substrate (m)

Calculated latticenisfit (%)

Solid volume fractia

Liquid volume fractio

Gibbs free mergy chage (J/mol; J/m)

Gibbs free rergy chage per mole (J/mol; Jfn

Gibbs free rergy chage for homogeeousnucleatia (J/mol; J/ni)
Gibbs free rergy chage for heterogeeousnucleatian (J/mol; J/nf)

Volumetric free eergy chage betwer solid liquid phases at th
sample temperature (J/mol; Jjm

Volumetric entropy change for phase trsformation (J/mol; J/nf)
Alloy dependent constant

Equilibrium solutedistribution coefficient

Boltzmannd s nstanb

Liquid melt

Liquid melt before théinary eutecti¢ransformation

Liquid melt before AdsFey

Vi
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E=SIIN

JEu
1a

Im

Liquid melt before AdFeSi

Liquid melt before théernary eutectitransformatian
Latent heat of fusia (J/mol; J/nf)

Slope of liquidus he (K/wt.%)

Nucleatng substrates

Number desity of particles

Growth restriction factor

Area Ratio (%)

Nucl eus radius (&m)
Critical nucl eus radius (& m)
Volumetric entropy of fusion (J/mol; J/m)

A factor in terms of the wetting angle (°)

Cooling rate (K/s)

Undercooling (°C)

Critical undercooling in epitaxial nucleation model (°C)
Maximum nucleation undercooling (°C)
Heterogeneous nucleatiomdercooling (°C)
Undercooling required for achieng the state of free grow{RC)
Primary eutectic temperature (°C)

Liquidus temperature

Growth temperature (°C)

Nucleation starting temperature (°C)

Recalescence startitgmperature (°C)

Secondary dendrite arspachg (€ m)
Eutecticlamellarspacing( € m)

Minimum eutecticlamellarspacng ( € m)

Maximum eutectidamellarspacing( € m)

Vil



4 Vector; or growth rate (specified in content)

R Rat i o fuhdsewidth (J/mol; J/m)

% Specific surface energy (J/mol; $)m

v Interfacial energy between liquid and vapour phases (J/mai) J/rr
s/ Interfacial energy between solid and liquid phases (J/mof) J/m
lsv Interfacial energy between solid and vapphases (J/mol; Jfn

Z Half thickness of the Cu wedge mould

[afs/dT] Slope of the solid fractioversus temperature curve

W GibbsThomson parameter (K/m)

— Wetting angle; or angle at three phase junction (specified in con
n Parameteof interface positionor diameter (specified in content)
Abbreviations

CALPHAD CALculation of PHAse Diagram

CA Cooling in Air

CF Cooling in Fumace

DE Deep Etchig

FeIMC Ferich Intermetallic Compond

GRF Growth Restrictio Factor

HAADF High Angle Annular Dark Field

MQ Steel mould Melt Queh

MTB Modified TiB; particles

PS Pseudomorphic Solid

SDAS Secadary Dendrite Arm Spaaig

TP-1 Standard Test Procedure for alumum alloy gran refiners
TQ (Quartz) Tube water Queh

viii
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Figure 4.11 Two setsof measured cooling curves and its first derivatives of Al
5Mg-2S+1.2Fe0 . 7Mn al |l oy <cast at 730eC into a
13mm thermal insulation. T1 is right in the centre of the mould, both horizontally
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from the centre. The recalescence and growth temperatures for binary eutectic
transformation for T1 are indicated with arrows and marked gsad Tg,
respectively. The first and second major eutectic transfoom points are indicated

by arrows and marked on the derivative curve of Tl ag and Teu
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Figure 5.3 Microstructure of the cross section of -IPFsamples cast with superheat
ranging 50K70K showing the effect of Mg content on grain structure ofL Fe
0.7Mn alloy with (a) 0.004wt.%, (c) 1.3wt.%, 3.2wt.% and (e) 6.0wt.% of Mg, and
Al-2Si1.2Fe0.7Mn alby with (b) 0.01wt.%, (d)1.3wt.%, (f) 3.1wt.% and 5.4wt.%
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Figure 5.4 Microstructure of the cross section of -IFsamples cast with superheat
ranging 50k70K showing the effect of Mg content on SDAS of-JARFe0.7Mn
alloy with (a) 0.004wt.%, (c) 1.3wt.%, 3.2wt.% and (e) 6.0wt.% of Mg, aréSH
1.2Fe0.7Mn alloy with (b) 0.01wt.%, (d)1.3wt.%, (f) 3.1wt.% and 5.4wt.% of Mg.
Doubleline arrows and singiene arrows in (d) indicate the primary dendrite arms
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Figure 55Pol ari zed 1 i ght eAb dendoteslin Al@bie.2Fe gr a p h
0.7Mn-3.2Mg alloy showing the dendrite arms coarsening mechanisms of three
potential mechanisms including competitivewgtio, coalescence and ripeniagl30

Figure 5.6 Optical microscopy images showing the microstructure ofl Tdample

of Al-1.2Fe0.7Mn alloy with (a) 0.004wt.% Mg (inserted micrograph showing the
morphology of FAMC eutectic at higher magnification), (b) WB8% Mg, 3.2wt.%

Mg and 6.0wt.% Mg addition. Dark grey phase shows a stoichiometry@¥eAlMn)
examined with SEM/ EDS-Al matnixdCodrdereed eliteatidkk ar e
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Figure 5.7 SEM micrographs showing the 3D morphology ok@e,Mn) in deep
etched TP1 samples of AlL.2Fe0.7Mn alloy with (a) 0.004wt.%, (b) 1.3wt.%, (c)
3.2wt.% (inserted micrograph showing the morphology of(A¢,Mn) from
longitudinal direction of the eutectic) arfd) 6.0wt.% Mg addition. Single solid
arrows indicate the preferred growth orientation, whilst the desidied dash line
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arrows indicate the interconnection orientation. The observation towards preferred
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Figure 5.8 SEM micrographs showing the 3D morphology of (a)likd Alg(Fe,Mn)
(b) rodlike Alg(Fe,Mn) with attached branches on crgsstion and (c) rodlke
Alg(Fe,Mn) with attached branches on longitudinal direction inl RIFe0.7Mn-
3.2Mg alloy with CA (0.8K/s) condition; (d) optical micrograph showing both
parallelogrammatic and brancheds;(®&e,Mn) (characterized with SEM/EDS). Solid
arrows alongside of AlFe,Mn) rod indicate its preferred growth orientatéon 133

Figure 5.9 Optical micdoscopy images at the same magnification showing the
microstructure of TRL sample of Al2Si1.2Fe0.7Mn alloy with (a) 0.01wt.% Mg
(inserted micrograph showing the morphology of-IFEC eutectic at higher
magnification), (b) 1.3wt.% Mg, 3.1wt.% Mg and 5% Mg addition. Light grey
phase shows a stoichiometry of;Affe,MnkSi examined with SEM/EDS, and the
dar k aAle ama iFelsSi, MgSi  aAlF&MgSi phases are indicated
with solid arrows respectively. Dadine arrows i'and 29 indicate the primary and
secondary | ame lAIFeMnSi, adspeaively. eCoarsened dutectic

////////////

Figure 510SEM mi crographs showi fAlFeMn3imdeBgD mor p
etched TPL samples of ARSi1.2Fe0.7Mn alloy with (a) 0.01wt.%, (b) 1.3wt.%, (c)

3.1wt.% and (d) 5.4wt.% Mg addition (inserted micrograph showing the branching
area). Singldine arrow and doubline arrow indicate primary and secondary

""""""""""""

Figure 5.11 (a) Microstructure of All.2-0.7Mn-3.2Mg alloy by TR1 casting; (b)
example of SEM/EDS point analysis peaks ok(&k,Mn) in (a); (c) high
magnification of squared area in (a) shagdine scan indicated with solidraw; (d)
elements concentration peaks corresponding to the scanning line showa i1.36)

Figure 5.12(a) Microstructure of ARSi1.2-0.7Mn-3.1Mg alloy by TP1 casting; (b)
example of SEM/EDS point analysis peaks AIFeMnSi in (a); (c) high
magnification of squared area in (a) showing line scan indicated with solid arrow; (d)
elements concentration peaks corresponding to the scanning line showaé i1.3¢c)

Figure 5.13TEM images of Al1.2Fe0.7Mn-3.2Mg TR1 sample showing (a) the
bright field imageof Alg( F e , M iptérfece, (b) the high resolution image of
Alg(Fe,Mn) /Mgr i cAl Aréh, (c) the index SAED pattern of ¢fffe,Mn) on the
zone axis of [112], (d) the TEM/EDS peaks of Mgch phase on the interface of
Alg( F e , Mindicdied with arow in (a). The inserted table showing the average
value of chemical composition of HMC, Mg-rich layer and Al matrix of the
interface area acquired from 6 interface areas by TEM/EDS point agaly/sis 140

Figure 5.14Me an gr ai -Al insAl-£Z2e0.3Mn alldys (red) and ARSF
1.2Fe0.7Mn alloys (blue) as a function of Mg composition. Error bars show the
standard deviation of each point; and inserted numbers represent the mean value of

,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 5.15The mean SDMRMA-1.2FE0.7Mn alloy (red) and ARSE
1.2Fe0.7Mn alloy (blue) as a function of Mg composition. Error bars show the
standard deviation of each point; and inserted number represents the mean value of

,,,,,,,,,,,,,,,,,,,,,,,,,,
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Figure 5.16 The mean FeMC eutectic lamellar spacing, (bottom of theb r a)nh ¢ h

a n dy (tip-of b r a)not Al-1.2Fe0.7Mn alloys (red triangle) and AISi1.2Fe

0.7Mn alloys (blue cubic) as a function of Mg goosition. The measurement areas

are consistent with grain size measurement and SDAS measure. Linear trend lines

are fitted onay ( s ol i d Ilyi(dash Jine)aHrrdr bass indicate the standard
deviation of the measurementpoigte ¢ é é e éeeeéeéééééeée.la

Figure 5.17Gr ai n sAlze( od! iUd | i n-Al(dashrink) aSSBAS of
function of FelMC eutectic lamellar spacing) in both AF1.2Fe0.7Mn-xMg (Q4)

(in red) and Al2Si1.2Fe0.7MnyMg (Q5) (inblue)é é é é € € € é é é é .144

Figure 5.18 Schematic illustration of the solute concentration profile at the growth
front of FeIMC particle. The equilibriumBoundaryLayer was suggested in
Chapter 4 according to the interface solute pilkugp description by Kurzand

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Chapter 6
Table 6.1Comparison of the lattice misfits between clpseked planes of potential

///////// ~vzs 72 oz £ 1z 2 £ 7

substrate -PleeMhSiéed éése éaénéedé éle e é éé é é é 177
Table 6.2 Comparisons of lattice mismatching and atomic mismatching on the

,,,,,,,,,,,

Figure 6.1 SEM micrographs showing (a) the microstructure ofTAB(Fe) master
alloy, (b) the morphology of synthetic TiBor AIB;) particles in 3D, (c) TiB
particles in 2D and AlB(or (Al,Ti)B,) paricles in 2D; SEM/EDS result showing the
chemical composition of (d) the faceted Tiparticles and (f) AIB (or (Al Ti)B>)
particles (gun voltage: 20kV). The TiRAnd AlB, (or (Al Ti)B>) particles are marked
with black arrows. Growth steps were indicateith white arrows. (0001) plane of

,,,,,,,,,,,,,,

Figure 6.2XRD line profile of AFTi-B(Fe) master alloy compared with the standard
crystal information of relevant phase from Inorgafrystal Structure Dabase

///////////////////

Figure 6.3 STEM HAADF image showing the atom arrangement at the,AlB
particle boundary. It indicates that atom arrangement on the interface layer is slightly
disagreed with the atom on (l@) plane of AlB. The planer spacing of the
interface layer is about 0.7 times of the spacing on¥@Pplane of AlB. The atom
distance along horizontal direction is almost the same to the spacing of {0001}

,,,,,,,,,,,,,,

Figure 6.4 STEM micrographs showing (a) HADDF image of the Al/ (Al,Ti)B
interface area, (b) the Fe distribution across Al/ (Al,}i)Bterface by HREDS
mapping, (c) the Al distribution across Al/(Al, Ti)Bnterface by HREDS mapping
and (9 the Ti distribution across Al/(Al, Ti)Binterface by HREDS mapping

////////////////////

Figure 6.5 Optical micrographs showing primaid i,(Fe,Mn}Si in Al-5Mg-2Si-
1.2Fe0.7Mn alloy (a) and (c) without and (b) and (dith Al-Ti-B(Fe) addition
(nominally 1000 ppm synthetic Ti#Bunder the same container (graphite crucible)
and the same cooling condition (CF). Solid arrow (thin) indicate that piaRicle
clusters (dark dots). Dash line in (c) and (d) refers to thetgtawmal segregation
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Figure 6.6 Optical micrographs showing the microstructure ofSMg-2Si1.2Fe

0.7Mn alloy without AAITi-B( Fe) addi ti on quenched from
640eCgpn®@30eC, a n d-Ti-B(Fe) additbrnvquenghed fran (b)
660eC, (d) 650eC, é(efe)é éxLeE éxrrt é(63 630c¢
Figure 6.7 P r i maAlFgMng&l size distribution in furnace cooled-BMg-2Sk
1.2Fe0.7Mn alloy with (blue) and without ATi-B(Fe) addition (red). The
distributions are fitted by lognormal functions as suggested by solid curves. The
entire solidified sampl e -AFFfaMnSipaxtialersizese d. T
with and without AITi-B( Fe) addi tion ar2e511 Bdm7SN85 .
respect i vel yAlFeMn&i aumper demsitywas 0.05+0.004/Mmnithout

Al-Ti-B( Fe) additi on, -AfFaMnSitnhnber plensitmwasy U
1.09+0.02/mrh with Al-Ti-B(Fe) additioné é é é 6 6 6 6 6 6 é é é é é .164

Figure 6.8V ol ume f r act iAFeMnSi With and witmcut TiB addition

using AFTi-B(Fe) as a function of temperature in transverse section-biVig2Sk
1.2Fe0.7Mn alloy by quartz tube water quench. Quantification was performed on at

least 10 frames of 3.81nfnof the microstructure for eaciata point using

,,,,,,,,,,,,,,,,,

Figure 6.9 Comparisons of the number density and average particle size of primary
UAIFeMnSi in AI-5Mg-2Si1.2Fe0.7Mn as a function of temperature, showing the
effect of AFTi-B(Fe) addition on particle size and number density. More than 1300

,,,,,

Figure 6,10SEM mi crographs showing (a) -and (I
Al FeMnSi I n quart zhet sammpe of6ABMQeL&L1.2FFa0t7®im q u e n «
alloy with Al-Ti-B(Fe) addition; SEM/EDS analysis corresponding to (a) and (b)
showing the elemental distribution of (c) and (d) Fe, (e) and (f) Ti and (g) and (h) B,

""""""""""""""""

Figure 6,11EBSD analysis showing ( a-AlFeMi#iSe mor p
particle, (b) phase distribution image and (c) Inverse Pole Figure (IPF) of the frame
area; (d) orientation index table under cubic crystal system corresponding with (c).
Posi ti-Aln sa-wBeMiBiare marked in (b) as red and yellow, respectively.
Location of TiB particles is indicated with arrows and shown blue in (b). The Al,

TiB, a n dAIFBMnNSi were indexed witAl (ICSD 43423), TiB (ICSD 56723) and

rrrrrrrrrrrrrrrr

Figure 6.12Transmission Electron Microscopy showing (a) the bright field image of
local area of AlFe, and it adjacent TiBparticle; (b) high resolution image of the
interface (white rectangle in (a)) ofl AFe, (top-left) and TiB particles (botright)
when incident electron beam is parallel to both100 of TiB, and [020] of AlsFe;;

(c) the SAED pattern of AdFe, on the zone axis of [020]; (d) the SAED pattern of
TiB, on the zone axis of [200]; and(e) a schematic illustration of SAED patterns
that suggest an orientation relationship of (001)[02Q}Fd, // (11-20)[10-10] TiB,

wi th a til|lé&éeéaénégél eeé éoefe é5e.edeeé e e ééeéé 17l
Figure 6.13A schematic illustration for the nucleation of;fde; on (11-20) surface

of TiB2 particle showing (a) atomic matching on (001) plane @&, and (1120)
plane of TiB which has three orientation relationships indicated: [02QkR&)/
[10-10] TiBy, [120] AligFey// [10-11] TiB, and [100] AlsFey// [0001] TiB, with the

|l attice misfit of 1. 6%, 4. 2% and 8. 8 %, r
directions 0f(001)[100] AksFe, and(11-20)[0001] TiB; viewing from [020] AlsFe

XXV



in (a). The boron, aluminium, iron and titanium atoms are marked as green, re

,,,,,,,,,,,,,,,,,,

Figure 6.14Transmission Electron Microscopy showing (a) the bright field image of
faceted TIBparti cl es and a-AlFeMnSi particte,e(ln) the mighma r vy
resolution image of the intiace (indicated in (a)) of TiB( r i g h t-AlFeMn8id U
(left) particle s when the incident beam is parallel to both1QJ0of TiB2 and [111]

o f -AlEeMnSi, (c) the SAED pattern of TiBparticle on the zone axis of [11D]

and (d) the SHAREMnSIpparticle errtme zané axit)of [111]; (e) a
schematic illustration of SAED patterns that suggest an orientation relationship of
(0-1 1) [ TAIFENInSiW (0001)[1610] TiB,. The experimental results shows that

there is a 4.5° twist between (0001}1q of TiB, and (031 ) [ 1 1 JAlFeMaSi. U

The stoichiometry is suggested to be fffe,MnkSi by TEM/EDE € € € é ..174

Figure 6.15A s chematic il |l ust r aAlkednsi oh M001)t he n
surface of TiB2 particl e <lockwise twigted(@a) at o
11) pl aAtFeMnSi fand (0001) plane of TiBwhich has two orientation
relationships indicatedVe c t o ) U-AIFeiMnSi // [-2110] TiB,, [ 111] U
AlFeMnSi // [10-10] TiB; with the lattice misfit 0F2.50% and 3.02%, respectively;

(b) 3D atomic matching (corresponding to (a)) of the interface of the basal plane
multiplied TiB, crystal cells and one atom layer on10l ) -AlReMn8i. The

boron, aluminium, iron and titaniuatoms are marked as green, red, brown and blue

,,,,,
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Chaptatrrolddocti o

1.1Background

Recycling of Al alloys is a preferable way to produce aluminium corgavith
production from raw materials duo to its low energy consumption and low
greenhouse gas emissiofKkvackaj and Bidlsky, 2011; Green, 2007)The
purification process from bauxite to the aluminium is a very sophisticated and energy
consumingprocess Recycling requires only 5% of the energy consumption required
for aluminium production from the raw materi@Breen, 2007) ConsideringAl

all oys 6 g o ath/cost eatiog ihis besammgaone dominanin metallic
applications, which in returmill significantly stimulate the demand of recycling

aluminium and developing cgcled aluminium.

Using recycled aluminiumis very challenging due tdhe excessive amount of
impurities including Fe, Si, Metc Fe and Si, i@ accumulae elements irAl alloy
and can never be completely removed once introdudedng primary Al alloy
production and the recycling procegxie to the low solubility of Fe (0.05nt.%) in

Al (Phillips, 1959) it is inevitablethat the FeIMCs form, which has become the
main cause ofleterioratiorof the mechanical properties of cédtalloys (Mondolfo,
2013) As a brittle, large and strong compound;IM€ can easilycauseshrinkage
(Taylor, 2012) porosity(Taylor, 2012) ductility reduction(Ji et al, 2013) strength
reduction (Wang, Makhlouf and Apelian, 1995%cattered mechanical properties
(Wang, Makhlouf and Apelian, 1995and reduction of fatigue life(Nyahumwa,
Green and Campbell, 1998)lthough adding grain refiner is an effective approach
to increase the mechanicaroperties of Al alloy, a slight increase ofFe

concentration can harm the mechanpralperties of the final casting drastically.

Significant amount work has been daoesliminate the negative effect of Fa Al
alloys. There have been two main appie The first is modifying the
solidification process of FBMC, including nucleation enhanceme(@ue et al,
2017; Khalifaet al, 2005)and morphology modificatio(Mondolfo, 2013; Zhangt
al., 2012) The other is dé&oning including gravity segregatidi€ao, Saunders and
Campbell, 2004; Cao and Campbell, 2Q0@dration (de Moraeset al, 2006)and



EM separationetc. (Makarov, Apelian and Ludwig, 1998However, the latter
approach may only redude concentration to a certain levahd normallyrequires

very delicate procedures.

Thus, enhancing the heterogeneous nucleation and modifying the growth behaviour
of FelMCs have become fundamentally important. Few effective methods can be
put forward to reduce thgize of FeIMCs. There s been a significant amount of
effort dedicated to advancing understanding of heterogeneous nucleation through
both theoretical and experimental approaches. The heterogeneous nucleation theories
including classic nucleation theorffurnbull, 1953) Maxwell-Hellawell (M-H)

model (Maxwell and Hellawell, 1975and free growth moddiGreeret al, 2000)
appears noto be effective at predictig the nucleation behaviour of HfdCs. In

recent years, the praucleationtheory (Men and Fan, 2014has broadenedour
understanding of the nucleation process, which describes the pronounced atomic
ordering in the liqud at the substrate/liquid interface (SuLTherefore, the lattice
misfit may be manipulatedvith interracial segregation at the Sudluring the pre
nucleation stage, which can either promote or impede heterogeneous nu¢keation

et al, 2015) Both primary and eutectic A®ICs, like every other anisotropic crystal,
exhibit a coarse faceted morpholo@ferzi et al, 2010; Dinnis, Taylor and Dahle,
2005) Binary Al-FeIMCs generally exhibineedlelike or long rodlike morphology

a n dAIFBSi exhibits coarse platike morphologyTh e p r i-AlfaMngi hada
compact polyhedral morphologfsao et al, 2013)when the ira equivalent value

(IEV) is relatively low (Cao, Saunders and Campbell, 2Q04nd has the most
compact morphology among all the-m¢Cs. Therefore, along with Mg and Si, Mn

is also introduced to the alloy &mhieveanoptimisedmorphology of FEMCs.

The heterogeneous nucleation of-R@Cs is much more complicated than that of
pure liquid/solid solution,as it requires the creation of not only a simple crystal
structure but a supatructure involving two or more elemsnAs suggested bylen

and Fan(Men and Fan, 2014p substrate withemsonabldattice mismatching with

the nucleatingphaserequires structure templating for heterogeneous nucleation. Que
and coeworkers(Queet al, 2017)suggested that for the phases Wafge barrier to
nucleation thecomposition templatings significantly beneficiahsthe case wittihe

heterogeneous nucleation of-MéCs.



1.2 Research Objectives

The major objectives of this study are:
1 Understad the heterogeeousnucleation behaviour ofFe-IMC in Al alloys

1 Investigate the effect of casgj canditions o the solidification behaviour of
FeIMC

1 Study the role of solutesegregatio on the growth of aisotropic FeIMC

crystal

71 Develop anovel gran refiner to eshance the heterogeousnucleation of Fe-
IMC

1 Understad the mechaism of enhanced heteroggeousnucleation of Fe-IMC

through solute elemenh the substrate

1.3 Outli ne of Thesis

After a sncere aknowledgemat and an introductian of the research backgnodi,
previous literatures reviewed n Chapter 2 with a detailed overview oktprevious
theoretical studies on theolidification behaviour, which include the classical
nucleation theories, the study of patey and efficiency of nucleation substrates, the
role of solute a the crystal growth, facet growthncluding primary crystal ad
irregular eutectic crystalsand stability of the ceramic particles Al-Ti-B alloy.
Also in Chagter 2, the existig FeIMCs are summarized, nd solidification
behaviour ofFe-IMCs in Al alloys from previous researdb reviewed. Chapter 3
describes the experim&l procedurs and charactegation tecmiques n details. h
Chapter 4, the result of the solidificatib e h a v i eAlFeMnSi &nd Alk(Fe,Mn)
in Al-5Mg-2Si1.2Fe0.7Mn-2Si alloy are presged with microstructure observatio
of various castig canditions, thermal malysis aad phase idetification and these
resultare discussedn Chapter 5, the effect of the addiiof novel gran refiner Al-
Ti-B(Fe) n the Al5Mg-2S+1.2Fe0.7Mn alloy are presated, ncluding the Fe
adsorptio, orientation relationships betwee FeIMCs and TiB, and the role of
composition templatng. Chapter 6 offers the effect of Mg ntent on the



solidification behaviour of FeIMCs including thermal aalysis, microstructure
observatio of alloys with differet Mg contentsand the quatification o f -Al @nd
FeIMCs at differet Mg compostion. The man conclusions and suggestios for
future work are listedniChapter 7 ad Chapter 8, respectively.



Chapter 2 Literature

2.1. Theoretical Studief Solidification Behaviour

2.1.1. ClassidNucleation Theory

The classicahucleation theory is basedrpa statistical malysis of the formatio of
atom cluster (or spherical caps the case of heterogeous nucleation) with a
critical radius R. and relates to a wetig angle d betwea the substrate ra the
nucleatng solid, which is thenodynamically activated md a stochastic process
(Kurz and Fisher,1986 Kelton and Greer, 2010; Dazig and Rappaz, 2009; Porter,
Easterlng and Sherif, 2009; Volmer ral Weber, 1926)There are two types of
nucleation: homog@eousnucleation where thenew phase is formechia wiform
mannerand heterogeeousnucleation where thenucleation occurs @ an existng
substrate. For honggneousnucleatia, the wetthg angle is consideredto be” neei
there isno substrate for wettgy. The Gibbs free mergy chage, a6, associated with
the process dieterogeneousucleation is equal to the sum of the surface excess free
energy &8s change, and the volume excess freeergy chage a&5y. Thus, the Gibb
free energy chages ca be expressed gBorter, Eastentig and Sherif, 2009)

w0 Y 0 Y[ "Y— (2.1)
Y— ¢ Ai-Op Ai-Onm (2.2)

where 3 is the solidliquid interfacial eergy and S ( & )the factor regardg the

wetting angle d.

2.1.1.1. HomogeeousNucleation

When solid forms withn its own melt withoutthe assisanceof a foreign material, it
shouldnucleate homogeously(Flemings, 1974) Nucleatio in this way requires a
large drivhg force because of the relatively largentcioution of surface eergy to
the total free @ergy on very smallsubstrate For homogeeousnucleatio, since the

wetting angle is cansidered as S ( € ). Equatio 2.1 becomes,

5
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WO Y ©O T*Y [ (2.3)

Gibbs free mergy chage per uit volume can be given approximately agPorter,
Easterlng and Sherif, 2009)

y

wOe 0 (2.4)

wherely is the latat heat of fusio per wit volume. Snce the nterfecial energy
increases af’ whereas thesolume free eergy changeonly increass as R, the
creation of small substrateof solid always leads to freenergy increase.This
increasamaintains the liquid phasenia metastable state almosdeéfinitely at agiven
under coolng. Shce dG=0 when the R=R;, the criticalnucleus is effectivelyn an
unstable equilibriunstatewith the surroading liquid as illustratedn Fig. 2.1

AG

Interfacial energy

Volume free energy

Figure 2.1 The free eergy changeassociated with homogeousnucleatio of a sphere of
radiusr (Porter, Eastentig and Sherif, 2009)

Therefore, the critical freenergy barrier for the radius’ of a stable spherical

particle which is just stable ah @andercoolng & is given by

i — e (2.5)

0w — — (2.6)



From the equation&.3) and (2.4),it shows thatboth the criticalradiusR. and the
activatin free eergy a5 decrease as temperatufg decreaseal increaseps
Physically, this meas that with a loweng of temperature at temperatures below the
equilibrium solidification temperatureT,, nucleatiom occurs more readily. The

homog&eousnucleatio rate is give (Dantzig and Rappaz, 2009)
w0 QR — (2.7)

where'Qis a complex faction thatis dependenbn the vibration frequency of the
atoms, the activatioenergy for diffusion in the liquid aad the surface area of the

critical nucleus.Cy is the atoms pemit volume cantained n the liquid.

2.1.1.2. HeterogeeousNucleation

Althoughthe level of mdercoolng for homogeeousnucleation might be sigificant,

in practical situatios this isoften in the order of several degrees Celsius. The reaso
is that the activatio energy fornucleation (aG") is lowered whe nucleus forns on

the preexisting surface ornterfaces In another wordit is easier fomucleation to
happenat these surfaces \ad interfaces tha at other regions Again, this type of
nucleation is defined asheterogeeous nucleation The @ergetic expressio of
heterogeeousnucleation is show in Equation 2.1 and 2.2. The relatioship betwer

the nucleation barriers of homog®ousnucleation and heterogeeousnucleation is
given (Porter, E&sterlng and Sherif, 2009)

yé YO Y— (2.8)

The wettng angle for heterogeeousnucleatio is illustrated n Fig. 2.2 Thus, the
energy barrier for heterogeous nucleation is much smaller tha that of
homog@&eousnucleatian. Significant reductions are also obtaed for higher values

of d. Thus, the equativ2.7 for heterogaeousnucleation is expressed as
w0 0 Qo H— (2.9)

wheref; is a frequecy factor similar tofp in equation 2.7 and C; is thenumber of

atoms n contact with heterogeeousnucleation site per wit volume of liquid.
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Figure 2.2 Schematic illustration of heterogeneous nucleation of a spherical cap on a flat
surface or interface of the substrate, whiethe wetting angle of the solid on the substrate,
%, dn and oy, are the interfacial energies of liquid/solid, mould/liquasthd solid/mould,
respectively(Turnbull, 1953)

2.1.2 Potacy of Nucleation Substrates

Nucleation potency, by defnition, is the effectivenessf a substrate at facilitau
nucleation. It is inversely related tohe undercoolng that isrequired fornucleatian
(eely) (Bramfitt, 1970) However, there arenherent issues with the classical
nucleation theory, particularly the difficultiesni the measurenm¢ of nucleation
effectivenessi.e. d and a&5G*, as the wetthg angle cannot beobserve and the
interfacial eergy is composed of severalntobutory factors(Qian, 2007; Bramfitt,
1970; Waltm, 1962) Thus, itis hard to deternme whether gparticle can be an
effective nucleus fora given phaseFor the purpose of resolvirtgis problem, the
lattice misfit betwer substrateand nucleating phaskas ber used to determe the
potency of thesubstratgBaker aad Cam, 1971; Tunbull, 1953) This is basedro
the basic nderstading that low values of wetig angle usually lead to lovenergy
interface betweaethe substrateand the solidifying specieswhich should n tumn be
favoured by good lattice mateigy betwea the substrateand solid (Porter, Eastentig
and Sherif, 2009) Therefore, the lattice misfis commonly accepteds a criical
value to deternme the potacy of poteitial nucleation substrategFan, 2013; Zhag
and Kelly, 2005a; Maxwell ad Hellawell, 1975a; Tunbull, 1953) The theoretically

lattice misfit, or misfit, is defned as

Q S * pmmb (2.10)




whered, andds, are the atomic spaw alang a specific directio on the matchig
planes of thenucleatedphase ad the nucleation substrate, respectively. The lattice
spacng of these two phasesnsainly depedent on the crystal structure. The lattice
structure of thisnterface is showschematicallyn Fig. 2.3 The nterface regia can
be explaned by a simple idlocation model that compesates for the lattice strain

thenucleated phase fahe nucleation misfits up to 20%(Bramfitt, 1970)

Nucleated
Phase

Mewila Y o U P T Interface

Nucleation
Substrate

sub

Figure 2.3 Schematic illustration of nucleated phase, substrate, interface and the atom
spacing of @) nucleated phase and, () nucleation substratgorter, Easterling and Sherif,
2009)

Wetting as a mechism for nucleation has long bee assumed m the condensatian of
vapour @ wetted hsoluble particlegBykov and Zeng, 2002; Kuni et al, 1996)
where thenucleus is ofta consideredo bea wiform liquid film. Thenucleusis
treated differatly according tahe thickness of the liquid film. lis proposed that the
consideratian shouldinclude a additional term toindicatethe nteractions of surface
forces betwee the nucleationsubstrate &d nucleatingphasewhen the nucleaing
p h a il @ shin (Kuni et al, 1996) However this additioal termcan betakento
be negligible when the film thickness ncreasesFurther, Maxwell and Hellawell
(Maxwell and Hellawell, 1975a; Maxwell and Hellawell, 1975oposed a
mechaism (the MH model) that comimes the sphericatap model with wettg for
grain formation on the faceted intermetallic compond particles. They believethat
afterthe formation of apherecapnucleus o aflat surface it efficiently envelopes
and wet the particleleadng to small wdercoolng which implies a very small

wetting angle. Thus, thenucleus sphericalreelopeof the nucleusadiusis take to

9



be approximately equal to the dinsgons of IMCs. This has beesupportedy many
subsequent researcHowever, Yag 6 s 0 brsf& the fmrmation of thin metal
(sodium) films by cadensatian of the sodium vapourrodifferent substrags suggests
that the calculated criticalucleus size from the experimtal data isapproximately
the size of a mit cell of sodium(Yang et al, 1954) Walton reassessethat for

nucleus of this magtude the ucertanties associatedvith the sphericatap model

(a (b

Matching p]‘ln_c; -. ( d

- -

Interface

\
\

Matching planes

Matching directions

Figure 2.4Various models proposed for heterogenenudeationon substrates of different
potency and geometries: (a) a schematic of thel Mhodel drawn according to Maxwelha

Hel | awel | 6(Maxwe# and Hellapell,i 197Bayhere sufficient wettingd) implies

small undercooling; (b) the adsorption model described by Cantor and Kim, where the
heterogeneous nucleation takes plagedpnamic atorrby-atom adsorption at the catalyst
surface, which reduces the interfacial energy between substrate and nucleatiqiCahtse
2003; Kim and Cantor, 1994jc) Edgeto-Edge model (E2H) described by Zhang that
describes the lattice matching of the nucleation phase and substrate suggesting the capability
of nucleation orientation relationship predictigdhang and Kelly, 2005a)(d) liquid
film/drop formation on a solid wettable spherical particle in a sapeted liquid metal
(Qian, 2007)where interface adsorption of nucleating metal occurs at a critical undercooling

with a thin layer of toms enveloping the substrate.
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whereasthe cacept of surface reergy becomeso large thatthe critical nucleus
approaches atomic dimgons or is actually plaar, and therefore the awept ofd is
no longer applicablgWalton, 1962) As shown in Fig. 2.4 even withthe difficulties
in assessig the wettng angle, some well aatowledgednucleation theories are
summarized ricluding the M-H model (Maxwell and Hellawell, 1975g)Cant or 6 s
description of adsorption (Cantor, 2003) Edgeto-edge model (E2EM}Zhang and
Kelly, 2005a; Zhag and Kelly, 2005b)and Qian0 s d e s df thd pptét spberical
nucleation (Qian, 2007) Thus, if substrate particlesrcachieve good wettg, the
nucleation barrieris significantly reduced which impliesgood nucleation potency.
Adsorptian on the wetted substrateis cansideredto be another importat factor
affecting substrate particlaucleation potency. In metallic systers, minor elemats
additions significantly affect thenucleation and change thenucleation undercoolng.
Ge additiom increases the lattice mismatch for tigcleation of Al-Pb ad Al-Cd
suggestig that the catalysis is donated bya chemical rather thma structural
compatibility (Turnbull and Vonnegut, 1952Wwhich was furtherinvestigatedby
Cantor and ceworkers(Zhang and Cantor, 1990; Ho and Cantor, 1983} the Ge
increases theucleation undercoolng for Cd aad Pb droplet byricreasng lattice
misfit. Cantor and Ho later observed that thendercoolng for the solidificatio of Si
reduced dramatically by Al doped with traBeand Na dueto the formatio of AIP
later an Al/Si interface. The mismatch betwedhis adsorptia layer ad the
nucleatng phase was timgproposed to be the donant factor for the effectivieessof
soluteadsorptim on the nucleation catalysis(Schumacher and McKay, 2003; Bunn
et al, 1999; Schumacher and Greer, 1997; Schumacher and Greer, M&+%)
recently, Fan and ceworkers (Fan, 2013; Faret al, 2015) proposeda model
conceming both lattice mismatchg and the effect ofelemantal adopton on the
wetted substrate for heterog®us nucleation. In their model a pseudomorphous
solid layer with critical thickessh. formson surface of substratsgeFig.2.5. The
value of h. depended on structure templatig, which describes the lattice misfit
betwe@ solid and substrateand compositioo templatng, whi ch desgri bes
energy reductio by elematal adsorptim on the substrate. Soaafter, they direcly
obsenred the adsorptio of Ti monolayer with an AJTi structure on(112) plane
thenucleation cataly$ (TiB, (0001) plane) in Al alloy (Fanet al, 2015)
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Pseudomorphous solid (PS)

= o= h,
essesed|
0000066604

i

(a)

Figure 2.5 Schematic illustration of the epitaxial model for heterogeneous nucleation of a
solid phase (S) on a potent nucleating substrate (N) from a liquid phase (Lunhden Y

(a) liquid and substrate interface before the growth of the PS layer (h=Gpe(litial
formation of pseudomorphic solid (PS) with a coherent PS/N interface; and (c) completion of
the epitaxial nucleation at a critical thicknesg @y creation of misfit dislocation at the S/N
interface to change the PS layer into the solidtarmbnvert the coherent PS/N interface to a
semicoherent S/N interfagEan, 2013)

In the abovementioned theories the lattice misfit was used to assess therpytef
nucleation substrate. Due to the difficultyy manipulating or determming wetting
angle and interfacial eergy betwer the substratera nucleation phase, the lattice
misfit is much more applicable for the asses#mEherefore, the lattice misfit nde
used to evaluate thgossibility of a certan type of particle ca be thenucleation

substrate for givenphase.

2.1.3 Efficiency of Nucleation Substrate

In describing gran refinement ,  fAcpyodd eafi eric fy io ¢ ih en frequentlyeised
in the researcin a waythat createmuch cmfusion. Hence,it is necessary toffer
more specificdefinitions for the nucleatian potency, gran initiation efficiency and

effective gram refinement.

Grain initiation efficiency is defned as the fractioof the substratahat participaes
in grain initiation out of the totalhumber of availablesubstratan the liquid during
the entire solidification procesgFan, 2013) It is clear from this defition that gran

initiation efficiency is a function of the specific phsical characteristics of both the
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nucleatng particles ad solidification conditions, such ashe number desity, grain
sizeandthe size distributio of the nucleatng particles as well athe cooling rate.
For a give nucleathg substratethe nucleation potency is fixed butthe grain
initiation efficiency can be chaged by modifyng the physical characteristics of the
nucleatng particles ad/or changing the solidificatimn conditions (Fan, 2013; Greer
et al, 2000; Maxwell ad Hellawell, 1975a)Effectiveness oinoculatian with potent
spherical substrates depls o both theparticlesize ad the undercooling of liquid
metal dumg solidification (Qian, 2007) For a give size of potet spherical
substrate, a criticalucleationundercoolng is still requiredregardless of the contact
angle Barrierlessnucleation is possible aly when the particle size approaches
infinity under complete wtting canditions (Fan, 2013; Greeet al, 2000; Maxwell
and Hellawell, 1975a)

Tumbull describedhucleation rate which is defied as the ratibetweenthe desity
of clusters of radiug: in equilibrium with the liquidandthe dasity of atomsm the

liquid. The heterogeeousnucleation rate (") is given
0 oneEA QD—W"Q— (2.112)

wherev, is the atomic vibratin frequency, pc is the probability of captung an atom
at the surfacera n; is the desity of embryos tht reach the critical radius for
heterogeeous nucleation. Therefore the Tim@emperaturelransformation (TTT)
curve at differace wetthg angle can be givenin Fig. 2.6

Nucleation undercoolng is another important factor that affect the nucleation.
Maxwell and Hellawell (Maxwell and Hellawell, 1975a3uggested that thenfl
grain size is the result of competitidbetwea heterogaeousnucleation and growth
in the melt. In the waythe nucleation rate will becomenegligible whe the
temperatureincreasesdue to the latet heat evolvedduring the growth of the
nucleated crystals wiherecalescece appears, or whethe nucleation sites are
exhausted. Evethough this model my applies to asingle nucleation substrate size

it pointsto thefinal conditions of nucleation as show in Fig. 2.7.

After the nucleation, thgrowth of nucleated gran dominates the grain refinement.

Greerand ceworkers(Quested and Greer, 2005; Quested and Greer, 2004; Greer,
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2003; Greeret al, 2000)dewelopedthe free growth model, which suggestsat a

new
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(a) The heterogeneous nucleation rate (b) The TTT curve

Figure 2.6 The formation of critical nuclei for the heterogeneous nucleation as a function of
the absolute temperature for various values of the contact dngle time { is defined as

the timeto form one nucleus per éfDantzig and Rappaz, 2009)

DENDRITIC

SPHERICAL

\ == Tmin

Figure 2.7 Schematic illustration of the cooling curve. The initial slope is the cooling rate,
where the equilibrium transformation temperatdig the minimum temperature before
recalescencéy, and the growth temperature after recalesc&gp¢®axwell and Hellawell,
1975a)

phase should start fregrowth immediatelyon a given substrateat a required

undercoolng that is inversely proportioal to the diameter of theubstrate This
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model providesthat the grai initiation is not timedepexdent and not stochastic,
compared withthe previous models,nd the nucleation substrates aref multiple
sizes rather thma sigle size as describgareviouslyby Maxwell and Hellawell
This model revealed that the largest partictethe meltstart to grow first as socas
the required odercooling is reached, followed by theext largest particleas the
undercoolng increass. The gram size islimited by the recalesoee that causes
temperature rise,nd no further nitiation of free growth occurng afterwards. The
required mdercoolng, Ty, for the free growtHor a given substratas essentially
dependent orthe diameter of the substrates. Th&lercoolng is given by Greer
(Greeret al, 2000)as

Y o — (2.12)

where’ is the solidliquid interfacial eergy,Y"Y is the @tropy of fusiam per it
volume, a&ad Q is the diameter ohucleation substrate. i this model, the size
distribution of nucleation substrates is importd, and is fitted by Questedra Greer
(Quested ad Greer, 2004)sing a lognormal function. The fitted ad measured size

distribution of substrate TiBin the free growth model is shovin Fig. 2.8.
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Figure 2.8Measured size distribution of substrate Jjgarticles in a commercial AbTii 1B
refiner (shaded bars) shown with fagrmal fit (solid line). The error in the integrated
population of particles greater than a given sideig found tobe <10% over most of the
range(Quested and Greer, 2004)
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Tumb u | ihvéssigation (Tumbull, 1953) suggeststhat higher andercoolhg and
nucleation time might ncrease thenucleation rate; therefore thewucleation event
could be a progressive process. With this estaddjdiaxwell and Hellawell applied
the classicnucleation theory to calculate theumber of heterogeousnucleation
evaits in an isothermal melt &agiven critical nucleation embryo size. The MH
model suggested that further hetemymusnucleation would not occur wha the
melt temperature ncreased throughrecalescece or heterogeeous nucleation
substrate is asumed(Maxwell and Hellawell, 1975a)Based a their model, Greer
(Greeret al, 2000)developed the free growth modelnsalerng gran initiation on
potent nucleation substrates. hlike the time ad stochastic demdent nucleation in
M-H model, free growth model proposed that tlueleation is dep@dent on the
undercoolng and potent nucleation substrate sizesuggestig that largeshucleating
undercoolingrequires smallest substrate size. The substrate size distibotidhe
undercoolng decide thewumber ofnuclei thatcan free grow, ad therefore the fial

structure cabe deternmed.

2.1.4 The Role of SolutemCrystal Growth

Solidification is essatially an atonic movemat and rearrangemenprocess
controlled bydiffusion. In casea dilute alloy thahasa compositio of Cy. The phase
diagram Fig. 2.9 of the alloy has beeperfected by assumg solid line and liquid
line are straight. Thus, thmartition coefficient k can be given (Porter, Eastentig and
Sherif, 2009y

0 — (2.13)
and the volume fractio of the solid ca be given,
N — (2.14)
where the solute composition solid and liquid are G and C_, respectively.

Presume steadstate solidificatio at a plaar interface as showin Fig. 2.10has a

constant interface adviacing speedy,, in a constant temperature gradng, G>0. As a
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result of chaging solute cocentration at the growth frat, the correspodent

equilibrium transformation temperatures adjused The cacentration profile for

kCy G Co/lk c

Figure 2.9A hypothetical phase diagrak=C4S is canstant (Kurz and Fisher, 1986)

steadystate diffusio in anideal system mowg with the nterface at a speed of

can be givenaccordng F i c kdlaw(Dardzig end Rappaz, 2009; Fick, 18583
O— U0V— 7 (2.15)

whereC; is the liquid compositin, D, is the solute diffusio coefficient in liquid and
zis the distacein liquid from the S/L nterface. After a initial transient, the alloy

system reached a steastate where the compositiof liquid can be given as
6 6 p —AOB- (2.16)

where ad G is thenominal alloy compositio. As the solidificatio processes, the
undercoolng at growth frat contains two parts whe the thermal odercoolng is
negligible (Kurz and Fisher1986, which can be expresses a

yY YY YY (2.17)

whereadl; is the undercoolng caused by solute pilg up at the growth fra and &el,
is the curvature ndercoolng cause byriterface shape. As shovin Fig. 2.1Q when
the actual temperatura liquid (T,) ahead of the growtmterface is below the local
equilibrium transformation temperature T ), the growth mterface will be ustable.

Thus, the area wher&Tl>0 is defned as costitutional-supercooled regro (Fig.
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2.10). Constitutional supercooled regioduring solidification in the earlyresearch
is described with castitutional-supercoolng parameterP (Tarshis, Walker and

Rutter,

Y

Solid — ¢ ! Liquid

1
Liquidus !
1

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

1
Py R D Supercooled region

m G ¢y

Figure 2.10 A schematidllustration of the castitutional supercootig (Tiller et al, 1953)
and interface stability at the growth fnb for binary alloy wnder steadistate diffusio
controlled solidification at canstent velocity (Kurz and Fisher, 1986; Rappaz and Thevoz,

1987)as revised by Dantzig and Rapp@2antzig and Rappaz, 2009)

1971) which gives
o —- (2.18)

wherem is the idealized liquids slopé is the equilibrium partitin coefficient.
Without the cosideratian of solute nteractians, for a multicompaments system the
constitutional-supercoolig parameter was estimated by simply sumgrtheP value
for individual elemets (Spittle and Sadli, 1995)

The M-H model casidered the growth restricticof spherical crystal caused by the
solute partitiming in diffusion controlled solidification (Maxwell and Hellawell,
1975a) Jomssm (Johnsson, 199%lescribd this effect as the growth restriatio

factor,

18



0 aQ pbod (2.19)

which was desigated asQ by Greer ad Eastm and StJomm. In dilute multi
compaent systens, where the solute diffusivities arergdered esswially the same,
additivethe Qvalue appears good agreemnith experimatal observatios (Greer
et al, 2000; Spittle ad Sadli, 1995) Eastm and StJolm proposed that the growth
restriction allows morenucleatng substrates to bbeme active for heterogeous
nucleation beforerecalescace (Eastam and StJoim, 1999; Easto and Stjom, 1999)
Their analysis showed that grasizeis closelyrelated to the growth restrictidactor
(Eastan and StJolm, 2001) Further developm® in this direction resulteda better
analytic approach t@xplainthe solute effec(Qian et al, 2010; Easto and StJom,
2005)and the more recd postulation of the nterdep@adence theory by StJehand
co-workers (StJom et al, 2011) Quesed summarized the effect ohoculant size
distribution and Q value to predicthe final microstructure foAl alloys (Quested iad
Greer, 2004; Quested, 2004)

V=A(AG/KT) V=Aexp(-B/AG/KT) V=A(AG/KT)?

SMOOTH
(a) (b) ©

Figure 2.11Interface structuresnd three types of growth meafiam. A and B are material
dependent constant (Sunagawa, 1999)

2.1.5 Facet Crystal Growth

Fundamentally, facet crystal growth is a type of growth with relatively styer
growth anisotropy deprding on the type of crystal structurgSunagawa, 1999)
Depending on the type of mterface, geerally three types of growth meahsms ca
be presentedlateral growth Fig. 2.119, surfacenucleation (Fig. 2.119 and spiral
growth (Fig. 2.119. The growth rate\) is determmed by the type ofnterface, the
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growth mechaism axd the drivhg force. Later, Soawaga summarisedthe
relationship betwee growth rate ad the drivhg force as show in Fig. 2.12

(Swnagawa, 199Q)suggestig that a rough surface requirdargerdriving force for
the same growth velocity.

In most metallic systems, whemgerface attachme kinetic isnegligible, the growh
along preferable crystallographic ongtion is understoodto beinitiated by the
system to mmimize the area of #hsurfaces with high surfacenergy (Dantzig and
Rappaz, 2009)Although the growth mechanisms are essentially the sgrogith
directions of anisotropic crystal is meorestricted compared with isotropic crystal.

order further understand the growth anisotrdpsavais(Bravais, 1866derivedan

SMOOTH

DISLOCATION
! NUCLEATION

Growth velocity

2
. -f_(
&=
dendritic .
spherulitic

fractal

1 2 driving force —

Figure 2.12 Schematic diagram shomg the relatios of crystal morphologygrowth
velocity and growth driving force(Sunagawa, 1990)

empirical rule that crystal faces parallel to tie¢ planes withhigherreticular desity
(closepacked plangsdevelopfasteron actual crystal thathose withlower reticular
densities. Cosequetly, as the amisotropy of the solliquid interface eergy oy

increases, assung that all other quaities reman the same, the adrite will

exhibit a sharper tip. Winghe anisotropy n 2y, is large eough, the dedrites exhibit
a faceted morphology. The actual surfanergy in an aiisotropic crystal is givein

the form,

20



r rp - AT O (2.20)

whered is the azimuthal mgle measured from a refexe diection, , réfers to the
strength of the aisotropy ad n is the degree of symmetry. Bagi on this
understading, the surface morphology e recostructed with Wulff costructian
principles Fig. 2.13)using different level of aiisotropy(Dantzig and Rappaz, 2009)
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(a) 2D e, = 0.05 (b) 2-D, e, = 0.15

Figure 2.13The equilibrium shape of fourfold symmetrie2 cr yst al nd( a)b )0 =D .
=0.15. The Wulff shap has bedrawn inside ofa for clarity (Dantzig and Rappaz, 2009)

2.1.6 Irregular Eutectic

When one of the two phases is faceted, the eutectic becomes irreguber faceted
phase is able to grownly alongwell-defined planes or/ad directins (Dantzig and
Rappaz, 2009)0ne faceted phaseends to growalong well-defined directims with
the help of defects such as mwior screw dislocatits. Therefore, the resufia
eutectic structure is very complerdairregular, giving rise to a irregular eutectic
morphology. A Schematic illustratioof regular eutectic ra irregular eutectic is
shownin Fig. 2.14 The irregular eutectic oaalso developristabilities almg the
edges of lamellae caugj coarsaing including remeltng and ripping. A few defect
assisted mechesms for the growth of irregular eutectic is exp&d n Fig. 2.15
such as the (0001) graphite flake devatgpa spiral defect atg [10-10] directian
(Fig. 2.153 and twinslike flakes with atypical spaang of appoximately 0.41 € m

under cawentional castng (Fig. 2.150. Other mechaisms arealso observewhere
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Figure 2.14 Eutectic nterface morphologies that mée obtaned whe t h ephagk isno-
faceted ad t -phase 5 eithemon-faceted (left) or faceteftight). The eutectic is grong
in a thermal gradig perpendicular to the page.

(YR —

Figure 2.15Possible irregular eutectic growth hching mechaism: (a) a rotatioal binary
defect almg [10-10] for Fe-C system(Minkoff, 1983) (b) twin formation in Al-Si (Lu and
Hellawell, 1995) (c) screw dislocatiogrowth mechaism for CeC nodular cast F€Double

and Hellawell, 1995)and (d) schematic idealized irregular eutectic gro(Risher and Kurz,
1980)
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Figure 2.16 Minimum and maximumeutecticlamellar spacngs (hollowed triagles) as

well as average measured spagsi (solid triamgles)in Fe-C irregular eutecticsnder different

growth canditions: (1) G=65K/cmy=0. 14 ¢ m/ s, Vv=2). GEHLM/KY c(m3) G=7
v=3.47¢eml/ s, (N1 0GBITONMI sm,( 4362k ecm, The me
undercoolng is indicated by a solid arrow afté€fones aod Kurz, 1981)

the facetedamellar phase leadig the eutectic morphology with theon-faceted
phasesurrownding them Fig. 2.15d). Although these distributed flakes appears fairly
randomly, they arentercanected n 3D and can usually be tracked back to a shared
nucleation centre. The growth mechmssms of the faceted phademinatethe growth

processn theirregular eutectics.

Fisher ad Kurz (Fisher and Kurz, 198@ummarizedthat the faceted phase leads the
eutectic reactio and is costraned to develop algg the preferred crystallographic
planes or oriatations (Fig. 2.15d). As show in Fig. 2.1 the relatioship betwee
the growth wndercoolng and irregulareutectic lamellar spaag are giva (Dantzig
and Rappaz, 2009)

yyl. 6 p n (2.21a)

b » —0 (2.21b)



where Ay and Ac are growth costant for eutectic ad 1 is the parametethat

describsinterface positio.

2.2 Solidification Behaviour of Ferich Intermetallic

Compounds

Fe is highly associated with the deterioration of theechaical properties ofAl
alloys. It isa comma impurity and unavoidably picked up dumg the fabricatio and
recycling process oAl alloys (Green, 2007) Due to the low solubility oFe ranging
from 0.052vt.% to 0.8nt.% (Phillips, 1959) the nevitable formatia of theFe-IMCs
has become the nraieason fordeterioratio of the mechaical properties of cal
alloys (Mondolfo, 2013) Therearetwo man approaches to elimate the detrimatal
effect of Fe content in Al alloys. The firstapproachis the modification including
nucleation enhancement (Que et al, 2017; Khalifa et al, 2005) and morphology
modification etc. (Mondolfo, 2013; Zhag et al, 2012) The secad approachs the
de-ironing which involves physical separation, suchgaavity segegation filtration
(de Moraeset al, 2006)and EM separatio etc. (Makarov, Apelian and Ludwig,
1998)

2.2.1Fe-rich Intermetallic Compounds in Al Alloys.

In Al alloys, there is a nage of FeIMCs including binary Al-Fe, tenary Al-Fe-Si

and Al-Mn-Si and quatenary Al-Fe-Mn-Si intermetalliccompounds etc Binary Fe-
IMCs have some vams including AlisFe; (AlsFe), AlFe (xa 4 -4.0), AlFe
(x=4.55.0) and AlgFe (Alg(Fe,Mn)) (Allen et al, 1998; Skjerpe, 1987; Couture,
1981) temary FeIMCs have some varits including -MsF e S i-AlgFel$ i )
AlsFeSi ad -AlsFeSp, ~AM nSi (Khalifa, Samuel and Gruzleski, 2003; Stefaniay,
Griger and Turmezey, 1987; Rivlin and Raynor, 19&f)atenary FeIMCs have
some variats including -AlFeMnSi (Alix(Fe,Mn)sSi or Alis(Fe,Mn)sSk) , -Al U
(Fe,Mn,Cr)Si and -AlgFeMgSis (Cao and Campbell, 2004; Davignenal, 1996;
Narayanan, Samuel and Gruzleski, 1984drlock and Mondolfo, 1975)The crystal

structure of commay observed~e-IMCs is givanin Table 2.1
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Table 2.1Comma Ferich intermetallic compounslin Al alloy

Fe-IMC Bravais Lattice | Lattice Reference

parameters

Al13Fey, Monoclinic, a=1.549m (Allen et al, 1998; Skjerpe,

AlsFe C-centred b=0.8081m 1987; Black, 195FAllen et al,
monoclinic c=1.248m 1998; Skjerpe, 1987; Black,

b=107. 7 1955)

AlgFe Orthorhombic, | a=0.649m (Young and Clyne, 1981; Hught
C-centred b=0.744m and Jones, 1978pnes, 1969)
orthorhombic | ¢=0.87%m

Al Fe Body-centred a=0.884m (Skjerpe, 1988; Skjerpe, 198
tetragmal b=c=2.16m Young and Clyne, 1981)

b-AlsFeSi Monoclinic a=0.612m (Rgmming, Hansen and Gjgnn

b=0.612m 1994; Skjerpe, 1987; Rivlin an
c=4.1501m Raynor, 1981)
b=91. 0e¢
Un-AlgFe,Si Hexagmal a=1.23m (Stefaniay, Griger and Turmeze
c=2.621m 1987; Munson, 1967; Sun ai
Mondolfo, 1967)
U-AIM nSi Primitive cubic | a=1.26&m (Kim et al, 2006; Cooper an
Robinson, 1966)

U-AlFeSi Body-centred a=1.256m (Kral, 2005; Stefaniay, Grige
cubic, a=12.56m and Turmezey, 1987; Coope
Primitive cubic 1967; Munson, 1967)

2-AlzFeSi C-centred a=1.780m (Skjerpe, 1987; Munson, 1967)
monoclinic b=1.025m

c=0.890
b=132.0

u-Al4FeSk Tetragmal a=0.614m (Rivlin and Raynor, 1981
b=0.948m Phragmén, 1950)

U-Al(FeMn)Si, | Body-centred a=1.256m (Hwang, Doty and Kdman,

U cubic, a=1.256m 2008; Kim et al, 2006; Kral,

Al(FeMnCr)Si | Primitive cubic 2005; Donnadieu, Lapasset a

Sanders, 1994)
" -AlgFeMgsSis | Hexagmal a=0.664m (Kuijperset al, 2005; Foset al,
c=0.794m 2003; Shaet al, 2001)
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2.2.1.1 Bnary Compounds

Binary FeIMCs mainly consist of Al and Fe, and some found to contain trace Si
contentgMondolfo, 2013) The maximum equilibrium solid solubility &i in Al is
higher at ~1.6/t.% (Murray and McAlister, 1984)and low levels (~0.40.2 wt%) of
Si is readily accommodatedy dissolution in the Al matrix and in the Al-Fe

Figure 2.19 Morphologies of biary Al-Feintermetallic componds including (a) AlsFe at

grain boundaries in cast ngot (Skjerpe, 1987)(b) branched dedritic Al,3Fe; particle (Kim

and Cantor, 1994) (c) Al,Fe (ma 4 -4.8) eutectic(Khalifa, Samuel ad Gruzleski, 2003)(d)

Al Fe (xa 4 -5.6) under coolhg rate of 0.1B/s (Khalifa, Samuel ad Gruzleski, 2003)(e)

rodHike primary Ak(Fe,Mn)and Hdupl ex ( mar ked #f AsFe,Mpliu mar y/ e
et al, 2016)
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Consequetly, the phase adents of cast AlFe and Al-Fe-Si alloys with low Si
concent rwatpo)acersimiaQadthodgmit he | atter ca@reyadhe
Fe alumnides ofte contain dissolved Si(Allen et al, 1998) As show in Al-Fe
binary phase diagramFg. 2.17, AlisFe;, also designated allsFe is the first

intermetallicphase to form solidification of dilute Al-Fe alloys.

The fully eutectic microstructures could be atéal n rapidly cooled alloysith Fe
content in excess of that fothe equilibrium eutectic, 1v&.% (Fig. 2.17). The
transformatian of binary Fe-IMCsis dep@&dent mainly on the coolng rate Fig. 2.189
when there isno additicnal nucleation substrate(Young and Clyne, 1981)Under
non-equilibrium solidification conditions a rage of thermodgamically metastable
AlgFe eutectic phases that have smallateancoolng for the rucleation and growth
than U-Al/Al1sFe, forms (Skjerpe, 1987) Moreover, the typical microstructure,
precipitate morphologiesnd Fe caitent of AlgFe and AlisFe, are very similar ig.
2.10. AlgFe is also aimportant phase n Mn-containing alloys. AkMn and AlgFe
are isomorphs,ra cansequetly Mn can substitute freely for Fenithe AlsFe lattice
to become more stable Hgwering its energy. This raises théhermodyamic
stability of the AkFe phasen Mn containing Al alloys. This type of compou is
often denoted as AJ(Fe,Mn) (Alexander and Greer, 2004; Couture, 198Ihe
morphologies of Wiary AlFe IMCs in hypereutectic @d hypoeutectic alloy are
shownin Fig. 2.1%-d andFig. 2.1%-f, respectively.

2.2.1.2 Tenary Compounds

Three tenary phases formnder equilibrium solidificatia conditions in dilute Al-
FeSi alloys with sufficiently high Si catent (>0.1wt.% Si in OM.% Fe
containing alloys, ad >0.2vt.% Siin  O-0.4wt3% Fe cataining alloys. Fig. 2.20
shows the liquidus projectioand associated equilibrium solidificatiaeactions in

the Al coner of the AtFe-Si temary phase diagram.

The chemical compositis of comma temary Fe-IMCs areshown in Fig. 2.21 The
three equilibrium terary phasesre produced byone of the two temary peritectic

reactios followed by a tarary eutectic reactimare(Allen et al, 1998)

R1: Liquid + AhsFesY Al gFeSikalsodeot ed as the U phase):
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Figure 2.20 (a) Liquid projectim of Al corner of the Al Fé Si phase diagram shamg Al
solidification path(Skjerpe, 1987)(b) Al comer of the calculated AFe& Si phase diagram
at the isothernof 540 CKuijperset al, 2005)
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Figure 2.21 Phase maps of (a) AeSi system(Langsrud, 1990)and (b) Al-Fe-Mn-Si

system(Davignon et al, 1996)
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R2: Liquid + AgFeSi Y AMfeSifalsodeot ed as tamder b phase) ;
R3: Liqguid seSAlI + Si + Al

T h e-AlRdSi is identified most commal y  @AgFeBi (Munson, 1967) U

Al 1,FesSi; (Mondolfo, 2013) ~AlisFesSi, (Crepeau, 1995pr gene r a I-AlFgSi U

(Liu and Dunlop, 1986) There is a agtradictiona bout t he s tphasect ur e
Skjerpe showedt h ephakkis body-centred cubic ad Cooper described it as

Al sFeMnSi,, with the space group Im3neé a= 1.256m (Stefaniay, Griger ad
Turmezey, 1987; Cooper, 1967Kral demonstratedsubsequentlyit to be

Al 9(FeMn)sSi, with space group 1IR3 anda=1.2561m (Kral, 2005; Kral, Mchtyre

and Smillie, 2004) However h some other work t he st r upbaseuwag o f
reported as hexagal which is deot e d , @sndoltd, 2013; Barlock wmd
Mondolfo, 1975) T Iplease lhas a compact morphology such aseshscript
structure(shown in Fig. 2.2, c and d).

The pl-AlfeSiisaigualhbidat i f i eAdsFeSi Rivlim and Rayor, 1981)
AlgFeSi, (Ferdian et al, 2015) or gene r a |-AlReSi (Remmng, Hansen and
Gjannes, 1994) There is als@onflictingv i ews on t h-@hastwhianst ur e
accepted to be monoclinic by mamgsearchergMondolfo, 2013; Murali, Rama

and Murthy, 1995) Murali and ceworkersshowedt h aAlsFeSi is maoclinic with

lattice parameters c@=0.5792m, b=1.227m, c=4.313m, and b =9 @Murdli3 e
Raman and Murthy, 1995) However, Carpg e r c | ai-phasel was Haaet b
centred orthorhombic with a=0.618M, b=0.250nm, and ¢=2.069m (Carpeter

and Le Page, 1993)Zheng and ceworkersobser ved -phasatwast he
orthorhombic with a=0.618n, b=0.620m, and c=2.08m (Zheng, Vincent and
Steeds, 2000) Kr al c | aphase dvas tewmigent Wwith tetragmal

Al 3(Fe,Mn)Si, with space group 14mcm, a=0.60% and ¢c=0.950im (Kral, Mcintyre

and Smillie, 2004)

Among all these tarary Fe-IMCs , -AlHeSi is thought to be the modétrimental to
the properties of Ahlloys, and significant effortshave been devoted taavoid the
formation oAl Fe SAlIFeSi has udesirable platelet morphology as shoim
Fig. 222b, ef, is brittle in natureand generally act as stressconcentratoand pont
of weak cohenece (Taylor, 2012; Lu and Dahle, 2003)sually, higher~e content
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Figure 2.2 Micrographs showig (a) typical Chihesescript mor phol ogy of

Al 15(FeMn)sSi, phase(Lu and Dahle, 2005)(b) typical platd i ke mor p-AlgéSogy of
(Lu and Dahle, 2005) (c) primary/eutecticstructure of -AlFeSi (outlned area), (d3D

mor p h ol eAFgSi shdw fdd three origtations from the correspaling area i (c)

(Dinnis, Taylor aad Dahle, 2005)(e) -Ab-eSi (outined ar ea) , (f) -3D mor |
AlFeSi show in three oriatations from the correspaling area m (€) (Dinnis, Taylor ad

Dahle, 2005)
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Figure 2.23 (a) Projectimis of the Al F& Mni 0.5Si phase diagramto the Al Mni Fe plane
and (b) Al comer of the AlFe-Mn-0.5Si phaseliagram at the isothermal of S@Kuijpers

et al, 2005)

Bakelite

Figure 2.24T h e Mo r p h cAlFeMnBie(@) potyledrafCao, Sanders ad Campbell,
2004) (b) crosslike (Cao, Sanders ad Campbell, 2004)(c) dendritic (Gaoet al, 2013;
OrozcoGonzalezet al, 2011)and (d) Chinesescript(Tashet al, 2007;Narayanan, Samuel

and Gruzleski, 1994)
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Figure 225 A summary of t he anidno BedMCs Whegviewes n 2Df
sectios from the lagitudinal (plane view) and cross oriatations (side view)Shabestarét
al., 2002)

and slow cooling rate resultn increasng thes i z e platdlets(fbang and Sritharan,
1998)

The domnation of b-AlFeSi platelet resultsn severdoss d strength and ductility in

Al-Si cast alloys. lisno t e d - enth a Be'IMCs may not exhibit the dedrite or

platelet shaperespectively and thusdifficult to be identified by their morphology,
especially whe the alloys arat eutecticcomposition or arenodified throughNa or
Sradditions(Fatahalla, Hafiz and Abdulkhalek, 1999)

2.2.1.3 Quatenary Compounds

As show in Fig. 2.23 when Fe content in the Al-Si alloy system is above 0.15%4,

platel i k-BlsFeli is likdy to form. Mn is commaly introduced to the alloy
system to supress the formatio f -Al£~eSi(Rana, Purohit and Das, 2012; Zhastg
al., 2012) The equilibrium phasediagram n Fig. 2.23 showsthe possible phase
transformatims ~ t-AlFeMhSi. In previous researchvin was used as a positive
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modifier to suppress the formatim f t h e ¢ o a-phase edpmomotealey b
formation o f | e s s -plasem mfaloys (Jilkt al, 2013b; Tastet al, 2007;
Shabestari and Shahri, 2004he resultachieved by Abedand ceworkersshows
thatthe volume fractio of different kinds of frequet | yphade (polyhedral, stdike

and Chnese script) n specimas with various Mi:Fe ratios(Abedi and Emamy,
2010) -AlFeMnSi was observedwith different morphologiesricluding polyhedral

(Fig. 2.24), crosslike (Fig. 2.24), dendritic (Fig. 2.24) and Chinesescript Fig.

2.24d). Shabestari proposedl3 D mo r p h o-Alfe8i ynd oAlFeMnSi (Fig.

2.25 to explan differences observedin 2D observatias (Shabestaret al, 2002)
suggesting that sectining orientation of a integrate FMC particle is the man

causefor the morphology variation by 2D observation

e TLESEA, &I
A v .

(@)

Figure 2.26 (a) Transformatian o f -Alf~eSi needles mt o -AlgFeMgSis Chinese script
(marked A) n A319.1 alloy cataining 0.5wt% Mg with the dash lie separafi - -
AlgFeMgSis and -AlFeMnSi (marked BjSamuel ad Samuel, 1997)b) the morphology
of Sc_1 (Sc richintermetallic compond) (Chanyathunyaroj et al, 2017)

Mg, Sc aad Cr are ofta introduced to Al cast alloys to improve the meagbal
propertes whichchangeshenucleatimand gr owt h b-AlReMuSiiwAlr o f
alloys (Patakham and Limmaneevichitr, 2014; Shabestari, Keshavarz and Hejazi,
2009; Shabestast al., 2002; Shabestagt al, 2002; Wang and Davidson, 2001;
Samuelet al, 1998; Samuel and Samuel, 1997; Narayanan, Samuel and Gruzleski,
1994) The Mg, Sc ad Cr addition can result n the formatim o f -AlgFeMgSis (Fig.

2.2@), a Scrich intermellic compoundFig. 2.2) and -Al{Fe,Mn,Cr)Si (almost
identi cal mo -AlpeMpSi),o g1y e svd e-AhdFeNg:8id agd. Scrich
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intermetallic compoursl are equilibrium phases when there is minor amount of

quaternary elemen0.5wt.%) in the alloy. Although, the increase inMg is very
likely to result n the formatim of Mg,Si depading on the alloy systen{Salleh,
Omar and Syarif, 2015; Samuwetlal, 1998) Cr is ae of theFe equivalet elemats
along with Mn (Kaye and Street, 2016; Cao and Campbell, 2008)ng the ir;m
equivalet value (IEV) function (Kaye and Street, 2016Fe + 2Mn + 3Cr (n wt.%),
the amout o FeIMCs and the gravity segregatico f  p r i FetMCy canlbe
estimatedCao, Saunders and Campbell, 2004; Cao and Campbell,.2000)

Figure 227 Mi cr ogr a pAiskF ® $i -AlEFgMgdi; transformation (Samuelet al,
1998) (-AlF e B i -AlFeMnSliransformation (Kuijperset al, 2003) (c) Alg(Fe,Mn) to

U-AIFeMnSi eutectoid trasformation (Alexander and Greer, 200a)d (d) Al{(Fe,Mn) t o

AlFeMnSi peritectic trasformation (Warmuzek, Rabczak and Sieniawski, 2005)

2.2.2.Nucleation for Fe-rich Intermetallic Compounds.

Nucleation of FeIMCs is reportedon two types of substrates.n® is the existing
phasesricluding -All (Puncreobutret al, 2014)and Fe-IMCs (Kuijperset al, 2003;

Alexander and Greer, 2002; Samuel al, 1998) Theotheris inclusions or in-situ
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particles (Terzi et al, 2010; Miller, Lu ad Dahle, 2006; Caond Campbell, 2003;
Allen et al, 1999; Alle et al, 1998;Narayanan, Samuel ad Gruzleski, 1994)As

shown in Fig. 2.27 Commonly observedreIMC to FeIMC transformatians are

summarized as followb-AlsF e Si -Al¥FeMgSis (Samuelet al, 1998) -AksFeSi

Y HAIFeMnSi (Kuijperset al, 2003)and Alg(Fe,Mn)  Y-AIREMnSi (Warmuzek,
Rabczak ad Sieniawski, 2005; Alexader and Greer, 2002)Recatly, X-ray based
techniques are used to investig&teIMCs including nucleation mechaism and

morphology evolutia (Puncreobutret al, 2014; Terzet al, 2010) As show in Fig.

2.28 with theexcepton of selfnucleatian (on existing FeIMCs )  tAhfeSi fwas
observedo initiateont h eAl dehdrite by Puncreobutr(Puncreobutret al, 2014)

500
[ msurface oxide

[ ®on/near a-Al dendrites
400 + mself-nucleation
1 oxide skin of pores

300

200

Number of Intermetallics

100 §

o
O D A L, AN D A0 A0 AN
AP IR AN (AN LR ANER AR

o ) )
Temperature [°C]

Figure 228 Quant i f iineednetddlic compounducleation rates, as classified by the four
types of nucleation sites. hs et 8l VAl i | intermdtalia compoursl that were
nucleated o the surface oxide, e a r HAlhdendritds, o existing intermetallic
compoundg (selfnucleation) and on the oxide ski of pores, respectivelyNote that each
intermetalliccompoundis rendered as it first appeared the specime (Puncreobutet al,
2014)

The inclusion particles, such as oxidg¢®uncreobutret al, 2014; Miller, Lu and
Dahle, 2006; Cao and Campbell, 20@8) TiB, (Khalifa et al, 2005; Allenet al,
1999; Allenet al, 1998) arereportedto encouragye thenucleation of Fe-IMCs. To
enhance a heterogeousnucleation event, the substrate is required to be wettad a
potent (good misfitlattice mismatchig). The crystal structure of some alumim or

magnesium oxides islescribedn Table 2.2 Someoxides ncluding Mg @l,03 2
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and MgAl,Oo,have a relati vely -AlFalrSilad lkeasilydan c e
form and wetin Al alloys. Observatim and analysis of the crackike defects Fig.

2.2%, c and d) within theseFe-IMCs was confirmedThis shavs thatphysical

Table 2.2 Crystal structures ofsome aluminium or magnesium oxides (Cao and
Campbell, 2003)

Peason  Space Crystal Lattice Parameters (nm)
Formula ~ Symbol Group System and Angles T (°C)
a-AlO; hR10 R3¢ hexagonal a = 0.4758; ¢ = 1.2991; vy = 120 deg 26 °C

(corundum)  ARI10 R3¢ hexagonal a=04759; ¢ = 1.2991; vy = 120 deg 27 °Cto 30 °C

| T | B T

hR10 REC hexagonal a = 04754; ¢ = 1.2990; y = 120 deg
hR10 R3c  hexagonal a = 04758; ¢ = 1.299; y = 120 deg 25°C
hR10 R3c  hexagonal a = 04754; ¢ = 1.299; v = 120 deg 27 °C

hR10  R3c  hexagonal a = 0.4760; ¢ — 1.2993; 7 = 120 deg
hR10 R3¢ hexagonal a = 047586; ¢c = 1.299; v = 120 deg

hR10 ch hexagonal a = 0.4803; ¢ = 1.313; y = 120 deg 850 °C
hR10 R3¢ hexagonal a = 04813;¢c = 1.315; y = 120 deg 1095 °C
hR10 R3c hexagonal a = 04822; ¢ = 1.317; v = 120 deg 1285 °C
hR10 R3c  hexagonal a = 04832; ¢ = 1.318; y = 120 deg 1490 °C
hR10 R3¢ hexagonal a = 0.4844; ¢ = 1.324; y = 120 deg 1705 °C
hR10 R3c  hexagonal a = 0.4844; ¢ = 1.327, vy = 120 deg 1897 °C
hR10 R3c  hexagonal a = 0.4847; ¢ = 1.325; y = 120 deg 1910 °C
hR10 R3c  hexagonal a = 04847, ¢ = 1.325; y = 120 deg 1995 °C

R3¢ hexagonal a = 04759; ¢ = 1.2992; y = 120 deg

0-Al,0; monoclinic a=1124;b = 0.572; ¢ = 1.174;
B = 103 deg 20’
monoclinic a = 1.1813; b = 0.2906; ¢ = 0.5625;
= 104 deg 6'
8-Al0O, orthorhombic a = 0.425; b = 1.275; ¢ = 1.021
tetragonal a=0.790; c = 2.34
. tetragonal a = 0.7943; ¢ = 2.350
v-Al,O;3 c¢F56  Fd3m cubic a = 0.7859
c¢F56  Fd3m cubic a = 0.7947(10)

tetragonal a = 0.562; ¢ = 0.780
k'-AlLO; hP44  P6ync  hexagonal a = 0.5544; ¢ = 0.9024; y = 120 deg
Kk-Al,0, hP44  P6ymc  hexagonal a=971;¢c=0.1786; y = 120 deg
hexagonal a = 9.70; ¢ = 0.1786; y = 120 deg
hexagonal a = 1.678; ¢ = 0.1786; y = 120 deg
x-AlLO; cubic a = 0.795
hexagonal a = 0.556; ¢ = 1.344; vy = 120 deg
hexagonal a = 0557, ¢ = 0.864; y = 120 deg

7-ALO; cubic (spinel) a = 0.790
B-AlO, P6ymmc  hexagonal a = 0.564; ¢ = 2.265; v = 120 deg
t-Al,O3 orthorhombic «a = 0.773; b = 0.778; ¢ = 0.292
orthorhombic a = 0.759; b = 0.767; ¢ = 0.287
p-AlLO; amorphous?
SrO - ALO; — —_ — —
SrO - 2A1,0; monoclinic a = 1304; b = 0.900; ¢ = 0.555;
— B = 106.31 deg
AlLMgO, ¢F56  Fd3m cubic a = 0.8075
Fd3m  cubic a = 0.8080 26 °C
MgO Fm3m cubic a = 04213 26 °C
cF8 Fm3m  cubic a = 042112
cF8 Fm3m cubic a = 0.42109(5)
cF3 Fm3m  cubic a = 0.4203 25°C
cF8 Fm3m cubic a = 0424 500 °C
cF8 Fm3m  cubic a = 0.4253 807 °C
cF8 Fm3m  cubic a = 0.426 1000 °C
cF8  Fm3m cubic a = 04276 1209 °C
cF8 Fm3m  cubic a = 0430 1500 °C
cF3 Fm3m cubic a = 0.4308 1739 °C
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Figure 229 Micrographs showig (a) oxide doubkilm withint h e p r-AlfeMmSy U
(Cao ad Campbell, 2003)(b) crack pee t r at e t h r -AlfFeMhS i eAlllCaoatl i ¢ U
Campbell, 2003)(c) crackpee t r at e t h r -@&lg-gSi(Milfer, Lumara Dahle, O6)

and (d) oxide layer witm b-AlsFeSi nserted with EDS peaks of oxygeorrespoding to

dark arrowed regio(Miller, Lu and Dahle, 2006)

associatia of theFe IMCs with these solid oxided=(g. 2.2%) thateither formedn-
situ or addeds in accordace with the mechasm thatFe- IMCs nucleate upo the
wetted sides of double oxide filnfMiller, Lu and Dahle, 2006; Cao and Campbell,
2003) InK a | i fudy,6asseriss of ceramic particheith good lattice mismatchg
wi t-AIFeMnSi was introducednto Al-Fe-Si alloys (Khalifa et al, 2005)which
showsthat ncreagd cooling rate ca generally facilitates thewucledion of FeIMCs

on the surface of diffem inclusionsand inclusions aremore likely tobe located
next to the FeIMCs when there is agood lattice matchmg.Allen et al. reported
(Allen et al, 1999)that mnor vana d i um ( O5 0 h@pl/or)Al-TeBiglant i o
refine r (O 8 0 0 prpcam)significantlyi change the solidificatio behaviour of
binary Al-Fe IMCs and enhance thenucleation of metastable AlFe without
changing alloy compositio or castng approachKhalifa (Khalifa et al, 2005)also
reported the nucleation enhancement ciMEs by synthetic TiB particle addition.
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The nature of TiB particles under different processes is summarized bdlbere
are two commp methodsusedto produce ni- situ TiB,, which aresalts reactio

(K.TiFg + KBF4) (Han, Liu and Bian, 2002; Wood, Davies and Kellie, 198%)

Al Ti, wt-% —

Figure 2.30 Liquid projectio of in aluminium comer of Al-Ti-B temary phase diagram.
Largest arrowsndicate directinos of decreasig temperature. Al coer is h exaggerated
formforclarity( Zupani |, Spail.and Kri gman, 1998b)

AB, TiB,

100 /t= 0
= t>0 |
| ts0
e
0 Al B : i,
(a) (b) (AI,Tl)Bz

Figure 2.31 Possible mechasms brm transformatian of apparetly pure AIB, and TiB, to
mixed (Al,Ti)B,: (a) inter-diffusion of Al and Ti on cationic lattice sitesn (Al Ti)B,; (b)
formation of equilibrium (Al Ti)B, and dissolutim of apparetly pure AIB, and TiB..
(Zupanil, Spail and Krigman, 1998a)
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reaction with molten master alloys (AlTi + Al-B) (Emamy, Mahta and Rasizadeh,

2006; Tee, Lu and Lai, 19990\s show in Fig. 2.30 the tenary phase diagram
equilibrium phae diagram of Alli-B is described by Zupanic Zupani | , Spai
Kr i g man, InthisOwhr&, khe latter approach was employedaisi chemical
composition on the boram rich side of stawhiometric TiB (i.e. with a Ti/B weight

ratio < 2.2) to prevat the adsorptio of free Ti atons to TiB,. Regardless of the
production method, although TiBis a thermodgamically stable phasthere isa

debate whether AlBand TiB; exist as twcseparatghases or as a wnuous solid

solution, (Al Ti)B,, when there is excess BErjellstedt, Jarfors an8vendsen, 1999;
Zupani |, Spail and Kri gman, 1998a; Arnbe
1975; Maxwell and Hellawell, 1975b; Backerud, 197Comish axd Backerud
(Cornish, 1975; Backerud,971) have idatified that Al andTi atoms ca replace

each other to form (Al,Ti)B However, Maxwell ed Zupaiic ( Zupani | , Spai
Kr i g ma n repottedl eh8t éh¢ large particlesdgparticlesheat treatedor a long

time tend to forward to stoichiometric AlIB and TiB, composition.The possible
transformation mechaism associatedhese compaw s 6 m ésasgggested by

Zupanic as show in Fig. 231 An update by Fa and ceworkerssuggestd that

alloying elements addition promotes thermodamic stability of TiB in Al-Ti-dofi X 0

system by affectig their activity coefficiats (Fan, Yang and Zhang, 200%yhich is

adoptedin this investigatiorto increase the stahiji of reaction product forAl-Ti-

B(Fe) master allay

2.0

0%Cu
] 3%Cu

15 | ]

1.0

Porosity (%)

0.5

0.0

0.1Fe 0.6Fe 1Fe 1Fe + 0.5Mn

Figure 2.32The porosity m cast AF9Si cast alloy with ad without 30wt% Cu as a foction
of Feconcentration (Dinnis, Taylor aad Dahle, 2006)
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2.2.3 Influenceof Fe-IMCs on Mechanical Property of Al Alloys.

It is inevitable thatsecadary Al alloys contain a casiderable amaoat of Fe
(Mondolfo, 2013) In castng alloys, a reaspable amout of Feis added to preve
die soldemg (Han and Viswanathan, 2003jowever, Fdeadsto shrhkage porosity
(Taylor, 2012) ductility reductiam (Ji et al, 2013b) scattered mecim&cal properties
(Cao and Campbell, 2003nd potetial fatigue life (Nyahumwa, Green and
Campbell, 1998)

Introduction of Feis very effectiveat increasng the total porosity aad shrinkage
defect as suggested by biis and ceworkers(Dinnis, Taylor and Dahle, 200@hd
Taylor (Taylor, 2012) As show in Fig. 2.32 the Fe concentration leads to a
cumulative hcrease irporositylevel in cast alloyg regardless of the prazme of Cu.
Mn alone in the absece ofFedoesnot appear toeduce these defectsven although
the UAIFeMnSi is still domhant. The addition of Mn to an alloy with a given
amount of Fe can consideralty reduce the porositgdue to the trasformatimmo f - b
AlsF e S i -AlEedinSUDinnis, Taylor and Dahle, 2005)

24
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Figure 2.33 Maximum ductility (best elogation-to-fracture) as dunction of SDAS for

variousFe contents (Taylor, 2012)

As shown inFig. 2.33 Fe induction and SDAS considerably decrease the elongation

in a givenAl alloy. The different points of fracture occur because the combned
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effects of several variablemcluding casthg defects (e.g. oxidesna porosity),
cooling rate (secadary dexdrite arm spacig) and Fe catent. In high pressure die
castng, Fecontent is reported to awsiderable reduce the ductility of Mg-Si alloys
(Ji et al, 2013b) Meaawhile, Mn appears to have little effech¢he ductility of the

alloys.

The reliability issus caused byFe content has also beereportedin some research
Campbell ad Nayahumwa reported that the defect created~eyMCs can also
cause fatigue ral tensile test property scatteg (Cao ad Campbell, 2003;
Nyahumwa, Gree and Campbell, 1998)Fig. 2.34 shows thatmelt filtration can
significantly increase the fatigue &fof Al cast allog. Similar to oxide defects, the
cracking of FeIMCs is cawentionally attributed to their brittlenatureand coarse
morphology. Eva though, some compa€eIMCs ca be strang, the cracks which
are ofte observed traveltig through theFeIMCs may actually be travetiy alang

thenon-bonded oxide mterlayer.
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2.3 Summary

In this chapter, previousxperimentaland theoreticalinvestigationson nucleation,
role of solute and crystal growth of facet ptsalsave been revieweidh section 2.1
and solidification behaviours of AMCs have been reviewed in section 2This
research isledicatedo gain further understandiran the solidification behaviowf
FeIMC basd on previous understanding solidification in simpler systms. The

nucleation and crystal growth will be the two fundamental objectives of this study.

The theoretical research on nucleation has bmmrninuedfor many years. he
classic nucleation theory ithe first heory that attempted to findhat act asa
nudeation substrate and how nucleation occ(@fsirnbull, 1953) The classic
nucleation theorys fundamentally correct but hatd apply in many casesas the
parametersand interaction of particles around the nuctee difficult to determine
experimentally For common casting process Cantorsuggested that solidification
alwaysoccurs with heterogeneoumsicleationas it isnot possible to remove all the
impurities from the parent liqui@Cantor, 2003)TiB; is consideredo bethe nuclei

in Mg free alloysasthe grain sizes of the alloys with and without F@lidition can

differ greatly. A reasonable conclusion for this phenomenon ighthabtency of the
particles can be onaf the critical factors to determine whether they can nucleate the
solid. The substrate with smaller lattice misfit is considered to be more potent than
the ones witha large misfit, which determines whether a substrate can act as
heterogeneous nucleatisite (Maxwell and Hellawell, 1975a)The misfit has been
calculated ilrmanyways Turnbull and Vonnegut used the lattice parameters of both
phasegTurnbull and Vonnegut, 19%2ndBramfitt used three random directions of
two faces and the arithmetic mean value of the three pairs of different directions and
taken the angles between each pair under conside(8tiamfitt, 1970) Fanand ce
workersconsidered only the close padkiaces of the nucleation phase and potential
nucleation substrated~an, 2013) However, usingmisfit as the only criteriorto
evaluate nucleatiorpotencyis still very confined at explaining the significant

i mprovement on t helbgonghe TiB patides wite naeerfree o f
Ti addition very well(Fanet al, 2015) One reasonable conclusion is that degpie

goad lattice matching between substrate dhd nucleation phase, the elemaint
adsorption can significantlgffect the heterogeneous nucleation event by reducing
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nucleation barrier and/or decreaas lattice misfit (Fan, 2013) Furthermore, the
efficiency has been considered as another determining factor for grain refinement.
Larger nucleation substrate requires small undercoolingstiamt of free growth
(Greeret al, 2000) Consguently, a higher substrate number density should be able

to contribute to a finer grain structure.

Crystal growth is fundamentally a diffusion controlled process. The solute
concentration and elemeatiffusion is very crucial for crystal growtfDantzig and
Rappaz, 2009)The constitutional undercooling caused by solute segregation at the
S/L interface is one of the dominant factors for the crystal growth. There have been
different parameters tassess thjssuch asconstitutionalsupercooling parametét
(Tarshis, Walker and Rutter, 1974nd growth restriction factop(Johnsson, 1995)

The evaluation growth restriction for muttomponent system is simply adding the

or Q value for each element.oF the crystals with great growth anisotropy the
necessary growth driving force dependent on growth directiofDantzig and
Rappaz, 2009)These phaseare highly likely to exhibit face¢d structure during

their growth (Sunagawa, 1990)such as Si and A#Cs. Faceted phase tends to
grow along weldefined directions with the help from twins and/or screw
dislocations. Therefore, the resultant eutectic structure is very complex and irregular,

giving the rise to an irregular eutectic morphology.

The nucleation models used faf pure elemerstcan be usd for the nucleation
analysis for FAMCs. Considering the comgiity of Fel MC6s i n t er ms
structure and chemical components, the nucleation enhancentesmtMd€ may not
completely follow the principles nucleation based on pure metdle adsrption
mechanismproposed by CantofCantor, 2003) Fan (Fan et al, 20195 and ce
workersprovideda new insightnto the heterogeneous nucleation of coexghass,

such asntermetallics It has been widely acknowledged thanerallyFe-IMC has a

unit cell of more than 100 atoms and strong anisotropy. The further theoretical

understanding on the growth of-BdCs must take these factors into consideration.
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Chapr 3 EBExpéer Pmecedure

In this chapter, the castj methods md processig procedures usedn ithis
investigation will be described.rl order to facilitate the metallurgical observatia
few sample preparatioomethodswere employed m this study and their processes
will beillustrated Characterizatio and quantification tecmiques usedn the preset

study will alsobe introduced i this chapter.

3.1 Material Preparation

TheAl alloys investigatedn the preset study are AlFe-Mn alloys and Al-Si-Fe-Mn
alloys and super ductile AMg-Si-Fe-Mn alloy (Ji et al, 2012) For the purpose of
investigating the solidification of FBMCs, the alloys are chosen because of their
sufficient amount of Fe and Mn content and previous resedicét al, 2012)
Various concentrations of Mg and Si argroduced to study their effect on the
solidification behaviour of F&MCs. The intention of choosing each alloy
composition point will be further explained in each chapi¢rese specific alloys
were made fromcommercidly pure Al (Norton Aluminium Ltd Staffordshire, UK)
and commercidly pure Mg (Magnesium Elektra Ltd, Manchester, UKand master
alloys from other surces The compositims of commercidy pure metals usedi
this study are showin Table 3.1 The asreceived compositits of the commercial

master alloys are shawn Table 3.2

Table 3.1Chemical composition of pure metals

El emhé wt . %)

Mat es|Al |Mg [Si |Fe (Mn |Cu |Zn Ti Ot h ¢

Pure |99.{0. 0. 00. 00. 0(0. 0(0. 0(0. O(<O. d

Pure |0.0499./0. O0. Of0O. 040 . 0O (- - <0. (

For the preparation of nominal-1.2Fe0.7Mn-xMg, Al-2St1.2Fe0.7Mn-yMg and
Al-5Mg-2Si1.2Fe0.7Mn alloys, the lectric resistace furnace (Carbolite Hope,
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UK), wasusedfor melting and cooling if not specifie®ure Al wasmoltonat 75& C
and master alloys were addede by onébeforeat leastl hour ofholding Pure Mg
was added 30 minutes leé casting to reduce the oaitbn. Composition
measurement of these alloys was performed Hoyndry-Master Pro (Oxford
Instruments) as shown irFFig. 3.1a. For chemical composition analysis, a csnple

with minimum surface size 20 dwasproducedy pouring stirred melt into a steel

Table 3.2Chemical composition of master alloys

Elements (wt.%)
Materials | Al B Mg Si Fe Mn Cu Ti
Al-50Si |[Bal. |- <0.02 | 50 0.6 |[0.12 |0.03 [0.02
Al-20Mn |Bal. |- 0.01 |0.09 |0.27 |[18.2 |0.02 |0.02
Al-38Fe |Bal. |- <0.02 | 0.05 |38 <0.02 | <0.02 | <0.02
Al-5B Bal. |5.44 |- 0.09 |0.17 |<0.02 |<0.02 |<0.02
Al-10Ti |[Bal. |- 0.01 |0.11 |0.29 |- - 9.3

Foundry-Master Pro

Analysis

Mould Cavity
e

Figure 3.1 Photos of (a)floor standing metal aalyser Foundry-Master Pro, Oxford

Instruments and (b) mouldusedfor the chemical compositiotest sample.
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mould &hown in Fig. 3.1b). Before running the composition analysis, the cast

samplewas groundvith SiC 800grit paperto produce dlat surface ad dried in an

air streamafter washingwith ethanol. The chemical compositions of the alloys

acquired by this method will be presenteble 3.3

The preparatio of Al-5Ti-2.5B(Fe) fominal) master alloy was coducted at 906C

in an electric resistace fumace. For produog 1kg of AF5Ti-2.5B(Fe) master alloy,
firstly 500g AF10Ti master alloy rad 40g pure Al was heatdd 900C followed by
the addition of 460g of Al5.44B master alloymce the alloy wasnolten The melt

was tha held at 90@C for 8 hours, ad the sludgevasremoved from the top of the

Table 3.3 Chemical compositio of the alloys characterizedith Foundry Master

using compositio test sample.

Alloys Elements (wt.%)
Al (Mg Si Fe Mn Others
Al-5Mg-2Si1.2Fe0.7Mn |Bal.|5.26+0.42[2.14+0.23|1.22+0.08{0.71+0.05/0 0 . 1
Al-1.2Fe0.7Mn-xMg Bal.[0.003  |0.04+0.01|1.26+0.02|0.73+0.03|00 . ]
Bal.[1.31+0.02|0.03+0.01|1.25+0.05|0.67+0.01|O 0 . ]
Bal.[3.22+0.05|0.04+0.01|1.23+0.12|0.64+0.02|0 0 . ]
Bal.[6.07+0.13|0.04+0.01|1.18+0.03|0.67+0.12|0 0 . ]
Al-2Si-1.2Fe0.7Mn-yMg |Bal.|0.01 2.19+0.08|1.20+0.04/0.66+0.02/0 0 . (
Bal.[1.2620.02|2.24+0.14|1.21+0.06/0.67+0.01|O 0 . (
Bal.|3.05+0.20| 2.22+0.09|1.25+0.06|0.65+0.02|O 0 . (
Bal.|5.41+0.35(2.11+0.06|1.26+0.10/0.68+0.03[{O 0 . 1
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melt before adding 13g A.8Fe master alloy to the liquid melt. After a further 8
hours of holding at 9 and mechanical stirring every hour, the melt was cast in
60*60*200 mm steel mould with @%200 mm cylinder mould cavity to allow a
rapid cooling to achievehomogenisé particle distribution. However, due to the
sensitivity limit, Foundry-Master Prowas unable to characterize the final chemical
composition of AI5Ti-2.5B(0.5Fe) master alloy.

3.2 Castng Procedures

In this sectim, the castig procedures for thewestigation are described. The TP
mould was adopted tawestigate the effect of solute rntration and castig
temperature at cooling rate of 3.5K/s. Various castg approaches such aSu
wedge moulctastng, coolng in furnace (CF) ad melt quaching with water(MQ),
wereusedto understad the solidificatio path and the effect of coofig rateon the

solidification behaviour ofFeIMC in various alloys.

3.2.1TP-1 Standard Casting

In order to achieve a oesistent and moderée cooling rate for the experinms, TR1
standard mould wasused (Aluminium Associatim, 1987) The mould wall was

cooledin water bath with a awstant flow rate of 3.9 litre per mnute (ig. 3.2a),

(@)

—_—
;—.—
| Water Tank

Water Faucet

Water Flow Meter \
TP-1 Mould

\

— ———————————— Plastic Pipe

-—

Cooling Water

Figure 3.2 Schematic illustration of (a) FP casting(Aluminium Association, 1987)(b)
TP-1 sample. The specimens for metallography and characterization were taken from arrow

indicated position.
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providing a constant 3.5K/s cooling rate at the cross section 38 mm from the bottom

of the TR1 sample(Aluminium Association, 1987)Metallography observation of

TP-1 samplewas taken place on the cross section 38 mm from the bottom and the

vertical section from the centre of the sample if specified. (3.2b). For the

investigatio of the effect of castiy temperature rothe formatim o f -AlEEMnSi at

acooling rate of 3.5K¢, an experimat with multi-temperature casty was employed.

The processig route shown irFig. 3.3illustratestwo processig stagescooling in
air and TP-1 castng. The air coohg started from 75¢ @nd finished at TPL castng

temperature. Desigited TP-1 casthg temperatureanged from 5

Oe Gbove primary

phase formatio temperature to eutectic temperature acegydo the alloy phase

diagram, ar&20,700,680, &0, 660, 650, 640, 630, 620°C.

Holding

Heating Cooling in Air Cooling in Air

Casting
Temperature Zone

N
7

t 1 4

Figure 3.3 The processig route of TPL castihg experimet at various casty temperature

whichraages from 6£Z£0eC to 680

3.2.2FurnaceCooling

Furnace coolindCF) was caducted simply by plaog meltin a preheated fuace

ata giventemperature depeing on the alloy, ad allowed to so
the coolingfurnace. Although the heat releasite of the funace

lidify whilet was in
is depmdent on the

isolation of the funace, the cootig rate of such experimes coolng from 72@ Go
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620 Qvas 0.020.0BK/s (sensitivitylimit of the K-type thermocouples)t should
be noted that whie temperature differece betwer furnace ad environment become
small the coohg rate willdecreas@along with the rate of heat relea§&iven that the
solidification of the targetalloy finishes at arond 58G (Cthe coolng rate variatia

was camsiderednegligible for the CF samplenalysis.

3.2.3Cu WedgeMould

As shown in Fig. 3.4 the Cu wedgemould was used to study the effect of cogli
rate mt he mor p h-AlFedMgSy duetb thdlcoaty rate rage that itis

available with a wedge mouliotadia, 2Q.0; Pryds ad Huang, 2000) The coolhg

rate was determed ushg an empirical relatioship betwer the coolng rate (YK/s)

and half thickness of mould wall4 mm). This relatimship is proposd by Prydsand

co-workers(Pryds ad Huang, 2000)

926E T

Y — (3.1)
15 mm 15
A
£
IS
L0
(a0}
—
’l—zb
. 4
e
Mould
Cavity
Mould A A5
Tip J £ Ac
IS n
0 Vi
—
e
< 30 mm < 30 mm

Figure 3.4 Schematic illustratio of the Cu wedge mould showng mould cavity, half

thickness of mould walldh) and mould dimaesions.

50



The relationship between the half thickness of mould cavity and height was
calculated with the measured thickness/height ratio. Basing on this equation, the
cooling rate at 10 mm, 40 mm, 70 mm and 100 mm from tip of the mould are
approximately871K/s,72K/s, 26.2K/s and 13.8K/s, respectively. These cooling rates
have been experimentally measured by placing thermocouples at the thin areas of

wedge mould, which show comgable result.

3.2.4Steel Mould Melt Quench

Water quech is commaly used to obtai a castant high coolng rate due tdhe
high heat capacitpf water (4.184 J/&K) and good thermal aaductivity of steel
(32.6 W/ ( mATRpstea mouldniel®ddeich (MQ)was employed here to
achieve freerig which meas a coolng rate surge dumg solidification when the
melt was trasferred to water bath. Thus, the solidificatisequace ca be
investigatedhroughmicrostructure observatio This method was atsused with the
assisanceof a thn wall steel mould Fig. 3.5) to studythe nucleation behaviour at

higher cooling rate whichwas experimetally measured to be %Q0K/s.

Figure 3.5 Photo of steel mould coated to boroitride used for melt queh (MQ) and
cooling rate measuremg showing the dimasions of the mould.
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The steel mould is used for the melt quenching experiment and cooling curve
measurement (see section 3.4.7). For melt quenching experiment, the processing
route is relatively simpleThe melt i s held in a graphit
divided into several the steel mouldsig. 3.5 t hat I's preheated
electric resistance furnace. The steel mould will be placed back in the furnace for

slow cooling and submerged ioam temperature water for melt quenching when the
selected quenching temperatures are reac
600eC and 579eC based on the phase trans-
Metallurgical observation was made aé ttross section 10mm from the bottom of

the steel mould.

3.2.5Quart Tube Melt Quench (TQ)

This casthg approach is desigd to have aeliable the control of casthg
temperature. nduction furnace (Meltech Ltd, Suffolk, UKshown in Fig. 36, was
employed for this experinme (MelTech, 2017, in order to obtan homogeniséd

particle aad temperature distributis durhg the solidificatiom process as well as a

Figure 3.6 Photos showig (a) MelTech mduction furnace which is curmly in working
positian, (b) @8nm translucent quartz tube, (c) @40m resistat heater ad (d) water
guenched sample with a diameter of @6 mm by quartz tube.
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sustained cooling rate which is measured to be 0.15+0.02K/s1a&zqube with
5+0.5mm inner diameter and 8+0.5mm outer diameter was used in this experiment
for transferring the melt from crucible in induction furnace to water. The
measurement of the cooling rate of wateas not straight forward due to the
variation in sample diamets. However, because of the crgsstion [ 5+0.5mm) of

the quenched sample, the entire sample was considered to be solidified immediately

oncesubmergeadn water.

The processing route of this casting approach includes two stages: cooling in
induction furnace and melt quenching, labelled as Stage 1 and Stadad?3r,
respectively. A mass of 2kg of AIMg-2Si1.2Fe0.7Mn alloy was molten in
induction furnacegeeFig. 3.69 after 15 minutes of heating, and holding at 750°C
for 5 minutes (lower power output) until the temperature stabilised. Melt temperature
was then decreased by reducing the power output of the induction furnace. During

this stage the melt tempéuae was monitored with Kype thermocouples which

Tr an «
T
— O Q u
= © Tube
o ®
S o
e ool Ui—J
A | c >
T ( — -
! |
: I
750 [---- ! I
I ! I
I ! |
__________ I =
| |
| |
| |
| |
620 f--f------- oo J ;
| | |
I ! |
| | |
Induction ! Induction : Induction |
heating full ~ heatinglow ||  heating low |
power | powerinput || powerinput !
| | |
7
St ag St a g—+

Figure 3.7 Schematic illustratio of processig route of quart tube water queh experimat
which includes maily two stages which are slow coadj (Stage 1) sd Quench in Water
(Stage 2).
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showed a cooling rate of 0.2K/s. The quartz tufig.(3.6b), connected to a syringe

and preheated to 750°C with atectric resistace heater $hown in Fig 3.69, was

used for transferring melt from crucible to water bucket. In Stage 2, a small amount
of melt (479) was draw witithe preheated quartz tube framrucible and then the
withdrawn melt was dropped into water with drawn melt. Thusn@$uenched rod
samples (se€ig. 3.6d were produced. Designated melting quenching temperatures
ranging from 20K above primary phase formation temperature to the eutectic
temperature according to the phase diagram €Md-2S+1.2Fe0.7Mn alloy, were

675, 670, 665, 660, 655, 650, 645, 640, 635, 630, 625 and 620°C. Due to the very

fine morphology of quenched liquid, it can be easily distinguished from slowly

Table 3.4 Themetallographic sample preparation route | for hard materials.

Surface | Abrasive | Force | Time Rotation speed Rotation
(mm:ss) | (rpm) Direction
(Base/Head
Base | Head
CarbiMet | P320 SiC | 25 N | Unitil 300 50 >>
Flat
CarbiMet | P800 SiC | 25 N | 3:00 150 50 ><
CarbiMet | P2500 25N | 3:00 150 50 ><
SiC
CarbiMet | P4000 25N |2:00 150 50 > <
SiC
MD-Mol |0 . 04 ¢|25N |5:00 150 50 > <
SiO, OP-
S
* All consumables are provided Buehler,Coventry UK., exceptOP-S which is
from Struers Ltd., Catcliff®otherham, U.K
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cooled liquid. The solidification behaviour of the phases formed in temperature range

of

680U0C

to

coarser morphology.

6200C,

3.3 Sample Preparatio

3.3.1 Grinding and Polishing

w hAIFeMnSij shoult déxhibst a mucH o y

The preparatio route | wasusedfor metallographicpreparatio of hard materials,

such as most of qoary Al-Mg-Si-FeMn and quatenary Al-Mg-Fe-Mn alloy

samplesthe wedgesampleqfrom Cu wedge mouldand water quached samples.

Metallograply samples were collected from various areas of theass ngot

depending on the observatio needs.They weresectioned off from ascast sample
with Ab r a s i Me BuBhler2 GoPentfy, UKfrom ascast ngot, and it was the

mouwnted with CitoPress mauting presg(Struers Ltd., Catcliffe Rotherham, Jkito

Table 3.5 The metallographic sample preparatioute Il for soft materials.

Surface | Abrasive Force | Time Rotation speed Rotation
(mm:ss) | (rpm) Direction
(Base/Head)
Base | Head
1 | CarbiMet | P320 SiC 25N | Until 300 50 > >
Flat
2| TexMet |9 e m 15N | 5:00 150 50 ><
P diamad
3| TexMet |3 e m 15N | 5:00 150 50 >>
P diamad
4| MD-Mol | 0.0& nSiO, | 15N | 12:00 150 50 ><
OP-S
* All consumables are provided Buehler, Coventry, UK., exceptOP-S which is
from Struers Ltd., Catcliffe Rotherham, U.K
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@30mm by 15+10mm cylindrical sample using Bakelite redetPrep, Coventry,
UK). The samples were then ready for grinding and polishing, and the preparation

route is illustrated iMable 34.

Preparation route Iwas used for mtallographicpreparation of relatively soft
materials, such as CF quinary-Kg-Si-Fe-Mn alloys, CF quaternary Alg-Fe-Mn
alloys, quaternary ABi-Fe-Mn alloys, ternary AlFe-Mn alloys and DSC samples.
The cutting method and mounting method were identical to preparabute I.
However, this route has different grinding and polishing procedures as shown in
Table 3.5

3.3.2 Anodising

Anodising was usedto obtan coloured image for graisize analysis ad gran
boundary observatio. As-cast sampkepreparedvith standard mechaical polishing
procedures was etcheth Bar k e r dts(5mrr KB&4 @8%) +200ml water
(VanderVoort, 2015) for 90-120 secands wnder a costant voltage of 20V at room
temperaturédWeidmann and Guesier, 2016; Cerri ad Evangelista, 1999)where the
etching current pass hrough samplewvhich is depadent on surface areaf the

sample Schematic illustratioof anodising statia is show in Fig. 3.8

| @ D.C Power SuppO |

Sample

Bar ker 6c¢

\.

Figure 3.8 Schematic illustratio of constant voltageAl alloy anodising statio that with a

sample in electrolyte solutia.
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3.3.3 Electropolishing for EBSD Samples

An Electropolishing station was set up as illustratedh Fig 3.9. The DC power
supply worked as a ostant voltage ad stable curnet source providig 12V durng
the electropolisimg. The currat through the sample is demknt on specific
specim@ and surfae areaexposedto the solutio. For AF5Mg-2Si1.2Fe0.7Mn
alloy, the currat was stable at 0.8A whesurface area is arnd 2.28cm.
Electropolishng was done with aonstantly stirred the 20% MNO; ethanol based
solution at 243K for 20 seaals, followedby rinsing in pure ethaol and drying in a
warm air streamDue to the unstable nature of the electrolyte for this protiess,
risk assessment of the electropolishing procedure including electrolyte preparation
and disposal was conducted. The solution magtained underl0°C and disposed
after being neutralised withodium carbonate

D.C Power Supply @

Glass Beaker

| 3]
| Sampli

20% HNQ, &
" 80% Ethanol

S
SGo)

Magnetic Rotor Plate

Figure 3.9 Schematic illustratio of electropolishig station for Al alloy with a samplen

electrolyte solutia.

3.34 Deepetching

FeIMCs, exhibiting faceted morphologyare strongly anisotropic along different
crystal orientations, whichmakes it difficult to describe its morphologiyrough 2D

observation Thereforethe 3 dimasional morphologiesof Fe-IMCs were revealed
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via deepetching (DE). As can be sea from the schematic illustratioin Fig. 3.10a
sample was firsthsubmergedn 15% HClaqueous solutiom a thoroughly cleaned
beakerand then after a sufficiat amouwnt of time Fe-IMC will be exposediue to the
lower chemical affiity of FeIMC to HCI compaged with Al. The sample was the
carefully take out from the solutio and cleaned with ethaol beforedrying in hot

air stream.

For the extractin of FeIMC particle, the same meatiam asfor the separatio of
Al and FeIMC was usedas show in Fig. 3.10h After an adequate amat of
reaction time, a small amau of HC| aqueoussolution at the bottom of the beaker
containing separatedre-IMC particles were taken out and poured ato filter paper
and washed imn ethanol bath. Qice the particle were clean, they weretransferred

to a hot plate for dryig to prevat any oxidizatian.

(b) Separate from solutip

(a) DE sample Transfer to filter

FelMCs

Drying

ﬂ
Sampe OJ

Figure 3.10 Schematic illustratio of deepetching procedure (a) fodeepetching and (b)

extraction of FeIMC particles

3.3.5 TEM Specimen Preparation

The specimerwere groundto 4060c min thicknesswith P4000 SiC paper after
cutting into round @3mm thin disc with disc pach. Then the TEM disc sample was
furtherthinned usingon thinning methodon Precisia lon Polishing System (PIPS)
model 691(Gaten, Inc., Pleasaton, CA, U5) at eV double imb e a m mident5 ¢ |

beam agle for 34 hours until the thin disc pierced and further 20 mut es at 5e
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incident angle under the same voltag&hus, the sample is sufficigy thin for TEM

characterizatin.

3.4 Characterisation

3.4.1 Optical Microscopy

The optical microscope (OM) shown Fig. 3.11afor microstructural observatio
and quantitative metallography is a Zeiss Optical Axio Microscope &EISS
Group., Oberkochg Germany) equipped withZeissAxioCam ICc3 digital camera
(ZEISS hc, 2017) Polarized light image are widely used for Al grai size
measurenm@ as the grais in different crystal orietation will reflect light to different
directions resulthg in grains with different colours when reflected light passes
through objective leses(VanderVoort, 2015; Smallm@a 1985) Thus, the grai size
measuement was performed m polarized micrographs nd analysed with
AxioVision 4.8 (ZEISS Inc, 2017)Metallographic sectias for optical microscopy
and scaning electran microscopy were prepared ngimetallographicprocedures
described in section 3.3.1 and 3.3.2.

3.4.2 Scanning Electron Microscopy

Scanning electram microscopy (SEM) was carried out ngia Zeiss Supra 35
microscope(see Fig. 3.11p(ZEISS Group., OberkocheGermany) equipped with
an EDAX energy Dispersive X-Ray Sectroscopy (EDSynd EDAX Electran
Backscattezd Diffraction (EBSD) detectas (Fig. 3.11c) operated atraacceleratig
voltages ranging from 5 or20kV. Several differat signals are produced due to the
interaction betwea the beam iad the sample. These sigls provide the user with
detailed nformation on the differexces among the averageatomic number the
various phaseswithin the sample, structur@end elemental cantent (Goodhew,
Humphreys ad Beanland, 2000) The SEM usedn this studyimaging modes
include secandary electro imaging, back scattered electitoBSE) imagng, and
EDS.
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3.4.3 Electron Backscattered Diffractio n

The ascast sample were preparedusing metallographic proceduregescribed in
section 3.31before electrgpolishing at 12/ for 20s as described in section 3.3.3
EBSD analysis was performednathe Zeiss Supra 35VP fitted with highnsdivity
DigiView camera EDAX Inc., NJ, U.S) as show in Fig. 311cwith EDAX TEAM
4.3 system(EDAX, 2017) Both EDAX TEAM 4.3 ad OIM 7.3 were used for
EBSDdata aalysis. For the EBS@Acquisition in this study, the accelerag voltage,
working distance and condenserapertureused were 20kV, Im axd 12G m
respectively in high current modeThe step size was betwe®.2c mand 1l m

depending on the size ofthe areaanalysed

Crystallographic data for Kikuchi patteindexing wasfrom the Inorganic Crystal
Structure Databas@CSD) andarelistedin following chaptersThe Kikuchi patten

o f -AlEEMNSi indexing was performed nmaally in EDAX TEAM 4.3 (EDAX,
2017) asthe lowconfident index Cl) value caused by very close asymmetric double
bands n the Kikuchi pattem o f -AlEeEMnSi from its pseudsymmetry (Hwang,
Doty and Kaufman2009.

3.4.4 Transmissia Electron Microscopy

A JEOL 2100 field emissiogun transmissia electran microscope (FEG TEM), as
shown in Fig 3.11d,was usedor the characterizatioat an acceleratig voltage of
200 kV. A double tilt sampl€JEOL Ltd., Tokyo, Japg was usedn this TEM for
the acquisitio of bright field (BF) imags, selected area electrdiffraction (SAED)
pattens, high resolutio (HR) imagesand TEM/EDS spot malyses.

Titan ChemiSTEM, a new desig of spherical aberratio corrected microscope
whichisf i t t ed wi thigh biRgBtiess $ield wermissiw gun (X-FEG) which
provides probe size of less than 0.1nm aptimised for atomic resolutrochemical
analysis using four energy dispersive Xay spectroscopy HR-EDS) detector
incorporated into the pole piece of the objective ,lemas employed for atomic
resolution observatio (The University of Manchester, 2016)High-angle annular
darkfield imagng (HADDF) and HR-EDS mappiag were performed thenoTiB,

and Fe-IMC interfaceat avoltage of 200kV Dr Yun Wang, a senior research fellow
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at Brunel University Lodon, is greatly acknowledged for the operation and his

guidance with this device.

Experimentally obtaned SAED pattars were measuredith GMS 3 (Gatan, Inc.,
Pleasanton, CA, US). The SAED pattens were indexed witlerystallographic data
reported inlInorganic Crystal Structure DatabasgCSD) by Royal Society of
Chemistry (RSC)

3.4.5 X-ray Diffraction

Crystallographic characterizatioof intermetallic componds was performedvith
Bruker D8 Advaice X-ray diffraction (XRD) diffractometers(Fig. 3.11%. XRD
analysis was performedna2-5g extractedntermetallic componds to getdiffraction
peaks. Thecquisition timestep sizeand t h sgle 2aje fa powder diffraction
patternwere choseas1s,0.02e nd201 0 0e, respectively.

3.4.6 Differential Scanning Calorimetry

In this investigatia, thedifferential scaaning calorimetry(DSC) wasperformed with

on aNetzsch STA 409 PC Lux¢Fig. 3.11) to characterise thghase trasformatian
temperature usg TP-1 sampleprepared atvarious castig temperatures. The
specimas withamass raging from8mg to 194ng were take from the catre of the
crosssection 38mm from the bottom of TR samplesKig. 3.2 for DSC analysis

The program parametersere set as: heaty: 10K/mhnt o 750e C; 10 sot he
minut es at hd @.6KImn, 3&/min, | 6K/min, or 10K/mn to room
temperature. Eadiestwas recycledor 3 times for a more reliable result.

3.4.7 Cooling Curve Measuremet

For the ceramic mould (CM) coalj curve measureme the alloy wasmolten at
7502 Gn a graphite crucibleral poured mto a cylindrical ceramic mould that was
preheat ed t ondri¢gdl érmarfiic mollcdhvwas covered with 13mm thermal
isolation, and the whole coolig curve measuremeequipmet was surrondedwith
N17 isolation boards so that theffect of environment changescan be mnimized.
The temperature was measureith two sets of exposed wire thermocoupled the
data was recordedith NI SCG68 at a frequency of 100Hz and analysed with
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Measuremen®& Automation Explorer (National Instruments)he thermocouple 1

was located athe centre of the ceramic crucible #tm away from the bottomnd

Figure 3.11 Imagesof facilities usedn this study: (a) Zeiss Optical Axio Microscope Al
equipped with AxioCen ICc 3 camera; (b) Zeiss Supra 35VP field emisgjon Scaning
Electran Microscope; (c) EDAX TSL EBSD camera; (d) Tismissiom electrox microscope
type JEOL 2100; (e) Bruker D8 Admee X-Ray Diffractin equipmet; (f) DSC type
Netzsch STA 409 PCuxx.
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Figure 3.12Schematic illustratio of cooling curve measuremeequipmet.

thermocouple 2 was about 15mm away from thermocouple 1. A schematic
illustration of the setup is shown fg. 3.12.

For the melt quench (MQ) cooling curve measurement, the alas/ molten and

hold at 750eC before pouring into the st
isolation board was inserted into the centre of the melt (about 15mm from bottom)

once the melt was poured into the steel crucibig.(35). The crucible wa dipped

i n water at t wo temperatures, 720eo0r 6 8

parameters as the ceramic mould (CM) cooling curve measurement.

3.5. Quantification

3.5.1 Gran Size Measuremat

The grah s i z e-Alggfain by TR-1 casthg wasdetermhed o polarized light
image by Carl Zeiss AxioScope Al ohatlized samples takefrom the stadard
observatio area Fig. 3.2b). The quatification was performed accontj to ASTM

E112 stadard test procedures ngigeneral intercept procedures:

0 — — (3.2)
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wheredlis the mean intercept lengt, is the gain boundary intersection count and
Lt is the total length of the test lin&rain boundary ntersectio count (GBIC)
method Fig. 3.13, thatthenumber of times e test Ine cuts across, or isngent to,
grain boundaries (triple pont intersectims are onsidered as 1.5tersectims), was
used n this research to deterna theG value.At least 20 interceptio lines covemg
50% of grans in metallurgical observatimarea of TPL sample were examed for

each data pat.

~

oW
ov
oiet ce?™

DA

Figure 3.13lllustration of grain boundary intersectim count (GBIC) measurenré.

3.5.2 Secndary Dendrite Arm Spacing Measurement

Secadary dendrite arm spacig (SDAS) measureme was caducted o polarized
OM images from anodized TP1 sample usig linear ntercept method via
AxioVision software(Vandersluis ad Ravindran, 2017) A exampleis demonstrated
in Fig 3.14 which uses the followmg equatio for SDAS gy) calculation:

<'=L/(n-1) (3.3)

wherelL is the length of interceptia line and n is the number of secadary arms
counted along on side of the primary arm; thus, the ragezan be acquired using the
individual SDAS &/). At least 100 sets dd values were obtained for each data
point. Sincel is specifically measuredn the counted dendrite arms, dendrite
asymmetry does not influence this method. Therefore, the ddigwimary arms

chosen for the measurement does not affect the final outcome.
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Figure 3.15lllustration of liner intercept method for mimum eutectic lamellar spacin@)

and maximumeutectic lamellar spacing,) measurenm.

3.5.3 Eutectic Lamellar Spachg Measurement

This measurenm@ was very similar approacto SDAS measurenmg, using linear

intercept equatia
< = L/(n-1) (3.4)

The a, can then be acquired by calculaiy the mea value of all hduvial lamellar
eutecticlamellar spacig ( ). At least 120 sets ok, valueswere measured for
each data pat. An illustration of the measurenme¢ is show in Fig. 3.15showing
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thedifference between thainimum eutecticlamellarspacing (a5) and the maximum

eutecticlamellarspacig (ay).

3.5.4Particle Size M easuremet

The particle size of both primarynd eutecticFe-IMCs were obtaied by measung
the diameter ofndividual FeIMC. As show in Fig. 3.16 the ndividual particle
size was acquired by simply measurithgg maximum diameter rgge the maximum
diameter ofFeIMC is commaly described ag-eIMC particle size n literatures
(Terzi et al, 2010; Dinnis, Taylor and Dahle, 2003t least 200 primary/eutectic
FeIMC particles were processéat each samgl.
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Figure 3.16lllustration of the particle size measuremef FeIMCs by AxioVision.

3.5.5 Volume Fraction Measurement

The volume fractin measurema of FeIMCs was caducted @ backscattered
electran SEM images. ImageJ was used to classify the greyrasi of FeIMC
particle aad other phases so that the area fractbgrey catrast of FeIMC gives
the area fractio of FeIMC in the image. With the rmlom distribution of the
phases/patrticles, theear fractim is equal to the volume fractian 3D (Underwood,
1969) At least 20 images with maication of X500 were processed for each data
point.
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Chapter 4 ®offdéditnhiec anteit @ |

Compuods nAI5S Mg2 S1. 20F.ehMNIl | oy

The objective of thighapter is tonvestigate the solidificatrobehaviour ofFe-IMCs
in Al-5Mg-2Si1.2Fe0.7Mn alloy along withthe effect of coohg rates and castng
temperature In this study various caskj methodswas usedsuch as TH, Cu
wedge mould cooling in furnace (CF), coolig in air (CA) etc. This study ncludes
results from thermodyamic calculatios, cooling curve measuremg optical
microscopy, saaning electram microscopy, trasmissia electran microopy, X-Ray
diffractometerand differential scaaning calorimetry The solidification sequece of
this alloy, formatim temperatures ofFe-IMCs, effect of coolig rate ad casting

temperature mdifferent Fe-IMCs are discussed.

4.1 Solidification Behaviour

4.1.1 Phase Diagram Calculatio

CALculation of PHAse Diagram (CALPHAD)nethodwas applied here to predict
the equilibrium phase diagrammdaphase fractio of Al-5Mg-2Si1.2Fe0.7Mn alloy
with solidification under Scheitule. The cross sectioof calculaed equilibrium
phase diagram o0fAl-5Mg-2Si0.7Mn-xFe is predicted with Panddf 8.2
(CompuTherm LLQ using PanA2013database angresaited n Fig. 4.1 When Fe
concentration in the alloy is at 1.&t.% and solidified under equilibrium conditipn
the solidificatono f t h e -plFeMnSaconymedésat liquidus temperature of
670 4 ,ead then followed by the formatin o f e u t-AdFeNINSIE}Al @t
6 2 0 . aBdevig,Si/U-Al/ Al 15Fe, at 5842e CAfter that,small amout of Al;sFe, and
Alg(Fe,Mn) forms The solidification of current alloys is expected tooccur under
non-equilibrium condition duringcastng dueto the differance inkinetics which will
be discussed laten this chapter. Dung the calculatio, impurity elemets such as
Ti and Cu werenot consideredas the concentrationrsum of these elemss is low

enough (<0.1vt.%) to be taka to benegligible.
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Figure 4.1 Cross sectio of equilibrium phase diagram of AIMg-2Si0.7Mn-xFe using

Pandat™

8.2 Dash Ine marks Fecompositiomat 1.2 wt.%
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Figure 4.2 The liquid fractim of Al-5Mg-2Si1.2Fe0.7Mn alloy as a faction of

temperature dung solidification calculatedwith Pandat™ 8.2 underScheilrule.

The phasevolume fractions of Al-5Mg-2S+1.2Fe0.7Mn alloy as a faction of

temperature dung solidification is shown in Fig. 4.2 The solidification temperature

of binary eutectid}AIFeMnSi 48l is not consisteniand decreases solidification

continues Meanwhile, the solidificatio temperature of the followg ternary eutectic
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Mg.Si/ 48l/FeIMC is consistentas the solidificatin continues. The calculated

volume fractionof each phase& non-equilibrium caditions is show in Table 4.1

When the solidification procesdinished,the solid cosiss o f

8 9 . -B198.49%

o f -AlEeEMNSi, 3.9% ofMg,Si, 0.9% of AlsFe, and 0.38% of AfFe;Si by volume

More specifically the volume fractionsof the primary ad eutecticU-AlFeMnSi are

2.7%and0.79% of, respectively.

Table 4.1 The solid volume fractio of each phase at differesolidification stages

calculatedwvith Pandat™ 8.2

No. | Transformation Temperature | Volume fraction
(°C)
1 L Y-AIEEMnSI 6704 U-AIFeMnSi: 2.%0l.%
2 L Y-AU -AlFeMnSi 620.5 U-AIFeMnSi: 0.39/0l.%:
UAl: 14.7%
3 LY 44I AlFeMnSi + | 615.7 U-AIFeMnSi: 0.4v0l.%:
AlsFe, U-Al: 38.4vo0l.%:
Al 13Fey: 0.8v0l.%.
4 L Y-AlW AlgFeSi 591.2 U-Al: 5.5v0l.%:;
AlgFeSi: 0.15/01.%
5 L Y-AlB Mg,Si + AlgFeSi | 584.2 U-Al: 31vol.%;
+ Al 13Fey Al 13Fes: 0.1vol.%;
AlgFeSi: 0.23/0l.%;
Mg,Si: 3.9v0l.%.
4.1.2Microstructur e
4.1.2.1 -RreMnBary U

The microstructure of ABMg-2Si-1.2Fe0.7Mn alloy achieved withTP-1 castng

650 @ showinFig. 4.3aTh e

morphology locatedn the cet r e

of
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mor phol ogy -AFEMNSIisievealed py dekeptching (Fig. 4.39 showing
dominantly rhombic dodecahedromorphology, ndicating strang anisotropy of
p r i maAlFeMnSi particle. However, the presee of the particles of these
morphologiess closely depedent on castng canditions despite CALPHDprediction
t h aAlFeMhSi is a thermodyamically stable phase iAl-5Mg-2Si-1.2Fe0.7Mn.

WBrimary ¥
a=AlFeNinSi

Detector=BSD Mag= 700X EHT = 20.00 kV

» 100 pm
Mage 130X  EHT=2000kV 4

Figure 4.3 SEM micrographs (a) AbMg-2Si1.2Fe0.7Mn alloy by TR1 castig inserted

with 3D mor phol ogy -AlFeMnSiradnga rcgolngUn furnace showng the

pr i malFeMnsl Alg(Fe,Mn) , e u-AlEedInSii cAl didl eutectic MgSi. The phase
identification is given with SEM/EDS.
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Figure 4.4 Optical micrographs showj (ai c)themor ph ol o gy -AFeMn®ird mary U
the EDS results takefrom several primary particles (attached table shgwhe average

chemical compositi). Arrows marked as 1nd 2 indicates the primaryral secodary

branche, respectively.

Further as show win Fig 4.3b, in furnace cooling conditont he pr-4 mary
AlFeMnSi maintains thepolyhedral morphology but coar®r than that of TRL
casting.There are some variatie in the morphology of the primaryeIMC phase

in TP-1 samples, as shown Fig. 4.4 The primary FeIMCs havecoarse stalike

(Fig. 4.4a), hollowed polyhedralFig. 4.4, c) and compact polyhedral morphologies

(Fig. 4.4d). Despite the vaation inmo r p h o | o gAlFeMnSilpatElesshav

almost idatical chemical compositio (A} ¢ F en);9 with SEM/EDS aalysis.

This suggests that thmorphology variation is due to random sectioning orientation.

For instance,the o mpact pol yhed©rAFEMNSNmay pdcaudedbltyy o f
random sectioing of thecomplexparticles or a specific omgation sectioning of the
developng patrticles.Further, the morphology variation revedat the growth of

pr i maAlReMn3J has number of stages: ritiation (Fig. 4.439, hollowed
polyhedra (Fig. 4.4band Fig. 4.49 and compact polyhedro(Fig. 4.39. Duringthe
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ini ti al stage of t -AlfeMnGir tioeve tate]a fevi syrpmeiricala r y U
hillocks an the particle @d i cat ed wi t h ar nBgvksdg.mathek ed as
later growth stage, seodary growth orietation( s e e  a rnrFig &4b)istartsto i
develop as well as the primary growth otaion. In the exd, when growth
completedthe hollows are filled dung the isotropic growth, showng a compact

polyhedralmorphology.

The growth of @i s ot r o pi eAlFgMnSi wes fustherivestigatedwith Al-
6SF5Fe4Mn alloy due to the higher volume fractiono f pr i-Afemngi U
obtained in this alloyAs show in Fig. 4.5 two typical types of polyhedral primary
U-AIFeMnSi that wasobserved which share thenslar morphological characteristics
with p r i maAtFgMn3J in Al-5Mg-2Si1.2Fe0.7Mn. As show in Fig 4.5a the
primarybranchs (indicated with solid arrog) havea p pr o x i magledolegch 6 0 ¢ a
other, exhibithg a hexagoal morphology Meanwhilg the primarybranchs in U-
AlFeMnSi particleshown in Fig. 4.5bh as rle & each other, resulf in a
square mor phol o gAFeMn® partitleh Ehe facetimorpholggy dle
generally cause by growthnegsotropy (Dantzig and Rappaz, 2009iven the BCC
structur e -AlFeMn®irandnmsameydestiiption on the growth of bulk
pr i maAlFgMn3J (Suragawa, 1992009; Gao, 2013, the preferred growth
orientation of prina r yAIF&MnSi can be proposed basing on the observation of the
OM images Fig. 4.5.

P

[ i
2195

PRUNRC S S

Figure 4.5Morphologies of growig p r i -AlReMySi pdrticles(a) on {111} plane and
(b) on {001} planebefore completig into compact polyhedral structune Al-6Si5Fe4Mn
alloy by TR1 castng. The arrowsridicate secadary arm orietations whose agles to the
observatio plane were show. Solid lines ndicate the ritersectiomn of exposed plae and
observatio plane.
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4.1. 2.2 -MFeMnSictic U

Themicrostructure of AIbMg-2Si1.2Fe0.7Mn alloy show in Fig. 4.3andFig. 4.7,

hasthe bnar y e u-AlReNMISH &I which exhibits Chinesescript morphology.

This type of eutectic is oftedescribed as irregular on@malous eutecti¢Porter,

Easterling and Sherif, 2009; Flemings, 1974) 3 D mor phol ogy of t !
AlFeMnSi was revealed by degiching, as show in Fig. 4.6b and Fig. 4.6¢ It

issea that theU-AlFeMnSi eutecticexhibits a brached structure wérebranch tips

(region within solid-line circle in Fig. 4.69 tend to be coarsecompared withthe

branch joint (regian within dashline circle in Fig. 4.69. Although the coarseng of
U-AIFeMnSi branch tip is relativelymore sigificant compared with the cases with
Al-AlgFe and S¥Cu eutectic systenfAllen et al, 1998; Elliott, 2013) the tip

coarsaing phewomewon has bee addressed as commoeeutectic solidificatio

behaviour m other alloy system@&urz and Fisher, 1986As show in Fig 4.3 and

Fig. 4.7there are physical omections betwe@me ut e AFéMnSiddd pr i-mary U
AlFeMnSi observedri microstructure; ad these conections ae mostly locatedat

the conerledgeo f t h e -plFfeMmSapolyhedtds. Thephysicalrelationship

betwea p r i maAltFgMn3Ji , e uAlReMnSiiaw th&surronding -Al has

bee revealed by polarized light ugf OM (Fig. 4.7), showng both primary ad

e ut e eAtFeMnSi (dark areas) are omined withnt h e  s-Al grain (&fea

with the same coloyirwhich also compresses ansoi d er a b | e -Avahithu me o f
doesnot have ay typical eutectic structureFurthermorea large amont oAl is U
observedn microstructure withoutrsy -AlFeMnSi or otherFe-IMCs. This gives an

ideal ofthe severityof the drift int h eAl B e Mn/$ eutedlic reactiorfrom the

couple growth regular eutectics and an insight of the solidification process of eutectic
U-AIFeMnSi which will be discussed lateiGiven these pait s |, the-eutec
AlFeMnSi/ 48l in Al-5Mg-2Si1.2Fe0.7Mn alloy can be described as divorced

(irregulap eutectic.

4.1.2.3 Eutectic MgSi

Eutectic MgSi, as show in Fig. 4.8 exhibits irregular eutectionorphology with
very fine lamellar spacig (not quantified here), located betwad}Al dendrite arms
and -Algrain boundaries. The compositivof the MgSi phase was efirmed with
EDS as showin Table 42. There are two type of M§i eutectic observedithe
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microstructure of ABMg-2Si1.2Fe0.7Mn by TP-1 castng. With the assistnceof
SEM/EDS mappig and microstructure observatiorthe first me have a Ilmary
Mg.S i -Al $tructure,whereasthe other oe appears to be t@ry MgS i -AllFe-
IMC. Interesingly, the bnary M@Si eutectic ofta containsa polyhedral MgSi core

B

"\', 3 ,
w ¥

3 Alm(Fe,l\/In)_;Si
g Wpm
Detector=SE2  Mag= 400X  EMT=2000KV —

Figure 4.6 SEM micrographs showg the 3 dimasional (3D) morphologies of (a) primary
UAIFeMnSi , ( b) -AlpeMiSireadr yi ts at t a-AlfeMBi eut(e€dt et @ct
AlFeMnSi branches ad (d) eutectic MgSi with a octahedral compact core, (e}(Fk,Mn)

rods ad (f) transverse sectimof Alg(Fe,Mn)/ 4AIFeMnSi duplex particle that were obeid

in Al-5Mg-2Si-1.2Fe0.7Mn alloy by 15wt.% HCI etching.
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Figure 4.7 OM polarized light image showy t he mi cr oAlReMnsit#Blur e of
eutectic grai in j I5Mg-2Si1.2Fe0.7Mnal | oy et c h et Theesolit @amovww s r eg
indi cat es t-AlReMnBirwhilstalasly e drrow ndicates théoranchof eut ect i ¢

AlFeMnSi.

Figure 4.8 SEM image showig the morphologies of few types of M in Al-5Mg-2Si-
1.2Fe0.7Mn alloy by TR1 casthng including polyhedral MgSi core binary eutectic
Mg.,Si/ 48l eutectic ad tenary eutectidceIMC/Mg,Si/ H4l.
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in the centre of theeutectic Fig. 4.6 and Fig 4.8 indicated with solid arrow), which
is normally identified as primary MgSi (Li, Liu and Wu, 2008; Jet al, 2013a) This
means that at the early stagjef the formatim of Mg,Si the local microsegregatio
of Mg and Si in the remaning liquid isadequate enough to excebeé eutectic pait,
13.9t.% in Al-MQ2Si sysem.

Figure 4.9 Micrographs of AI5Mg-2Si1.2Fe0.7Mn alloy showig (a) the morphology of
Alg(Fe,Mn) in TP-1 castihg and (b) the morphology of A{Fe,Mn)/ H8IFeMnSi duplex
particle n CF candition (identified with SEM/EDS).

4.1.2.4 Primary and Eutectic Alg(Fe,Mn)

As shown in Fig. 4.9a there are small amatiof Alg(Fe,Mn) clusters, cofirmed
with SEM/EDS,were observedn the microstructure of ABMg-2Si1.2Fe0.7Mn
alloy in TP-1 castngs. It exhibits ahollowed parallelogrammatic morphology 2D
observatio; and the3D structure has baeevealed m Fig. 4.6eshowng a rod-like
morphology. However,nlike the shgle phase AlFe,Mn) particle n TP-1 candition,
the Al(Fe,Mn) exists i a form of Ak(Fe,Mn)/ 4AIFeMnSi duplex particle (Fig.
4.9b) in CF condition (0.02K/s)All such particles have & 1@ i rt ri eog whoch
consists of GA Ir e gsi aa n-AlFeMnSi network betwer the coarse ad compact
Alg(Fe,Mn) and -AlFeMnSi branches. 3D observatip show in Fig. 4.6f, illustrate
that the Ay(Fe,Mn) hasbranched columar morphology with faceted surfacedathe

tr @ i riri eogrobserveccombinedw i t-AlFeMnSi branches.

76



4.1.3. Solidification Sequeace

In this sectim, the phase tr&sformation during solidification of the alloys is
characterizedvith DSC and coolng curve measuremts are presentedlhe two
methodsprovided the direct observatiof the phase trasformation temperature rad
nucleation temperature of AbMg-2Si1.2Fe0.7Mn alloy at various coaofig rate.
The difference betwer simulatedideal solidification and experimetal solidification
will be discussed

4.1.3.1 DSQCCurves

The samples for DSC measuremwere taka from the catre of TR1 sample cast
at 65@& CThere was a sufficie amomt o f  p-AlffeMnSi (3.1%Uaccordig to
quantification shown later) beforeDSC characterizatiothat was confirmed with OM
As show in Fig. 4.1Q three heat flowpeakshave bep detected commmeing at
6390+3.4e C6195+2.1e Cand 5860+1.7¢ Crespectively, ndicating the starting
temperature of the phase risformatiols. However, there are a few mor
turbulences at 614-610.C¢ £ 6080-605.%¢ Cand 59Q00-586.% Con the coolhg
curves. These turbulaces are most likely associated with expentaknoises nstead
of phase trasformation. Finding the liquidus temperature for raulti-compaent
alloy system has always bedlifficult usihg DSC as the metig in the multi
compaent alloy system is a highly reversible tsfiormation. Nonetheless,n this
experimet the actual liquidus has beeonsideredas theendpoint of the heatlow

difference which n this sample was 663 C

4.1.3.2 Coolng Curves

The coolhg curve measuremewas carried out with liquid metal imvo cantainers
which are ceramic mould napped with thermal woolsra steel mould formelt
guench with water (see section 3.4.7)Thermal data were monitored with two
thermocouples located at the centre (T1) and 8mm from T1 horizontally (T2),
respectively.As show in Fig. 4.11, the coolhg curves ad their first derivatives
recorded by two thermocoupleduring the solidification of Al-5Mg-2Si1.2Fe
0.7Mn alloy in ceramic mould are almost overlapped. Thus, these results are reliable.
The coolng curve ad its first derivative of T2vasshifted30s to the rightlong the

x-axisfor the cawvenience of the observain. In order to observe the tisformatian
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Figure 4.10 DSC aalyses showig the heatig and cooling curves as a fiction of
temperature of large mass cgrical sample (180£20g) take from Al-5Mg-2Si1.2Fe
0.7Mn alloy castwithTP-1 at 65@& Ccalculated first derivative of DSC heagi and cooling
curves as a fuction of temperature. Solid arrowsdicate the three major heat flow cigéng
points are at 638+3.4e (16195+2.1e @nd 5860+1.7¢ (respectively.

with lower amount oflatent heatreleagd cooling curve was also measuretl a
higher cooling rate experim&. As show in Fig. 4.12 two coolng curves were
measured from water qoeh experimats and their first derivatives show that the
heat releasig temperatures of the ggm are vey similar. Hencethese two sets of
cooling curves are awsidered to be reliable. The recalescence and growth
temperatures fobinary eutectidransformation for T1 are indicated with arrows and
marked as & and T, respectively. The first and second majeutectic
transformation points are indicated by arrows and marked on the derivative curve of
T1 as Eurand Teyp, respectively.For ceramic mould coalg curve measureme
(0.18t0.01K/s), the data measure@ selected from 6& Gvhere the systenis
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isothemal. Before solidificatio starts the melt coolig rate stabilized at arad
0.18t0.01K/s(First derivative m Fig. 4.11).

700 0.2
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660 LT \ o 0
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=
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= >
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2 580 042
5 =
= i
540 - 12 0.6 =
—— Derivative. T1 e
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400 1000 1600 2200
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Figure 4.11Two sets of measured caadi curves ed its first derivatives of AbBMg-2Si
1.2Fe0.7Mn alloy cast at 73® Anto a ceramic crucible covered with 13mm thermal
insulation. T1 is right in the ceatre of the mould, both horintally and vertically. T2is
vertically in the ceitre of the mould, horiagally 8mm away from the ad#re. The
recalescace and growth temperaturesifbinary eutectidransformation for T1 are hdicated
with arrows ad marked as 4 and Tg, respectively. The firstral secad major eutectic
transformation points are ndicated by arrowsral marked a the derivative curve of T1 as

Tewand Tgy,, respectively.

There is no recal esen dwsonmajbrgrewthvteanperatures i | 6
(Te), which can be casidered as the subtraatimf a small growth ndercooling

from the phase trsformation temperature, are 62000 . 2agdC594.60 . 1 e C
resgectively. Snce the growth mdercoolng (e€Tg) is relatively small for phase
transformatians, it can be caosidered that thgrowth temperaturas approximately

equals to the equilibrium phase formatitemperature. The maximumucleation
undercoolhg (¥73) during solidification is defnedto be thetemperature differce

betwe@ growth temperature Tg) and recalesaece startng temperatureTR). As

shown in Fig. 4.11, thetransformation temperature rangesttué binary and ternary
eutectictransformatios in this cooling curve measuremeare about 1.1Krad 0.7K,

respectively.
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As shown withCALPHAD approach prediction (sekable 4.1 in section 4.1.)},

ideally large volume fractio (60.34%) of solid should solidifcontinuously within

the temperature nge 6205¢ C

t 02 ,&@ 35.23% of solicsshouldbe solidifies

below
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Figure 4.12Two sets of measured comdj curves ad their first derivativesfor Al-5Mg-2Si-
1.2Fe0.7Mn alloy quexchedinto water from680+3 Gn the steel mould by waterTq
indicatesthe queching temperatureOn Quench A derivative curvd, t,, t3 and t, points
where the coolfig rate increagd represat the first, the seaw, the third ad the fourth
phase trasformation points, respectively.

584.2¢ dill the end of the solidificationThe6205¢ C inssdered @abinary eutectic
( 4| F e MpAB iformation temperature. Although calculateérnary eutectic
(Mg.S i -AlBe-IMC) transformation temperature is 588 Cthe measureternary
eutectictransformation temperature appears to bed380.1e @om the experimental
cooling curve. Wha the alloy system is complex, actual solidificatiprocessmay
deviatesignificantly from the CALPHAD approaclpredictiondue tothe complexity
in atomc interaction when the system is complexnd the non-equilibrium

solidification condition.

For steel mould coatlg curve measureme (45t15K/s), the alloy wasnolten at
7502 @nd held for an hour before poung into an 40x50mm steel mouldFig. 3.5.
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Two therm@oupleswere nserted mto the melt ace melt was tnasferredinto the
steel mould(see section 3.4.7Prior to queching, the cooling rate show in Fig.
4.12stabilized at arond 0.15/s. However, the recalesoee temperature wasable
to be idetified as thesystem heat releag was sigificantly larger tha the latat
heat releasig from the melt. Therefore, the first derivativesreasng ponts of the
cooling curves, which gabe casidered as recalesw startng ponts, are marked
in Fig 4.12 as t, t, t3 and 4, are 624.12.2¢ C618.%40.6e £614.22.1e Cand
585.A#2 . 3 eespectively The maximum nucleation undercoolng &y for binary
eutectictransformation in steel mould experinm (45t15K/s) is hard to describe
using the principle for determiningcTand Tz with previous case, as the heat
extraction is too rapid for recalescence. Thheadl for primary traasformatian and
eutectictransformationscannot be caocluded from the experinméal result as the
recalescace for these two trsformaticns wasnot observed owig to the large
transformation temperature gy e f or  pAlFeMmSi (59K), UAFeMnSi
eutectic (35K)and M@,Si eutectic (40K) as suggested éxuilibrium phase diagram
(Table 4.7).

4.2 Phase ldatification

For aany new alloy system rd casting canditions, it is crucial to canfirm the
thermodyamically predicted phases with experitted analyses. For this purposes,
two casthg methods, TR and CF, were adopted for microstructure observatind
phase idetification. Characterizatio techmiques, ncluding OM, SEM ad TEM,
were used for microstructure observatio Chemical compositio and crystal
structure of the phases were detewdi with SEM/EDS, XRD ad SAED. The
average compositits and their error associate foexisting phasesn Al-5Mg-2Sk
1.2Fe0.7Mn alloy are show in Table 4.2 EDS analysisis considered reliable as the
chemical composities remained within errorsThe morphologies of solidified
phasesverepresated n sectio 4.1.2 Generaly any identical phase should have the
same chemical compositioand growth haliithence in this study,the phases are
classified using chemical compositiss and observed morphologes
PolyhedralChinesescript FeIMCs, hollowedrod/skeletm-like FeIMCs, staflike
Fe-IMC and thelamellarirregular eutectic, have the stoichiometry of
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Table 4.2 Chemical compositio of the major phases iAl-5Mg-2Si1.2Fe0.7Mn
alloy attwo cooling rate, 3.K/s (TP-1) and 0.0X/s (CF).

Samplq Phase Elements (at.%) Stoichiometry
Morphology
Al Mg Fe Mn Si
Polyhedral Bal. |- 10.2+1.0 |7.1+0.7 |6.0+0.8 Al 1o(Fe,Mn);Si
Chinese Bal. |- 10.8& 1.7 |5.5+2.2 |5.841.0 Al 1o(Fe,Mn);Si
Script
Hallowed Bal. |- 9.4a 0.4 |4.60 0.3 |- Alg(Fe,Mn)
Rod
TP-1 |Skeletm Bal. |- 10.62 2.4 |4.70 2.1 |- Al g(Fe,Mn)
Starlike Bal. |- 16.4 1.4 |5.60 0.7 |2.0a 0.4 |Alg(Fe,Mn)y;Si
Lamellar - |66.62a 3 |- - 33.4 3 |Mg.Si
Eutectic
Matrix Bal.[3.60 0.6 |- - - -
Polyhedral |Bal. |- 10.72 1.1 |7.5+0.8 [5.840.9 |Al(Fe,Mn);Si
Chinese Bal. |- 11.60 1.3 |6.0+1.4 |5.9+1.5 Al 1o(Fe,Mn);Si
-Script
Hallowed Bal. |- 9.3 0.3 |5.0£1.0 |- Al g(Fe,Mn)
CF
Rod
Lamellar - 63.33 5 |- - 36.7a 4.1 |Mg.Si
Eutectic
Matrix Bal.|3.3« 0.2 |- - - -
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Al FeMnSi seeiil mdnbdat b®awhaakdtarse ,/ NBnl)Fe Mn Si

dupl ex psatrsti cl e exi

4.2.1 Chemical Compositia

UAl FeSM pahaveery similartéadwrimAenaetry t
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Figure 4.13 Comparisa of the chemical compositiovariation of primary ad eut-ect i ¢
AlFeMnSi solidified at cooling rates of 0.0XK/s (CF) and 3.5K/s (TP1) using values from
Table 4.2
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SEM/EDS mappig was performedo understand thdistribution of elementsareas
containing FeIMCs including e u t -AlEeMnSi, eutéctic MgS | JANFEHIMC
and Alg(Fe,Mn) particles.F o r-A | UF e M pABdutéctic,the elematal distribution
of Mg, Si axd Fearonnd e u t -AIEeMnS¢ arells shownin Fig 4.14 It is se@

that the distributim of Si and Fe are casistent on a | | -AlFeMnSi ranches.

Additionally, Mg is adequatelyontained n U-Al matrix and Mg,Si phase but barely
detected ot}AlFeMnSi branches.

Figure 4.14SEM micrograph showq (a) the morphologgf binar y e uwAlreMnSi © U
Al grain in Al-5Mg-2Si-1.2Fe0.7Mn alloy; SEM/EDS mappig showng the elemstal
distribution of (b) Mg, (c) Si ad (d) Fe correspaling to (a). Fe distributio in (d) is
coherat with the morphology of the grey phasa (a). The quatitative chemical
compositimo f e u tAE&VInSi is prddated in Table 42.
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Figure 4.15SEM micrographs showi the morphology of (a) bary MgS i -Al @utectic
and (inserted with SEM/EDS spectrum on the core area ofSiigb) temary MgSi/ U
Al/ Alg(Fe,Mn) eutectic (MgSi in dark grey, Al i light grey axd -AlFeMnSi in white);

SEM/EDS mappig showng the elemetal distributions of (c) Mg, (e) Si ad (g) Al in

binary Mg,Si/ 48l eutectic, ad (d) Mg, () Si ad (h) Fe n temary MgSi/J-Al/Fe-IMC

eutectic correspaling to (a) The quatitative chemical compositio of Mg,Si will be

presaited n Table 4.3

85



Figure 4.16 SEM micrographs showij (a) the morphology of AlFe,Mn) particle, (b) the
morphology of duplex A(Fe,Mn)/ {BIFeMnSi particle, (b) Fe distributiocorrespading to

(a), (d) Fe distributio correspading to (b), (e) Si distributio correspading to (a) ad (f) Si

distribution correspading to (b). Trasition area is mdicated with solid arrowni (b). The

quantitative chenical compositiom of duplex particlewill be preseted in Table 4.3

As described previously there are two types oh,®gvhich are MgSi/ 48l eutectic
with a compact core rd temary MgSi/ 48I/Fe-IMC eutectic which are
characterised by SEM/EDS point analysis as showhaiole 4.2 Their elematal
distributions are characterizech@ show in Fig 4.15 The Mg ad Si distribution
have bee consisteit with dark areasni morphology image Rig. 4.15aand Fig.
4.15b. As show in Fig. 4.15g Al was minimalin the polyhedral core area of

eutectic MgSi and Fe content was not detected this eutectic regio. Moreover, as
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shown in Fig. 4.15h Fe distribution in temary MgSi eutectic regin and did not
overlapwith Sior Mg, indicating a cacentration of Al andFe elemats an FeIMC

betweme u t e @AtanddMg,Si lamellae.

The Alg(Fe,Mn) particles, as denmstrated previouslyn section 4.1.2occursin
different forms including Alg(Fe,Mn) particles and braached Ak(Fe,Mn)/ U
AlFeMnSi duplexparticles.As show in Fig. 4.16 their elematal distribution maps
indicatethe regionsand the nterfaces ofAlg(Fe,Mn)a n dAIFEMnSi on this two
types of Ak(Fe,Mn). Fig. 4.16cand Fig. 4.16eshowthat the distributios of Fe and
Siwerecompletely hdepadent and no Si was fouad in Alg(Fe,Mn) phase As show
in Fig. 4.16dand Fig. 4.16f the distributios of Fe and Sioverlapon branches ad
transition regions but Siis not detectedn the parallelogram particle withithe
transition regions Meanwhile, in thetr r@s i i ri e0og dfdhe duplex particle, the
spotsht he g aAtFeMmSi network were cofirmed to be Al, Mg rich. The
SEM/EDS poit analysis performed mboth braich areaad tr r& i nri eog shows

astoichiometryof Al1(Fe,Mn)sSi.

4.2.2 Crystal Structure

TEMAEDd aXRD werenuded tthe icddldt RESNIrstir uct |
TPLnh G Tr5M® Sli. 20F.e7 Mn. aTheybr i gstkotf fpirelmdriyr
(Fi g. )dndurtackEitg.c )Ad Mland SAEDnsp &t tpedkrmagry (
4. )3o0d euRiegw.t ) 4 -FRICd webrbeadi f r-bMg 81. 2Fe

O. NnMIl lussyy NnEgMB ot h p o Iny h @dgsacir A lg tF e ,;:9imaq e

| attice par ametbeoresyt ¢ @eds icautbe mt -3w iplthdetetai gcreo u
par anoefl etb 6 ( $é @ . ) WAl IF&GSN p h atsief iiedde by Coc
(Cooper, 1967)T heA|l FeSM €F nd onud sou alhlows a coarse poc
mor phdHiodg.ySabnsile sat et he bott agn wift hs atnpd ea tatl
Chi nsecsrélApltFe MESH.) 4. Bbdr its crystallograp
slice of material (3mm thickness) -was t a
| MC particdeimeghoadotlt iogy i ntroduced- in se
| M&e xtracted from-ltMCe pamaatercil &l powllerFé¢ av e
of 251em3 N7wpas3 char axcRDe.r i A% d sTwadbit e i4n.h4

experimental shomwsgpodedcatdahang with the
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Figure 4.17TEM bright field images showg the morphology of (a) polyhedrahétip of
(b) Chinesescript FeIMC when the ncident electran beam is parallel to [31] and [001],
respectively; Selected Ardédectran Diffraction (SAED) patten taken from the blue circled
area in(c) polyhedraFeIMC and (d) ChinesescriptFeIMC. The schematic illustratie of

diffraction patten indexing are show next to the SAED pattes respectively.
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Figure 4.18 Comparisa of experimat a | XRD r e s uAlFeMnS8ipartielesadc t e d

stand a r-AlFeMnSi crystallographyriformation provided by ICSD.
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4.3 Effect ofthe Casting Temperature and the Cooling Rate

on PhaseFormation and Microstructure

These experings look at the role ofcasthg temperature or coolg rateon the
microstructural revolution tonderstad the solidificatimb e h a v i AlFeMnS f U
in Al-5Mg-2Si1.2Fe0.7Mn alloy. The thermocouple mdoring during experimets
have suggested that the coglirate dumg CF was 0.02K/s, CAvas 0.8K/s ad TP-

1 water bat was (3.5K/s). Thusnivarious castig temperature experimg pouring
the melt nto TP-1 mould at differat temperature is fudamantally equivaleit to
changing the coolng rate from 0.8/s to 3.5K/s at differet temperatures. The
cooling rate experim@ is focused o microstructure evolutio and phase
transformation at a costant cooling rate. Thisnvestigation has bee focusng on the
microstructure evolutio when castng temperature variegsection 3.2.1) Finally,
water quech experimat at various emperaturas desiged to observe the phase
transformation  of Alg(Fe,Mn)-to-U-AlFeMnSi (section 3.2.4) The relevat
quantification results will be presged in this sectio.

4.3.1 Casthg Temperature

Eight pourng temperatures to FP mould was selecte@nging froma maximum of

50K superheat (liquidus at 6A0Ctd eutectic temperature, which afe2A0C7 0 0 A C,
680AC, 670AC, 660ACHNa6@BEDBEGre casg BtATR1 6 3 0
mould, the meltis cooled inCA condition with gentle stirringuntil the pouring
temperaturas achieved The microstructures of each sample are mitesen Fig.

4.19 When cast with 3& and 1K superheatKig. 4.19aand Fig. 4.19b, thereis no

pri mary ( pAFeNnBiebsenzt ) mictdstructure, ad FeIMCs exists

89



predominately e u t e c-AlfeNnSi UChinesescript) located mainly betwee

dendr i t e o f-Al grains. Asitlie gastitd) temperature decreasdsig. 4.19¢

Fig. 4.19d and Fig. 4.19¢ a noticeable amast o f  p-AlFeMaSi particlés

which are cormonly attachedto theChineses ¢ r FAfFeéMn3Ji form. -For tF
AlFeMnSi grans contained within U-Al graing meanwhilesome eutectics sit at the
inter-dendritic regionso f p r i-Angraing. AdJshow in Fig. 4.19f Fig. 4.19g

and Fig. 4.19h asufficientamomt o f  p-AlFeMnbrilocatelin U-Al dendrites

form when the castig temperaturefurther decrease® 440C o r ). Meanwtle,

t he br anc h eAFeMnSibecorie enach fess ledding to a smaller eutectic

size in 2D observatiorThe locatim of thee u t e AFeMnSi i&mainly related to

the positmo f pr FAlReMnySi U as t hey commoeAtFEMnSihave a
ficorAs 0 .shin®i g. ,tde 190l ndfUAl & eSNii ® inigf nt d &

af f ewittelingngt h®BPL cngs ttie mp.€Th at @ &/Alck eSM

domit mi crostruct uvarper i enaad ly e eatlUAd (& ieSN mi x ed
mi crostructur e adT Hmeeincpreorgart au ie®e d\décg e afsie o
wer enftrackknemi | ar regions for medquthil foiga atpiho «
of v oflruaneend osi ze rdo fddAt FBSMThe vol ume fra
evolnwtfi opr indna e v tUAd tFieSNI(Fi g . ) s4h. ctfree distict

regions where theolume fractim changes. During first stage the volume fraction of

p r i maAlFgMnSlincreased moderatefyom casthg between680e @Gnd660e C

The prAm&eS f i r diht lreememigerions tsrauncpt 6uBeOEc a st ¢
camgt isampl e wi t hnaa mwolD u2h® ofdacrce a ved sl owl
0 NG. 2% ori iclast ien6gOCaHoweveithg nsesbage volu
f r arcotfi op rGAmaFmeSM ncr eas & d3280 & hdet g at e6(5 0O

and f ol |l owedc bgaseBOmiB nudc.h st b BeGC at

During the | ast st age,UAlhFee MndSliu nidee cfrreaacsteio
to 0.66% when cast at the eutectild tempe
Al FeMnSi was also affected by thé0Ocashen
volume fractiUdhFeMnSéutreecrdicndevdo! a® @&t 5 c .
temperatures aboeasé@B®eB oBlhéndeasting af
whi ch i s fcodn soiwHedrcabbylaefile. 3 wo 13% lat 620¢eC.

vol umeonf thaAfc Fe MnSi refaAi B&df aom6730eC to
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Figure 4.19 Optical microscopy images shawji the microstructure evolutioof Al-5Mg-
2Si1.2Fe0.7Mn alloy at various THL pourihg temperature: (ajJ0C°C, (b) 680°C, (c) 670°C,
(d) 660C, (e) 80°C, (f) 640°C, (g) 63 and (h) 620C. Observatin was carried out from
the similar place of TR sample which has a coadj rateof 3.5K/s.
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Figure 4.20Volume fractio (Bars)and colonysize(Markers)o f  p r FAHR@VnSi (bllk)
and eutecticG-AIFeMnSi (red) in Al-5Mg-2Si-1.2Fe0.7Mn by TR-1 castihg as a faction
temperature. The bars with red dot fifiand blue strap he filling represet volume fractio
of eutectic ad p r i -AWReMySI, tdspectively; Redre and blue lne refers to thgrain
size of eutecticad  p r i -ABeMySi, ldspectively.
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Fig., 4ABB M@ Sli. 20Fe7Mn al |l oy-l1cast 6wWi0telC The
pri mkArlyFeMnSi particlN@enmd wheée chs nabolty 3510
than the eutectNB8Gm®.l oflye sé ztee c(tli2c0. ®ol o
frequent tUhdaFepMAIB@manyY morpholUAdyWedh Seut
(Fig.) 4al6lcows one colony to | ook as two
depending on the section plane, biu t t hi
Al FeMnSi due to thEi gomp ddelad endn Pih od @lgy n
can be significantly reduceldAl Wk &MnSit hes

encouraged.

4.3.2 Coolng Rate

The Cu wedge mouls c hemat i cmadinlsye ce X pisna s3ddd@r. § et o
varicowg irshoe t he rsporloicdeisfsi.c althiecdmidcM@ss t r uc
mor pholRagwedgsampuledwil |l bel odo n(pFa rseadmpwi et s

wi ttthhe samd empetiatures above | iqguiTduee (s
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